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a b s t r a c t
The magnetic nanoparticles, zinc–manganese ferrite (Zn0.6Mn0.4Fe2O4), were chemically added 
to polyurethane foam (PUF) to obtain the polymeric nanocomposite Zn0.6Mn0.4Fe2O4/PUF. 
Characterization of the nanoparticles and the nanocomposite was made by X-ray diffraction, 
scanning electron microscopy, high-resolution transmission electron microscopy, and vibrating 
sample magnetometer. The prepared nanocomposite showed adsorption efficiency of 95% and 94% 
for Cu and Cd, respectively at a pH of 6.5, a shaking time of 60 min, and a composite dosage 
of 0.2 g. Adsorption kinetics followed a second-order model, with k2 = 3.02 and 4.05 mg g–1 min–1

 
and adsorption capacity was 20.4 and 11.1 mg g–1, respectively. The Freundlich model best 
described the adsorption isotherm, n = 0.93 and 0.88 and KF = 0.64 and 0.31 L g–1, and R2 = 0.988 
and 0.980, respectively. The quantification limits are 0.9 and 1.4 μg L–1, respectively, with a pre-
concentration factor of 125. The removal of Cd and Cu from tap, lake and river waters, yielding a 
recovery from 89%–116% relative standard deviation (RSD = 0.8%–8.6%).

Keywords:  Zinc–manganese ferrite nanoparticles; Polyurethane foam; Nanocomposite sorbent; 
Copper and cadmium; Lake, river and tap waters

1. Introduction

Heavy metal pollution of water has become a major con-
cern because of the dangers that these contaminants pose to 
human health and the environment [1]. Copper (Cu) is toxic 
to human health due to its adverse effects on the kidney, 
liver, and gastrointestinal tract [2]. It imparts an unpleas-
ant taste to drinking water at a 3 mg L–1 concentration and 

can cause illness in susceptible people at a 2 mg L–1 level 
[3]. Cadmium (Cd) intake from water in a long-term can 
damage the kidney, liver, bone, and, blood [4]. The World 
Health Organization (WHO) has set the maximum con-
tamination limit (MCL) for Cu and Cd in drinking water 
at 2.0 and 0.003 mg L–1, respectively [5]. Effective and 
cost-effective methods for removing Cu(II) and Cd(II) 
from water are thus critical issues.
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Several adsorbents have been used for the adsorption/
removal of Cu and Cd from aqueous solutions, includ-
ing bentonite [6], potassium titanate whiskers [7], chitosan 
beads-manganese ferrite (MnFe3O4) [8], magnetic iron- 
modified calcium silicate hydrate [9], coal fly ash zeolite 
[10] and polyvinyl alcohol/bacterial cellulose/calcium car-
bonate composite [11]. Adsorption was deemed superior 
among these technologies because of its ease of operation, 
high removal efficiency, cost-effectiveness, and availability 
of effective sorbents [12,13].

Nanomaterials have received considerable recogni-
tion because of their uniform and consistent complexity 
with functional groups, tunable pores, and high selectiv-
ity and sensitivity [14]. Nano-carbon, nano-metal oxide, 
maghemite, dendrimers, and alginate nanoparticles are 
conventional nanosorbents for Cu(II) and Cd(II) removal 
[15,16]. Magnetic nanosorbents are gaining popularity in 
the removal of heavy metals and dyes due to their large 
surface area, limited diffusion resistance, and fast magnetic 
separation [17,18]. However, these nanosorbents usually 
have the drawback of taking a long time to adsorb the ana-
lyte from the adsorbent and having a high separation cost, 
which severely restricts the usage [19,20].

Spinel ferrites, MeFe2O4 (Me = Mg, Ni, Cu, Mn, Co, 
Zn)-based nanosorbents have been commonly used for the 
removal of heavy metals from the aqueous phase due to their 
unique properties such as chemical stability and substantial 
magnetic permeability [21–23].

Zinc ferrite (ZnFe2O4) belongs to the cubic spinel ferrite 
family, and it has good crystallinity and magnetic prop-
erties, which are important factors in reviving a sorbent 
from a treated solution using an external magnetic field 
[24–27]. Manganese ferrite (MnFe2O4) is a well-known 
sorbent with a high propensity for ion binding [28,29]. 
Furthermore, during various toxicity studies, MnFe2O4 in 
the nanostructure form shows no toxicity effect, suggest-
ing that it can be used as a good alternative to other iron-
based adsorbents in the removal of toxic metal ions from 
the aqueous phase [30,31].

Manganese zinc ferrite has the formula (A)[B]2O4 that 
describes a cubic spinel configuration, where (A) and [B] 
refer to tetrahedral and octahedral cation sites, respectively. 
Many of the intrinsic magnetic properties of the ferrite 
are determined by the type of cations and their distribu-
tion between the two interstitial ferrite sites. Interestingly, 
certain nanocrystalline spinel ferrites have distinct cat-
ion distributions; as a result, their magnetic properties 
differ from their bulk counterparts. The equilibrium distri-
bution of cations in the spinel structure is affected by the 
ionic radius, electron configuration, electrostatic energies, 
and polarization effects [32]. Regrettably, the ferrite’s sur-
face area was found to be limited, which may be a limiting 
factor in the adsorption process. The modification of the 
non-magnetic portion of the ferrite increases its potency by 
increasing the surface area usable for adsorption. By adding 
manganese to ferrite, it increases the adsorption performance 
of heavy metals by providing more stability and improving 
the surface area [32]. The ferrites’ adsorption properties are 
determined by their structure and composition, which in 
turn depend on the production technique and cation dis-
persion in the crystal lattice [33]. As a result, the choice of 

combined zinc and manganese ferrites as an adsorbent for 
Cd and Cu is based on the ability to tolerate the ferrite’s 
magnetic characteristics to obtain saturated electromagneti-
zation with high potency for metal ion binding as well as 
good sorbent permeability and stability. Furthermore, the 
existence of tetrahedral and octahedral interstitial spaces 
in the spinel structure allows the investigated metal ions to 
enter the crystal lattice by replacing Fe(III) ions, resulting 
in metal ion aggregation on the grain boundary [34].

Organic polymers contain a large number of multifunc-
tional groups that can efficiently adsorb heavy metal ions, 
but their low adsorption rate limits their use. A high sur-
face area and abundant functional groups are crucial prop-
erties of an efficient adsorbent, in addition to high capacity 
and quick adsorption [35].

Polyurethane foam (PUF) is a versatile polymer with a 
highly usable surface area and an incredibly low cost. It is 
acid and base stable and will not change composition when 
heated to 180°C. As a result, it is an excellent material for 
preconcentration and separation techniques [36]. PUF has 
been used as a sorbent for Cu and Cd preconcentration 
and separation, either untreated [37], grafted with cationic 
dyes [38], or functionalized with chelating reagents via azo 
(–N=N–) [39] or imine (–C=N–) [40]. Polymeric nanocom-
posites combine the special properties of polymers such as 
flexibility, ductility, and processability with the benefits of 
inorganic nanofillers such as rigidity and thermal resilience 
[41]. For the adsorption/removal of Cu and/or Cd, several 
polymeric nanocomposites sorbents were used, including 
graphene oxide modified with magnetite nanoparticles 
and Lauric acid-containing ethylenediaminetetraacetic 
acid [42] and PUF-organobentonite/iron oxide [43].

In this work, we aimed to develop a novel highly 
porous Zn0.6Mn0.4Fe2O4/PUF nanocomposite adsorbent for 
the adsorption of Cu and Cd from water by chemically 
embedding magnetic nanoparticles of Zn0.6Mn0.4Fe2O4 
into the backbone of PUF polymer. PUF was chosen as a 
support because of its high surface area, expected abil-
ity to reduce nanoparticle agglomeration via foaming 
reaction, and ease of separation of the adsorbent from 
the water after adsorption. The following were the objec-
tives of this work: (1) to prepare and characterize the 
nanocomposite adsorbent using various analytical tools 
like Fourier-transform infrared spectroscopy (FT-IR), X-ray 
diffraction (XRD), scanning electron microscopy (SEM), 
high-resolution transmission electron microscopy (HR-TEM), 
and Brunauer–Emmett–Teller (BET). (2) to determine the 
nanocomposite’s adsorption performance and removal 
efficiency for Cu and Cd ions from aqueous solutions by 
examining parameters such as solution pH, adsorbent dos-
age, and adsorption kinetics and isotherms. (3) To apply the 
adsorbent to remove the studied elements from real water 
samples like a tap water, Qaroun Lake, and Yousef River.

2. Experimental

2.1. Instrumentation

The FT-IR spectra of the untreated PUF, Zn0.6Mn0.4Fe2O4/
PUF nanocomposite were recorded using a PerkinElmer 
1750 Fourier Transform Infrared Spectrometer (Boston, MA, 
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USA). The spectrum of a Cu(II)-loaded nanocomposite from 
a 2.0 mg L–1 solution at pH 6.5 and 0.2 g of adsorbent was 
also examined. The powdered samples were made using 
the KBr discs approach and recorded in the wavenumber 
range of 400–4,000 cm–1. Micromeritics’ Gemini VII Surface 
Area Analyzer Model 2390T V1.03 was used to perform BET 
surface area and pore analysis (GA, USA). N2 adsorption 
was assessed on a surface characterization device with a 
dray sample weighing 0.02 g and a density of 1.00 g cm–3 at 
77 K and a relative pressure (P/Po) in the range of 0.05–0.8. 
The samples were degassed for 2 h at 120°C before the 
measurements.

An XRD pattern was recorded on the Bruker D8 
ADVANCE Diffractometer (Berlin, Germany) with Cu-Kα1 
anode λ = 1.54058 Å radiation and a secondary mono-
chromator at a scanning speed of 1°/min–1 for studying 
the phase composition and average crystallite size of the 
magnetic nanoparticles. A Lakeshore VSM 7410 vibrating 
sample magnetometer (Texas, USA) equipped with 3T mag-
nets was used to measure the magnetic properties of the 
prepared ferrite nanoparticles. HR-TEM images were taken 
using a JEOL transmission electron microscope model 
JEM-2100 (Tokyo, Japan) to observe the morphology and 
particle size of the nanocomposite material. The FEI scan-
ning electron microscope (SEM) model QuantaTM FEG-250 
(Oregon, USA) was used to show the microstructure of the 
prepared nanocomposite material. Agilent flame atomic 
absorption spectrometer (FAAS) model FAA-55 (CA, USA) 
equipped with single element hollow cathode lamps and an 
air-acetylene burner was used for the determination of Cd 
and Cu elements. The BOECO Microprocessor pH Meter 
model BT 500 (Hamburg, Germany) calibrated against 
standard buffer solutions at pH 4 and 9 was employed for 
the pH adjustments. A SL 350 Nuve Mechanical Shaker 
(Akyurt, Ankara, Turkey) with up to 200 rpm and speed 
control was used to shake the samples. Double distilled 
water (DDW) was obtained from a Hamilton Laboratory 
Glass Instrument (Europe House, Sandwich Industrial 
Estate, Sandwich, Kent, England).

2.2. Chemicals and reagents

All reagents used were of analytical reagent grade, and 
the standard solutions were prepared in DDW. Cadmium 
nitrate tetrahydrate Cd(NO3)2·4H2O from Panreac Co., 
(Barcelona, Spain) and cupric sulfate pentahydrate 
CuSO4·5H2O from Aldrich (Milwaukee, USA) were used to 
prepare the standard metal ion solutions. Sodium hydroxide 
(NaOH) and hydrochloric acid (HCl) were obtained from 
El-Nasr Pharmaceutical Chemicals Co., Adwic (Cairo, Egypt) 
and used for pH adjustment.

Ferric nitrate nonahydrate Fe(NO3)3·9H2O from Alpha 
Chemika™ (Mumbai, India), zinc nitrate hexahydrate 
Zn(NO3)2·6H2O from WinLab (Brendale, Australia), man-
ganese nitrate tetrahydrate Mn(NO3)2·4H2O from Sigma-
Aldrich (Missouri, USA), citric acid monohydrate gritty 
C6H8O7·H2O from Riedel-de Haën (Sleez, Germany) and a 
30% (v/v) ammonia solution (NH4OH) from Sigma-Aldrich, 
were used to prepare the magnetic nanoparticles.

Polyol (Polyether type), stannous octoate, silicone oil, 
and toluene diisocyanate (TDI) were kindly received from 

the Egyptian Foam Co. (Cairo, Egypt) and utilized to prepare 
the PUF.

The stock solutions of Cd(II) and Cu(II) were prepared 
at a concentration of 1,000 mg L–1 by weighing appropri-
ate amounts of cadmium nitrate and cupric sulfate. Each 
reagent was dissolved in 1,000 mL of double distilled water, 
with 2.0 mL of concentrated nitric acid added to prevent 
metal ion hydrolysis. Working solutions were prepared 
by diluting the stock solution to the desired concentra-
tions in the range of 0.1–10 mg L–1. The pH of the samples 
was adjusted with HCl and NaOH solutions at suitable 
concentrations.

2.3. Synthesis of the polymeric nanocomposite sorbent

2.3.1. Preparation of the magnetic nanoparticles

The magnetic nanopowder (Zn0.6Mn0.4Fe2O4) was synthe-
sized using a modified citrate sol–gel combustion method 
[44]. Zinc nitrate, manganese nitrate, and ferric nitrate 
solutions each at a concentration of 0.25 mol L–1 were pre-
pared by dissolving 0.372, 0.314, and 0.505 g of the metal 
nitrate in 50 mL of DDW. The Mn2+ and Zn2+ solutions were 
mixed together in 40 and 60 mL volumes, corresponding 
to a molar ratio of 0.4 and 0.6, respectively. After that, the 
Fe3+ solution (50 mL) was added under steady stirring to 
an equivalent volume of the previous mixture, yielding a 
molar ratio of Me2+/Fe3+ = 0.5, where Me2+ represents the 
total concentration of Mn2+ and Zn2+. The homogeneous 
solution that resulted was heated at a rate of 5°C/min–1 up 
to 80°C for 1 h. Next, the heated mixture was added to a 
100 mL of 0.25 mol L–1 citric acid solutions, maintaining 
the concentration of the total metal ions and citric acid 
at a molar ratio of 1:1 and stirring for 2 h. Thereafter, the 
ammonia solution was added to the agitating mixture to 
raise the pH value to approximately 7.5. During the stir-
ring process, an increasing temperature contributes to the 
formation of a viscous gel. The ignition process started at 
the proper temperature and the formed gel burned itself, 
propagating the manner of combustion until all the gel was 
fully burnt out to form a fine powder. Finally, the prepared 
powder was fired for 1 h at 400°C to give the Zn0.6Mn0.4Fe2O4  
nanopowder.

2.3.2. Embedding of the magnetic nanoparticles in PUF

The nanocomposite, which is composed of nanoparti-
cles embedded in PUF, was created by incorporating the 
nanoparticles into the previously described PUF synthe-
sis technique [38]. To begin, a selected amount of 0.1 g of 
Zn0.6Mn0.4Fe2O4 nanopowder was mixed with 20 g of polyol 
(polyether) and thoroughly mixed until it was completely 
homogenous, after which 0.04 g of stannous octoate was 
applied and stirring was resumed. Following that, a 13.5 g 
toluene diisocyanate (TDI) was progressively applied 
while vigorously stirring, followed by 3 drops of silicon 
oil, at which point the foaming liquid polymer began to 
form, and 2 mL of purified water was added, causing the 
foaming mixture to expand. The nanocomposite foaming 
mixture is then poured into a box with a fitted lid, allow-
ing for the homogenous dispersion of the emerging carbon 



29S.M. Abdel Azeem et al. / Desalination and Water Treatment 267 (2022) 26–44

dioxide blowing gas. After allowing the foam to solidify at 
room temperature, it was cut into small cubes and treated 
with 1.0 mol L–1 HCl to remove inorganic impurities before 
being washed with double distilled water and dried at 
room temperature.

2.4. Batch adsorption procedure

In the batch process, a certain amount of 0.2 g nano-
composite sorbent is added to a 25 mL sample contain-
ing a metal ion concentration of 0.8 mg L–1 adjusted to pH 
6.5, and the mixture is shaken for 60 min with a mechan-
ical shaker. Filtration is used to isolate the sorbent along 
with the extracted elements from the liquid sample. 
The adsorbed metal ions are then recovered from the sor-
bent by shaking with a 10 mL eluate of 0.5 mol L–1 HCl solu-
tion. Finally, the concentration of the recovered metal ions 
was quantified using the recommended FAAS technique. 
The adsorption percentage of metal ion was calculated by 
using the following equation:
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where Co and C are the initial and remaining concentrations 
(μg L–1) of the metal ion, respectively.

The effect of pH on Cd(II) and Cu(II) sorption was 
studied within a pH range of 2.0–8.0 using NaOH and HCl 
solutions. The sorbent dose was investigated from 0.05 
to 0.3 g. The effect of shaking time was varied from 1 to 
60 min at the optimized pH and sorbent amount. Eq. (2) 
was used to calculate the amount of metal ion adsorbed 
(q, μg g–1) at any time t.

q
C C V

mt �
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where V is the sample volume (L) and m is the weight of the 
nanocomposite sorbent (g).

Sorption isotherms were studied using various metal 
ion concentrations ranging from 0.2 to 3.6 mg L–1 concentra-
tions of Cu(II) or Cd(II) in a 25 mL sample volume and 0.20 g 
sorbent weight. The maximum adsorption capacity (qmax) 
of the nanocomposite sorbent was evaluated as the largest 
amount adsorbed when approaching equilibrium conditions 
and calculated according to Eq. (2).

A preconcentration study was performed using batch 
adsorption under optimized conditions of pH, sorbent 
weight, shaking time, and elution at different sample 
volumes ranging from 25–1,500 mL, containing a fixed 
amount of 20 μg of each metal ion. The recovery (%) was 
calculated by dividing the metal ion concentration (μg L–1) 
found in the eluate by that found in the sample, as given  
by Eq. (3).
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2.5. Determination of Cd and Cu by FAAS

In the FAAS determination of Cd and Cu elements, 
a single-element hollow cathode lamp and an air-acety-
lene burner were used. The flow rate of air-acetylene to the 
flame was 2 and 10 L min–1 for the fuel and oxidant, respec-
tively, with a burner height of 10 cm. For Cd(II) determi-
nation, the slit width was set at 0.7 nm, replicates were set 
at 3.0, and read time was set at 3.0 s. The wavelengths and 
lamp current were selected at 228.8 nm and 10.0 mA, respec-
tively. The regression equation was: A = 0.0398C + 0.242 
(R2 = 0.995). The slit width for Cu(II) was 0.7 nm, the repli-
cates were 3, and the read time was 3.0 s. The wavelength 
and lamp current were set to 423.8 nm and 15.0 mA, respec-
tively. The regression equation for Cu(II) determinations 
was A = 0.0911C + 0.0030 (R2 = 0.998). Where A and C are the 
absorbance and concentration (mg L–1), respectively.

2.6. Water samples

Three samples were collected from Fayoum City, 
Egypt: river, lake, and tap waters. The river water was 
collected from the Yousef River, which flows through 
the middle of Faiyum Governorate. It is a small branch 
that extends from the River Nile and serves as the main 
source of irrigation and feeds water to the main drinking 
plants. A lake water sample was collected from Qaroun 
Lake, one of the biggest natural lakes in Egypt, which is 
located about 27 km north of the Faiyum Governorate. 
Tap water was collected from our research laboratory at 
the Faculty of Science. A 3.0 L volume of each sample was 
taken and filtered to remove any suspended solids. The 
physico-chemical parameters of the water samples stud-
ied are listed in Table 1. Cu and Cd concentrations in the 
samples ranged from 35–47 and 5.0–7.7 μg L–1, respectively. 
The collected samples were then acidified to pH 2.0 with 
nitric acid to avoid metal ion precipitation before being 
stored in sterile polyethylene bottles. A 100 mL water sam-
ple was spiked with an 800 μg L–1 level of the tested metal 
ions, and the mixture was mechanically shaken for 1 h. The 
adsorbed metal ions were eluted by shaking the loaded 
sorbent with 10 mL of 0.5 mol L–1 HCl solution. The con-
centration of each metal ion in the eluate was determined 
using the recommended FAAS method.

3. Results and discussion

3.1. Characterization of the nanocomposite sorbent

3.1.1. FT-IR analysis

The FT-IR spectra obtained are shown in the sup-
plementary Fig. 1. The spectrum of untreated PUF (A) 
is complicated, having multiple absorption bands that 
could overlap with those of the implanted nanoparticles. 
Fig. 1B and C show broad absorption bands ranging from 
538 to 512 cm–1, corresponding to the stretching vibration of 
octahedral metal oxide (M–O) bonds for Fe–O, Mn–O, and 
Zn–O [45]. While for the untreated PUF, a narrow absorp-
tion band appeared at 511 cm–1. The minor shift in the band 
from 1621 in PUF to 1590 in the nanocomposite is also note-
worthy, showing that the amide part of the urethane group 
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(–NH–CO–O–) is involved in nanoparticle embedding [8]. 
Furthermore, in the nanocomposite spectrum and follow-
ing adsorption to Cu, a large increase in the absorption 
band at 1,510 cm–1 (attributed to the urethane C=O stretch-
ing in PUF) demonstrates the connecting of the ferrite metal 
ions and the tested elements to PUF via the urethane C=O 
bonding. This validated the nanoparticles’ chemical incor-
poration into the polymer.

3.1.2. XRD analysis

Fig. 2 displays the XRD patterns of Zn0.6Mn0.4Fe2O4 
nanoparticles (A) that were fired at 400°C for 1 h and for 
the Zn0.6Mn0.4Fe2O4/PUF nanocomposite material (B). The 
nanoparticles pattern showed main diffraction peaks at 
2θ = 29.919°, 35.264°, 42.844°, 53.11°, 56.629°, 62.212°, and 
73.513°, respectively, and were due to the crystal plane of 
the cubic spinel ferrites structure (220), (311), (400), (422), 

(511), (440) and (533) planes. The Zn0.6Mn0.4Fe2O4 nanoparticles 
were found to have the same crystal planes as ZnFe2O4 
according to the XRD JCPDS (Joint Committee on Powder 
Diffraction Standards) data file No.22-1012 and MnFe2O4 
(XRD JCPDS data file No.74-2403, indicating the forma-
tion of a good crystalline and single cubic phase of spinel 
structure. The average crystallite size of Zn0.6Mn0.4Fe2O4 
nanoparticles was calculated using Debye–Scherrer’s Eq. (4).

D �
�� �

0 9. �
�FWHM cos 

 (4)

where D is the crystallite size, FWHM is the observed full 
width at half maximum, θ is the Bragg angle, and λ is the 
X-ray wavelength (λ = 1.54058 Å). The XRD patterns indicated 

Table 1
Physico-chemical parameters of the studied water samples

Property Yousef River Qaroun Lake Tap water
pH 7.7 8.2 7.5
Conductivity, mS cm–1 0.64 4.64 0.41
TDS, mg L–1 390 2,790 243
Turbidity, NTUa 43 61 1.0
Chloride, mg L–1 110 165 2.0
Sulfate, mg L–1 57.0 11,874 28.0
Nitrate, mg L–1 9.1 14.5 3.3
Ca, mg L–1 124.0 438 85.0
Mg, mg L–1 93.2 1,137 61.0
Cu, μg L–1 45 47 35
Cd, μg L–1 6.3 7.7 5.0

aNephelometric turbidity unit

Fig. 1. FT-IR spectra of untreated PUF (A), Zn0.6Mn0.4Fe2O4/PUF 
nanocomposite (B) and Cu-loaded Zn0.6Mn0.4Fe2O4/PUF nano-
composite (C). Fig. 2. XRD analysis of the prepared Zn0.6Mn0.4Fe2O4 nanopar-

ticles (A) and after background correction for Zn0.6Mn0.4Fe2O4/
PUF nanocomposite (B).
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that the Zn0.6Mn0.4O4 nanoparticles have an average crystallite 
size of 16.6 nm.

In the nanocomposite pattern (B), there are strong peak 
reductions and also some peaks that appear to be quite low, 
which could be owing to the low amount of the embedded 
nanoparticles. Also, a deviation was observed in the diffrac-
tion peaks with a value of 2θ = 1.5°–2.0°.

3.1.3. HR-TEM analysis

The HR-TEM analysis, as shown in Fig. 3, was per-
formed to provide evidence for the morphology of the 
Zn0.6Mn0.4Fe2O4/PUF nanocomposite. The embedded ferrite 
nanoparticles were found to be scattered and/or agglom-
erated together within the PUF. Although agglomerations 
were inevitable due to the magnetic nature of the ferrite 
nanoparticles, the polymer foaming reaction reduced dense 
agglomeration. The average particle size of the nanoparticles 
within the polymeric nanocomposite varied between 5.3 and 
18.5 nm.

3.1.4. SEM analysis

The morphological microstructure of the prepared 
Zn0.6Mn0.4Fe2O4/PUF nanocomposite was investigated using 
SEM analysis. As depicted in Fig. 4A, the prepared nano-
composite’s microstructure has a spongy structure of the 
spherical shape, and the nanoparticles, which appeared as 
white spots, were homogenously dispersed within the PUF 
polymer. Furthermore, two forms of pores with different 
sizes were discovered in the Zn0.6Mn0.4Fe2O4/PUF nanocom-
posite, coarse pores ranging in size from 1,240 to 551 μm 
and medium pores ranging from 199.7 to 121.7 μm. After Cu 
adsorption, the size of the nanoparticle aggregates increased 
(Fig. 4B and C), which could be due to adsorbed Cu stuffing 

into the pores of the nanoparticles [46]. Furthermore, surface 
roughness and heterogeneity have increased, and a por-
tion of the hexagonal cellular structure has been disrupted. 
Unlike the use of dewatering agents to activate the surface 
and increase the porosity of the adsorbent [47], the addition 
of nanoparticles to PUF had no effect on the cell size of the 
polymeric nanocomposite.

3.1.5. BET surface area and porosity

In terms of adsorption capabilities, the nanocomposite’s 
surface area is critical. Changes in surface area and pore prop-
erties are influenced by a variety of factors, including the ini-
tial material and its structure, the activation method chosen, 
and the agents used. The multipoint BET was used to measure 
the BET surface area of the Zn0.6Mn0.4Fe2O4/PUF before and 
after Cu adsorption from a 2.0 mg L–1 solution. The compos-
ite material had a specific surface area of 3.202 m2 g–1 before 
Cu adsorption and exhibited a Type IV adsorption–desorp-
tion isotherm, which is typical of mesoporous materials [48]. 
Zn0.6Mn0.4Fe2O4/PUF had a BET surface area of 3.202 m2 g–1, 
a pore volume (pores less than 19.858 Å diameter), and an 
average pore diameter Dp (4Vtotal/SBET) of 9.38 × 10–3 cm3 g–1, 
and an average pore diameter Dp (4Vtotal/SBET) of 1.17 nm. 
They were 2.788 m2 g–1, 7.89 × 10–3 cm3 g–1, and 1.13 nm after 
Cu adsorption, respectively. Obviously, the surface area of 
the aggregates has been reduced following Cu adsorption 
due to filling micropores in the embedded nanoparticles 
and blocking of the surface of the aggregates as also demo-
nstrated in SEM photographs (Fig. 4C).

3.1.6. Magnetic properties of the nanocomposite

Using a vibrating sample magnetometer at room tem-
perature, the hysteresis loops and the magnetic parameters 

Fig. 3. HR-TEM analysis of the Zn0.6Mn0.4Fe2O4/PUF polymeric nanocomposite material at 50 nm (A) and 200 nm (B) scales.
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such as saturation magnetization (Ms), remanent magne-
tization (Mr), and coercively (Hc) of the prepared ferrite 
nanoparticles fired at 400°C for 1 h were measured (Fig. 5). 
The saturation magnetization and remanent magnetization 
of the fired sample are 6.6 and 1.7 emu g–1, respectively. In 
zinc ferrite nanoparticles (ZnFe2O4), as Zn(II) ions are sub-
stituted by Mn(II) ions, the magnetic Mn(II) tends to occupy 
the A-site in Zn0.6Mn0.4Fe2O4, reducing the amount of Fe(III) 
ions at this site. As a result of antiferromagnetic coupling, 
the net effect is an increase in magnetic activity in site B, 
resulting in enhanced magnetic interactions. The ferromag-
netic behavior of Zn0.6Mn0.4Fe2O4 nanoparticles was also 
observed, with a coercively value of 216.2G.

3.2. Adsorption study

3.2.1. Sample pH

The pH of the aqueous solution is an important param-
eter that controls the sorption process because it influ-
ences not only the speciation of the metal ion but also 
the charges on the active adsorption sites. So, the effect 
of solution pH on the adsorption of Cu and Cd ions onto 
the proposed nanosorbent Zn0.6Mn0.4Fe2O4/PUF was stud-
ied over a pH range of 2.0–8.0. The results obtained are 
plotted in Fig. 6A. The adsorption (%) increased gradually 
with increasing the solution pH from 2.0 to 5.0 and from 
2.0 to 6.0 for Cu and Cd, respectively. Beyond these limits, 

Fig. 4. SEM micrographs of the Zn0.6Mn0.4Fe2O4/PUF polymeric nanocomposite material before adsorption (A), Cu(II)-loaded nano-
composite (B), and with (C and D) magnified stuffing Cu ions into the nanoparticles.

Fig. 5. The hysteresis loops and the magnetic parameters of the Zn0.6Mn0.4Fe2O4 nanoparticles.
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a similar trend for both elements was observed, and the 
adsorption (%) became maximum and approximately con-
stant up to pH 8.0. The maximum adsorption reached 95% 
and 94%, respectively. The high adsorption (%) achieved 
at pH ≥ 6.0 could be attributed to an increase in negatively 
oxide moieties in the embedded nanoparticles in the adsor-
bent, which facilitates the attraction of positively charged 
metal ions [49]. Adsorption ranged from 95%–93% for Cu 
and 93%–91% for Cd at a pH value ranging from 7.0–8.0, 
which is similar to the pH range of the studied samples, 
which is 7.5–8.2 (Table 1), confirming the practical appli-
cability of these water sources. As pH exceeded 8.0, the 
adsorption decreased slightly. This might be attributed to 
the possible precipitation of metal hydroxides. At lower 
pH values than 2.0, there was a significant decrease in 
the adsorption (%), which could be attributed to proton-
ated active sites repelling positively charged metal ions. 
However, the nanocomposite adsorbent demonstrated a 
greater affinity for Cu than Cd at all adsorption stages. 
Although the difference is around 1.0%, it will become sig-
nificant and evident when the initial sample concentration 
increases. The difference in the adsorption affinity may 
be due to the smaller ionic size of Cu than Cd, which pro-
motes easier diffusion of the former towards the active sites 
in the sorbent than the latter. Without PUF, the nanoparti-
cles Zn0.6Mn0.4Fe2O4 showed similar pH profiles, but their 
adsorption was always lower than that of Zn0.6Mn0.4Fe2O4/
PUF. The maximum adsorption obtained was 93% for Cu or 
Cd. Thus, pH 6.5 was recommended as the optimum value 
in all subsequent adsorption studies of the two elements. 
It is worth mentioning that untreated PUF has no abil-
ity to adsorb Cu and Cd ions unless chelating agents, for 
example, thiocyanate, are present [50]. Therefore, the role 
of PUF is expected to be limited to carrying the adsorbent. 
However, we noticed that the presence of PUF improved 

the efficiency of the adsorbent even at low pH values. This 
could be due to the PUF helping to distribute the nanopar-
ticles over a larger surface area of the nanocomposite. As 
a result, the surface area exposed to adsorption grew. The 
nanocomposite’s point of zero-electric charge (pHPZC) was 
determined at pH 6.8, as illustrated in Fig. 6B. Positive 
potential for the nanocomposite was obtained at pH rang-
ing from 2.0 to 6.0 due to protonated surface groups of 
the nanoparticles and PUF. As pH increased, Cu and Cd 
became positively charged free ions Cu2+ and Cd2+, as well 
as the monohydroxylated species Cu(OH)+ and Cd(OH)+. 
With increasing pH, the potential dropped due to depo-
rotonation of the nanocomposite surface groups and 
the liberation of negatively charged sites, which helped 
adsorption by electrostatic attraction mechanism. When the 
pH hit 6.8, negative charges on the adsorbent surface were 
totally neutralized. Beyond pH 6.8, the potential was neg-
ative, indicating that there was no electrostatic attraction 
and that adsorption was based on metal hydroxide pre-
cipitation. Moreover, in ferrite OH groups, metal ions may 
also substitute hydrogen atoms, resulting in the creation of 
negatively charged oxygenates on the nanocomposite [8].

3.2.2. Adsorption kinetics

The effect of time on adsorption determines the pos-
sibility of using the new nanocomposite for the rate at 
which the metal ions transfer from the aqueous phase to 
the solid sorbent. The shaking time was studied over a 
range of 1–75 min. Results obtained for the variation of 
the adsorbed amount qt (mg g–1) at any time t is shown in 
Fig. 7. During the first 5 min, the uptake was very rapid, 
and more than 50% of the adsorbed amount was achieved 
after 1 min. Beyond 10 min, the adsorption increased at a 
slower rate, reaching the equilibration state and maximum 

Fig. 6. (a) Effect of pH on the adsorption of Cu and Cd onto Zn0.6Mn0.4Fe2O4 nanoparticles and Zn0.6Mn0.4Fe2O4/PUF polymeric nano-
composite at metal ion concentration of 0.8 mg L–1, sample volume 25 mL, sorbent amount of 0.2 g and shaking time of 60 min. 
(b) Zeta potential of the nanocomposite surface variation with solution pH.
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adsorption after 40 and 60 min for Cu and Cd, respectively. 
The early rapid adsorption demonstrates the accessibility 
of the Zn0.6Mn0.4Fe2O4/PUF composite material for remov-
ing Cu and Cd ions from an aqueous solution. This also 
confirms the high binding constant between the metal ions 
and the composite material, implying that it is relevant 
for the selective removal of these elements from interfer-
ing matrices. Finally, in the subsequent experiments, the 
shaking time was selected at 60 min to emphasize quanti-
tative adsorption and achieve equilibration conditions.

The kinetic mechanism governing metal ion adsorption 
was studied by fitting experimental results to the pseu-
do-first-order, pseudo-second-order, and intraparticle dif-
fusion models. The validity of the pseudo-first-order model 
could be examined by plotting log(qe – qt) vs. t, where qe 
and qt represent the adsorbed amount of metal ion (μg g–1) 
at equilibrium and at any time t (min), respectively. The 
Lagergren and Kungliga [51] pseudo-first-order rate is 
expressed by Eq. (5):
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As shown in Table 2, the regression analysis results 
show linear correlation coefficients (R2) of 0.930 and 0.759 
for Cu and Cd, respectively, and qe values of 1.49 and 

2.01 mg g–1. A very significant discrepancy was found 
with the experimental qe values of 0.78 and 0.77 mg g–1, 
respectively, showing that the pseudo-first-order model is 
inconvenient for describing the adsorption kinetics results.

The pseudo-second-order suggested by Ho et al. [52] is 
expressed by Eq. (6):
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where k2 is the pseudo-second-order rate constant 
(μg g–1 min–1). Fig. 8 depicts a plot of the experimental 
results with this model. The R2 values obtained from the 
slope of the regression equations are greater than those 
derived from the pseudo-first-order model, with values of 
0.999 and 0.999. Furthermore, the calculated qe values from 
the second-order model were remarkably similar to exper-
imental results. This verified that the pseudo-second-order 
model is appropriate for investigating the experimental 
kinetic effects.

The Morris–Weber Eq. (7) was used to investigate the 
intraparticle diffusion behavior [53]. The slope of the plot 
of qt values vs. the square root of shaking time t was used 
to evaluate the intraparticle diffusion rate constant kid 
(mg g–1 min–1/2).

q k tt =  id
1 2/  (7)

The plots for the two elements revealed a linear rela-
tionship with higher slopes at early time intervals, followed 
by a second linear range with lower slopes, suggesting a 
multistep adsorption mechanism. The straight lines did 
not pass through the origin, indicating that a film diffu-
sion phase occurred during the initial adsorption stages 
and intraparticle diffusion contributes to the rate-limiting 
step, as can be seen in Fig. 8B. The calculated R2 values 
were 0.957 and 0.962 for Cu and Cd, respectively, and kid 
values of 0.085 and 0.081 mg g–1 min–1/2. PUF is a highly 
porous material that has spherical and symmetrical mac-
ropores and micropores. The macropores are large in 
comparison to the molecular size of the solute and easily 
accessible to metal ions. Therefore, adsorption into the 
macropores occurs quickly, as is typical of film diffusion. 
The micropores, on the other hand, are around the same 
size as the metal ion, and diffusion inside these pores will 
be seriously hampered due to steric hindrances. As a con-
sequence, an intraparticle diffusion mechanism will have 
a slow approach to equilibrium. Thus, intraparticle diffu-
sion in the microporous regions of the sorbent governed 

Fig. 7. Effect of shaking time on the adsorption of Cu and Cd 
onto Zn0.6Mn0.4Fe2O4/PUF polymeric nanocomposite at metal ion 
concentration of 0.8 mg L–1, sample volume 25 mL and sorbent 
amount of 0.2 g.

Table 2
Adsorption kinetic data obtained from pseudo-first-order, pseudo-second-order and intraparticle diffusion models at 25°C

Metal ion qexp, mg g–1 Pseudo-first-order Pseudo-second-order Intraparticle diffusion

qe, mg g–1 k1, min–1 R2 qe, mg g–1 k2, mg g–1 min–1 R2 kid, mg g–1 min–1/2 R2

Cu(II) 0.77 1.49 0.046 0.930 0.78 3.02 0.999 0.085 0.975
Cd(II) 0.75 2.01 0.037 0.759 0.77 4.05 0.999 0.081 0.962
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the bulk sorption of metal ions. The transfer of metal ions 
into the polymeric material’s narrow apertures greatly 
increases the rate of accumulation of these ions in the solid 
phase, allowing for a faster rate of adsorption.

As a result, the metal kinetic adsorption process into 
the Zn0.6Mn0.4Fe2O4/PUF composite adopted the diffusion- 
controlled and pseudo-second-order kinetic models. The 
goal of using PUF as a nanoparticle carrier is to take advan-
tage of its large surface area, which makes the nano particles 
embedded more susceptible to metal ion interference. This 
speeds up the rate of mass transfer and diffusion, making 
the adsorption process go much faster. Furthermore, the 
polymer swells to a cellular structure during the foam-
ing process, where the hydrophilic terminal groups of 
PUF interact with the added metallic oxides, reducing the 
dense agglomeration of the magnetic nanoparticles.

3.2.3. Adsorption isotherm

Adsorption isotherm study enables to evaluate the equi-
librium adsorption capacity and the metal nanocomposite 
binding strength. The Langmuir, Freundlich and Temkin 
isotherm models were examined to fit the experimental 
results. Langmuir isotherm [54] is expressed by Eq. (8).
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where qmax is the maximum adsorbed amount of metal ion 
(mg g–1) to form a complete monolayer. Ce is the equilib-
rium concentration of the metal ion (mg L–1) and KL is the 
Langmuir constant related to the affinity of binding sites to 
metal ions. This model, if matched with the experimental 
results, assumes a monolayer adsorption mechanism. The 
maximum monolayer adsorption capacity (qmax, mg g–1) was 
calculated from this model.

Freundlich isotherm [55] is an empirical model based 
on adsorption on heterogeneous surfaces, as presented by 
Eq. (9).
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where qe is the adsorbed amount of metal ion (mg g–1), 
Ce is the equilibrium concentration of the metal ion (mg L–1), 
and KF and n are Freundlich constants related to adsorption 
capacity and intensity, respectively.

The Temkin isotherm model [56] described by Eq. (10) 
was applied to describe and evaluate the heat of adsorption 
and the adsorbent–adsorbate interaction.

q B A B Ce T e= + ln  ln  (10)

where AT is the Temkin isotherm equilibrium binding con-
stant (L g–1) and B is the heat of adsorption (J mol–1).

Based on the slightly higher correlation coefficients than 
the Langmuir model, the Freundlich isotherm model was 
more fitting to describe the adsorption behavior which indi-
cates the importance of surface heterogeneity, as shown in 
Fig. 9 and Table 3. These findings imply that the adsorption 
process can progress by forming multilayer coverage at the 
adsorbent interface. This also accounted for surface hetero-
geneity and provided an exponential distribution of ener-
getic active sites on the adsorbent surface. This is consistent 
with the presence of coarse and medium pores in the SEM 
micrographs of the nanocomposite sorbent. Adsorption pro-
cess may begin with the metal ion diffusion from the bulk 
of the solution to the sorbent surface, then to the inner sur-
face to combine with active groups for ultimate accumulation 
in a monolayer or extended to a multilayer pattern.

The calculated maximum capacity (qmax) from the 
Langmuir model was found to be 20.4 and 11.1 mg g–1, 
respectively. The large difference in adsorption capacity can 
be due to differences in ionic size, the binding strength with 
the nanocomposite, and degree of hydration [57]. Because Cu 
has a greater capacity than Cd, the chelating sites are more 
accessible to Cu.

The Freundlich constant KF was 0.62 (Cu) and 0.31 (Cd) 
L g–1 which shows a stronger affinity of the sorbent towards 

Fig. 8. Pseudo-second-order kinetic (A) and intraparticle diffusion (B) models of the adsorption of Cu and Cd onto Zn0.6Mn0.4Fe2O4/
PUF polymeric nanocomposite at metal ion concentration of 800 μg L–1, sample volume 25 mL and adsorbent amount of 0.2 g.
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Cu than Cd. The value of the n constant was 0.93 (Cu) and 
0.88 (Cd) which is adequate for favorable adsorption. The 
value of n is slightly lower than one, indicating a coopera-
tive adsorption and the adsorbent has a higher adsorption 
affinity towards the tested metal ions. The values of both 
constants indicated the feasible adsorption of these metal 
ions by the developed nanocomposite. The Temkin iso-
therm model showed good correlation by avoiding the 
lower concentrations. The R2 value was 0.969 and 0.963. Also, 
the constant AT was 2.07 and 2.24 L g–1 and the constant B 
was 30.4 and 22.3 J mol–1, respectively. Also, the positive 
B values indicated the adsorption is an exothermic process.

3.3. Competitive adsorption

The competitive adsorption of Cu and Cd can be 
explained using kinetic and adsorption capacity results. 
Within the first 10 min the adsorption of these metal ions 
followed a fairly similar pattern, according to a kinetic pro-
file (Fig. 7). A pseudo-second-order kinetic model depicted 
the adsorption, which is characteristic of a regulated stage  

of chemical adsorption. The overall adsorption rate con-
stant k2 was 0.014 and 0.017 g g–1 min–1 for Cu(II) and 
Cd(II), respectively. In addition, Cu has a higher Langmuir 
monolayer adsorption capacity and Freundlich affinity 
constants (k, n) than Cd, as shown by the isotherm fea-
tures in Table 3. As a result, Cu adsorption is projected to 
occur first and with a stronger affinity when the two ele-
ments are mixed, resulting in less Cd adsorption. In the 
microporous area, the two metal ions displayed identical 
intraparticle diffusion (kid). Consequently, ferrite nanopar-
ticles could be the main cause. In spinel ferrites, there are 
several types of adsorption centers (Fe–OH, Zn–OH, and 
Mn–OH) with varied affinities to metal ions [58]. A prob-
able explanation is a difference in ionic size, with Cd being 
larger than Cu. Various types of adsorption centers appear 
to have been filled during Cu adsorption, however, only a 
few types of these sites are appropriate for Cd adsorption.

3.4. Adsorption mechanism

A variety of factors influence metal adsorption, includ-
ing metal shape, size, and structure; adsorbent textural 
properties and surface chemistry; and the specific inter-
action between the adsorbent surface and metal ions [47]. 
The proposed adsorption mechanism is demonstrated in 
Fig. 10. The solution pH is strongly related to the adsorp-
tion mechanism, which determines the metal ion spe-
cies and the ionization of the nanocomposite’s functional 
groups. Results showed maximum adsorption occurred at 
pH 6.0–7.0 where Cu and Cd exist as Cu2+, Cu(OH)+ and 
Cd2+, Cd(OH)+ forms, respectively with a greater amount 
as Cu(OH)+ and Cd(OH)+ species [49]. Electrostatic attrac-
tion to negatively charged oxide groups in the nanocom-
posite allows the M(OH)+ species (M stands for Cu and Cd) 
to be adsorbed to one negative charge as Zn0.6Mn0.4Fe2O4-
O-MOH. Adsorption of M(OH)+ species facilities the con-
version of Cu2+ and Cd2+ into the easily adsorbed forms 
Cu(OH)+ and Cd(OH)+. Ion exchange adsorption could 
occur by substituting the H+ in Zn0.6Mn0.4Fe2O4-OH to 
form Zn0.6Mn0.4Fe2O4-O-MOH. This is explained by the 

Table 3
Isotherm parameters obtained from Langmuir, Freundlich, and 
Temkin models

Isotherm model Parameters Cu Cd

Langmuir
qmax, mg g–1 20.4 11.1
KL, L mg–1 0.03 0.02
R2 0.962 0.970

Freundlich
n 0.93 0.88
KF 0.62 0.31
R2 0.988 0.980

Temkin

BT (J mol–1) 30.4 22.3

bt 81.5 111.1
AT, L g–1 2.07 2.24
R2 0.969 0.963

Fig. 9. Langmuir (B), Freundlich (B), and Temkin (C) isotherm models of the adsorption of Cu and Cd onto Zn0.6Mn0.4Fe2O4/PUF 
polymeric nanocomposite at initial metal ion concentration from 0.2 to 300 mg L–1, pH 6.5, sample volume 25 mL, adsorbent 
amount of 0.2 g, and shaking time of 60 min.
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extremely short equilibration time (10 min) that accounts 
for electrostatic attraction and ion exchange adsorption 
(Fig. 7). Adsorption by precipitation is excluded because 
the Cu(OH)2 and Cd(OH)2 would form at pH levels greater 
than 7.4 and 8.0, respectively. The adsorption isotherm 
followed the Freundlich model, indicating the surface het-
erogeneity of the nanocomposite adsorbent made of ferrite 
and PUF materials, but the nanoparticles embedded were 
mostly regulated.

Form the FT-IR data, despite the urethane carbonyl (C=O) 
groups being shown in the FT-IR spectra to be involved in 
coordination with the investigated elements, the extent of 
this type of adsorption is relatively limited in the absence 
of complexing agents [59]. The results also indicate that 
metal ions are directly coordinated in the nanocompos-
ite within the foam phase by using donor atoms in the 
nanoparticles [60,61]. As a result, metal ion removal occurs 
through heterogeneous chemisorption mechanism.

3.5. Nanocomposite dosage

The composite dosage has an important impact on 
metal ion adsorption from aqueous solutions. The effect of 
Zn0.6Mn0.4Fe2O4/PUF weight on adsorption was investigated 
from 0.025 to 0.3 g using 25 mL samples and a metal ion con-
centration of 0.8 mg L–1. The results obtained are shown in 
Fig. 11. The adsorption (%) increased steadily as the weight 
increased from 0.025 to 0.2 g. At a weight of 0.2 g, maximum 
adsorption for Cu(II) and Cd(II) was 96% and 98%, respec-
tively. This may be due to the higher adsorbent amount, 
which increases the number of active sites available for 
adsorption, resulting in more efficient metal ion removal [62]. 
Beyond this limit, as the amount of sorbent was increased, 
the adsorption (%) remained significantly unchanged. This 
behavior suggests that, after a certain dosage, the optimum 
adsorption is reached, and thus the remaining concentration 
of metal ions stays constant even as the dosage is increased. 
Perhaps a higher composite amount may prevent metal 
ions from accessing the available adsorption sites. Finally, 

a composite weight of 0.2 g was recommended in the subse-
quent investigations.

Fig. 12 depicts the effect of initial metal ion concen-
tration on adsorption efficiency and uptake at various 
composite dosages within the range from 0.5 to 3.0 mg L–1, 
and the composite dosage was investigated at 0.05, 0.1, 
0.2, and 0.3 g. The uptake of Cu and Cd was found to 
increase gradually and closely at initial concentrations up 
to 1.0 mg L–1. Following that the difference in uptake grad-
ually increased with Cu outperforming Cd. The adsorption 
efficiency (%) was highly dependent on the initial metal ion 
concentration. The adsorption efficiency (%) for Cu and Cd 
decreased from 99% to 87% and from 95% to 63%, respec-
tively, for Cu and Cd by increasing the concentration from 
0.5 to 3.0 mg L–1. The decrease for Cu was less than 12%, 
whereas the decrease for Cd was 32%, indicating that Cu 
adsorption is less dependent on the initial concentration 
than Cd. The gradual decrease in adsorption with increas-
ing initial concentration can be attributed to increasing 
the metal ion concentration above the adsorbent capac-
ity, which causes the remained concentration of metal ions 
to gradually increase, and thus the adsorption efficiency 
decreases. The effect of the composite dose on the uptake 
and adsorption efficiency revealed very similar profiles 
(Fig. 12B). They increased by increasing the sorbent dose up 
to 0.2 g, and then decreased slightly when they reached 0.3 g. 
Maximum uptake and adsorption efficiency were obtained. 
When the adsorbent dose was increased from 0.05 to 0.1 g, 
the Cd uptake increased by 0.14 mg g–1 and by 0.2 mg g–1 
when the sorbent dose was increased from 0.1 to 0.2 g.

3.6. Interference effect

The adsorption of the studied metal ions was inves-
tigated in the presence of a foreign ion such as Na+ 
(10,000 mg L–1), K+ (1000 mg L–1), Ca2+ (500 mg L–1), 
Mg2+ (100 mg L–1), Zn2+ (1.0 mg L–1), Ni2+ (1.0 mg L–1), 

Fig. 10. Proposed adsorption mechanisms of the studied metal 
ions (e.g., Cu) onto the nanocomposite surface groups.

Fig. 11. Effect of composite dosage on the adsorption of Cu and 
Cd by Zn0.6Mn0.4Fe2O4/PUF polymeric at metal ion concentration 
of 0.8 mg L–1, sample pH 6.5 and volume of 25 mL, and shaking 
time of 60 min.
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Cl– (10,000 mg L–1), SO4
2– (500 mg L–1), PO4

3– (50 mg L–1), NO3
– 

(100 mg L–1), or oxalate (50 mg L–1). Synthetic solutions 
containing Cu or Cd (0.8 mg L–1), as well as the foreign 
ion, were prepared and adjusted to the best adsorption 
conditions. The recovery (%) of the metal ion studied was 
compared to that obtained in the absence of the foreign 
species. The addition of foreign ions had no significant 
influence on recovery (%), with the largest decreases for 
Cu and Cd being no more than –3.7% and –4.5%, respec-
tively (Fig. 13). This demonstrated the produced sorbent is 
suitable for the adsorption/removal of the tested elements 
from natural water because of its selective adsorption even 
in the presence of many folds of the interfering ions.

3.7. Preconcentration and recovery

In the case of contaminated waters or low metal ion con-
centrations, a preconcentration/separation step is required 
to allow FAAS to detect the element accurately. The abil-
ity of the developed adsorbent to preconcentrate low con-
centrations of metal ions from large sample volumes justi-
fies its feasibility. For this purpose, the sample volume was 
varied from 50 to 1,500 mL, with a fixed amount of 20 μg 
metal ion, pH adjusted to 6.5, an adsorbent amount of 0.2 g, 
and a shaking period of 60 min. The results are summa-
rized in Table 4. When the volume was increased from 50 
to 1,250 mL, the recovery (%) for Cu and Cd decreased from 
95% to 92% and from 95% to 94%, respectively, correspond-
ing to a drop in metal ion concentration from 400 to 16 μg L–1. 
Beyond this volume, the recovery was ≤90%, and the precon-
centration was deemed non-significant. Therefore, 1,250 mL 
was estimated as the breakthrough volume and the limit of 
preconcentration. The quantitative recovery limit was set 
at the breakthrough volume, which was within ±5.0% devi-
ation of the initial recovery. The estimated sample break-
through volume for quantitative recovery of the elements 
was utilized to calculate the preconcentration factor (CF) by 

dividing the sample volume by the eluate volume. Under 
the optimal sorption–desorption conditions, the added 20 
μg of metal ion could be quantitatively recovered using 
10 mL of the eluent without substantial analyte loss. Thus, 
the CF for each metal ion is estimated to be 125. The limit 
of quantification (LOQ) was evaluated as ten times the stan-
dard deviation of the blank signal (10 σ) obtained using the 
sorption–desorption method with 25 mL of blank solution 
(n = 4). The LOQ values for Cu and Cd were determined to 
be 0.9 and 1.4 μg L–1, respectively.

3.8. Reusability

To estimate the reusability of the proposed sorbent 
Zn0.6Mn0.4Fe2O4/PUF, a sorption–desorption study was 

Fig. 12. Influence of initial metal ion concentration (A) and nanocomposite dosage (B) on uptake and adsorption efficiency: 
initial concentration varied from 0.5 to 3.0 mg L–1 using a composite dose of 0.2 g. The adsorbent dosage varied from 0.05 to 0.3 g at 
an initial metal ion concentration of 2.0 mg L–1, at a sample pH of 6.5, sample volume of 25 mL, and shaking time of 60 min.

Fig. 13. Influence of interfering ions on the recovery (%) of Cu 
or Cd each at a concentration of 0.8 mg L–1, adsorbent dosage of 
0.2 g, pH 6.5, sample volume 25 mL, and shaking time of 60 min.
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carried out for several cycles with Cd at 0.8 mg L–1 con-
centration, 0.2 g adsorbent amount, solution pH of 6.5, a 
sample volume of 25 mL, and a shaking time of 60 min. 
After the element was extracted, the Cd-loaded adsor-
bent was washed with DDW and then treated with 10 mL 
of 0.5 mol L–1 HCl solution as an eluting agent. Following 
each desorption experiment, the adsorbent was washed sev-
eral times with DDW until it was acid-free, air dried, and 
reused for the next cycle. By repeating 7 cycles of successive 
sorption–desorption experiments with the same adsorbent 
material, the reusability of the Zn0.6Mn0.4Fe2O4/PUF compos-
ite for Cd adsorption was assessed. The results achieved 
are shown in Fig. 14A. After 5 cycles, the Cd removal per-
formance of the composite remained almost unchanged, 
with a 1% decrease in recovery. At higher cycles than 5, a 
small decrease in recovery (%) was observed, suggesting 
that the Zn0.6Mn0.4Fe2O4/PUF composite could maintain its 
functionality for more than 5 cycles without losing signif-
icant adsorptive capability. However, the number of cycles 
will be increased if a low-concentration eluent is used. This 
indicates that the Zn0.6Mn0.4Fe2O4/PUF composite has ample 
stability and is considered robust for many adsorption–
regeneration and reutilization, confirming that the prepared 
composite materials can be used as a cost-effective adsor-
bent. For the first seven cycles, the accuracy of Cd recov-
ery was assessed under the optimum conditions for batch 
sorption–desorption. The average recovery was 93% ± 2.1 
with an average deviation of 1.6%. The reusability was cal-
culated using the relative standard deviation (RSD), and the 
value was 2.2%, indicating good accuracy (less than 10%).

3.9. Leaching effect

The leaching of Fe, Mn, and Zn from nanocomposite 
embedded nanoparticles was investigated. A 0.2 g compos-
ite dose was placed in 25 mL metal-free solutions ranging in 

pH from 2 to 8 and shaken for 1 h at 25°C. The FAAS tech-
nique was used to determine the concentration of the leaked 
elements. The obtained results are shown in Fig. 14B. The 
concentrations of Fe, Mn, and Zn ranged from 1.3 to 0.0, 
2.2 to 0.0, and 2.0 to 0.0 mg L–1, respectively. At the chosen 
pH of 6.5 for adsorption, neither element’s concentration 
exceeded 0.05 mg L–1. The presence of several polar groups 
in PUF polymer that can bind with metal oxide nanoparti-
cles contributed to the adequate nanocomposite stability. 
This also demonstrated that the developed material is an 
environmentally friendly adsorbent.

3.10. Applications to real waters

The developed Zn0.6Mn0.4Fe2O4/PUF nanocomposite was 
validated for pre-adsorption/removal of Cu and Cd from 
three water samples obtained from Faiyum Governorate: 
Qaroun Lake, Yousef River, and tap water. The validity of 
the method was assessed by applying the standard addi-
tion protocol [63] to the new procedure. The added-found 
assay was performed on 25 mL water samples that had 
been spiked with 0, 200, and, 400 μg L–1 of each metal ion 
and mixed with 0.2 g of adsorbent. The analysis was car-
ried out in triplicate and the average value of the observed 
concentration as well as the relative standard deviation 
(RSD %) were calculated. Results obtained are shown in 
Table 5. The recovery of Cu ranged from 89%–103%, with 
the corresponding RSD values of 1.4%–7.3%. For Cd, the 
recovery varied from 95% to 116%, with the corresponding 
RSD value ranging from 0.8% to 8.6%. Obviously, the recov-
ery for Cu is relatively low, possibly due to interference 
with matrix ions in water, whereas Cd recovery is deemed 
adequate. Despite this, the results are considered relevant 
for real-samples analysis because the RSD values are less 
than 10%, indicating good accuracy and precision of the  
method.

Table 4
Preconcentration, recovery (%) and preconcentration factor (CF) of Cu and Cd using Zn0.6Mn0.4Fe2O4/PUF composite sorbent and final 
volume of HCl eluent (0.5 mol L–1, 10 mL)

Element Sample 
volume, mL

Concentration added 
in sample, μg L–1

Concentration found in  
eluent ± S.D. (n = 3), μg L–1

Recovery, % CF

Cu(II)

50 400 380.0 ± 10.3 95 5
100 200 189.0 ± 5.5 95 10
250 80 75.4 ± 5.0 94 25
500 40 37.6 ± 2.7 94 50
1,000 20 18.8 ± 1.0 94 100
1,250 16 14.7 ± 0.5 92 125
1,500 13 11.5 ± 0.8 89 150

Cd(II)

50 400 381.2 ± 16.0 95 5
100 200 190.0 ± 14.0 95 10
250 80 75.9 ± 3.1 95 25
500 40 37.8 ± 3.5 95 50
1,000 20 18.8 ± 0.7 94 100
1,250 16 14.9 ± 1.4 94 125
1,500 13 11.7 ± 0.9 90 150
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4. Comparison to other sorbents

Table 6 compiles a comparison of the adsorption capacity 
and CF obtained by the Zn0.6Mn0.4Fe2O4/PUF nanocompos-
ite with other reported sorbents. In view of the adsorption 
capacity, the developed sorbent outperformed the capacity 
of many chemically functionalized materials [40,65–70], 
including the PUF-based sorbents such as alizarin com-
plexone-PUF, carbon disulfide-PUF, 2-aminothiazole, and 

functionalized polymers such as Alizarin red S XAD-2, 
and the diacetyl monoxime modified silica gel sorbent. 
In comparison to other composite sorbents [43,70–76], 
the present material had a comparable or higher capacity. 
Indeed, many newly developed adsorbents [8,48,77] had 
capacities that were several to tens of times higher than 
those obtained. However, this is primarily dependent on 
the method of preparation, so increasing the amount of 
embedded Zn0.6Mn0.4Fe2O4 nanoparticles in the polymeric 

Table 5
Recovery data of Cu and Cd for the spiked Qaroun Lake, tap water and Yousef River using Mn0.4Zn0.6Fe2O4/PUF composite sorbent

Water sample Metal ion Added, μg L–1 Found (Mean ± S.D., n = 3), μg L–1 Recovery (%) RSD (%)

Qaroun Lake

Cu(II) 0 47.0 ± 1.5 – 3.2
Cu(II) 200 225.0 ± 6.0 89 2.7
Cu(II) 400 410.8 ± 12.0 91 2.9
Cd(II) 0 7.7 ± 0.4 – 5.2
Cd(II) 200 233 ± 5.0 113 2.1
Cd(II) 400 403.0 ± 19.0 99 4.7

Yousef River

Cu(II) 0 45.0 ± 3.3 – 7.3
Cu(II) 200 229.0 ± 4.0 92 1.7
Cu(II) 400 457.0 ± 23.0 103 5.0
Cd(II) 0 6.3 ± 0.28 – 4.4
Cd(II) 200 238.0 ± 2.0 116 0.8
Cd(II) 400 391.5 ± 31.0 96 7.9

Tap water

Cu(II) 0 35.0 ± 1.8 – 5.1
Cu(II) 200 215.0 ± 3.0 90 1.4
Cu(II) 400 398.0 ± 10.0 91 2.5
Cd(II) 0 5.0 ± 0.35 – 7.0
Cd(II) 200 226.0 ± 6.0 111 2.7
Cd(II) 400 385.4 ± 33.0 95 8.6

Fig. 14. (a) Reusability of Zn0.6Mn0.4Fe2O4/PUF nanocomposite for the first seven adsorption–desorption cycles for Cd at a concentra-
tion of 0.8 mg L–1 at adsorbent dosage 0.2 g, pH 6.5, sample volume 25 mL, and shaking time of 60 min. (b) Leaching of Fe, Mn and Zn 
from the nanocomposite with variation of solution pH.
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nanocomposite will increase the capacity, which will be the 
subject of our next study. Despite this, other characteris-
tics such as low cost, ease of preparation, and low detec-
tion limit make this material suitable for adsorption and 
removal of these elements in low concentration water sam-
ples. Advantageously, the obtained CF value is higher than 
that of all the mentioned preconcentration sorbents, mak-
ing the proposed material a viable option for removing Cu 
and Cd from water samples even in complex matrices. This 
also confirms the efficacy of using this material in analyti-
cal applications and increases the concentration of elements 
in the sample to the required level for measurement.

5. Conclusions

The chemical embedding of Zn0.6Mn0.4Fe2O4 nanopar-
ticles in PUF resulted in the development of a new poly-
meric nanocomposite sorbent for the adsorptive removal 
of Cu and Cd from aqueous solutions. The resulting fer-
rite nanoparticles and nanocomposite materials were 
investigated. Based on the XRD data, the synthesized 
Zn0.6Mn0.4Fe2O4 nanoparticles demonstrated high crys-
tallinity and purity of the spinel phase, with an average 
crystallite size of all nanoparticles of about 16.6 nm. Also, 
a high saturation magnetization (Ms) value of 6.9 emu g–1 
was obtained. The HR-TEM images of the polymeric nano-
composite revealed that the nanoparticles are scattered in 
the PUF and/or agglomerated together within the PUF 
due to the magnetic nature of the ferrite nanoparticles. 
However, the embedding during the foaming process 
of PUF support has reduced the dense agglomeration of 

the nanoparticles. The embedded nanoparticles in the 
Zn0.6Mn0.4Fe2O4/PUF nanocomposite varied in size from 
~5.3 to 18.5 nm. The microstructure of the prepared 
Zn0.6Mn0.4Fe2O4/PUF composite had a spherically shaped 
spongy structure of higher porosity. The best adsorption 
for Cu and Cd was obtained at a solution pH of 6.5, a 
shaking time of 60 min, and an adsorbent dosage of 0.2 g. 
The adsorption kinetics adopted the diffusion-controlled 
and pseudo-second-order kinetic models due to the pres-
ence of micropores and macropores in the structures of 
the polymeric nanocomposite material. A composite dos-
age of 0.2 g was found suitable for maximum adsorption 
efficiency and higher uptake. The maximum adsorption 
capacity was found to be 1.84 and 1.19 mg g–1 for Cu and 
Cd, respectively. The adsorption isotherm was best fitted 
with the Freundlich model. The preconcentration factor 
was 125 for the two elements. The limit of quantification 
obtained was 0.9 and 1.4 μg L–1. Desorption and reusability 
revealed that sorption performance remained unchanged 
after 5.0 regeneration cycles. The adsorption findings 
clearly showed the usefulness of the Zn0.6Mn0.4Fe2O4/
PUF nanocomposite for effective Cu and Cd adsorption/
removal from water. The synthesis method is very sim-
ple, low-cost, and environmentally-safe, and the sorbent 
obtained has high selectivity and tolerance to foreign ions. 
The use of the low-cost PUF as support and reluctance 
for the nanoparticle agglomeration is a positive, mak-
ing it an economically effective adsorbent. The adsorp-
tion capacity and CF were found to be sufficient for use 
with real water samples, rendering it an alternate trace  
element adsorbent.

Table 6
Comparison of the adsorption capacity and preconcentration factor (CF) of Zn0.6Mn0.4Fe2O4/PUF nanocomposite relative to Cu 
and Cd with other reported materials

Sorbent Metal ion Adsorption capacity, mg g–1 CF References

Mn0.4Zn0.6Fe2O4/PUF nanocomposite Cu(II)
Cd(II)

20.4
11.1

125
125

This work

Alizarin complexone-PUF Cu(II)
Cd(II)

2.08
0.56

100
100

[40]

Carbon disulfide-PUF Cu(II) 0.20 100 [64]
2-Aminothiazole-PUF Cd(II) 0.43 100 [66]
4-Hydroxytoluene-PUF Cd(II) 0.32 100 [67]
Acetylacetone phenylhydrazone-PUF Cu(II) 0.80 100 [68]
Alizarin Red S-Amberlite XAD-2 Cd(II) 0.12 40 [65]
Diacetyl monoxime-Silica gel Cu(II) 0.42 100 [69]
Organobentonite/iron oxide/PUF nanocomposite Cd(II) 7.80 – [43]
Starch-graft-acrylic acid/Montmorillonite nanocomposite Cu(II) 3.18 – [70]
Nanosize titanate Cu(II)

Cd(II)
13.8
8.8

– [71]

Sawdust chitosan nanocomposite Cu(II) 7.30 – [72]
Polyaniline/calcium alginate Cu(II) 0.25 [73]
Maghemite-magnetite nanocomposite Cd(II) 2.70 – [74]
Magnetic oak wood char composite Cd(II) 2.90 – [75]
Carbon nanotubes, nanofibers, activated carbon and fly ash Cd(II) 1.22–2.02 – [76]
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