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Abstract This research aims to explore the chro-
mium removal from water using copper-based nano-
particles. The nanoparticles were synthesized by 
hydrothermal method and characterized by X-ray 
diffraction, scanning electron microscopy, infrared 
spectroscopy, and X-ray photoelectron spectroscopy 
as well as determination of the specific surface area 
 (SBET) and point of zero charge (PZC). The size and 
composition of nanoparticles are influenced by the 
reaction time, organic coating, and oxidizing atmos-
phere. Sorption experiments were carried out in aque-
ous solutions as well as simulated drinking water at 
various initial concentration, time, and temperature. 
Cu nanoparticles had a significant Cr uptake capac-
ity of 3.4 mg·g−1 for  Cin 1.0 mg·L−1 lowering the Cr 

concentration below the provisional guideline value 
of 50 μg·L−1. Sorption isotherms were fitted to Henry, 
Langmuir, and Freundlich models, whereas kinetic 
data were reproduced by different kinetic mod-
els. Iodide sorption experiments were carried out to 
explore the sorption mechanism onto Cu-NPs. Con-
sidering the biocompatibility, stability, good uptake 
capacity, and reusability, Cu nanoparticles could be 
considered as promising agents for applications in 
water purification.

Keywords Chromium · Iodide · Copper 
nanoparticles · Water purification · Sorption · 
Radiotracers

1 Introduction

In all countries, water pollution is a serious concern 
because people come into contact with heavy and 
toxic metals, as well as radionuclides, through water. 
Chromium (III) is an essential micronutrient, and its 
deficiency may lead to diabetic syndromes, while 
chromium (VI) is highly toxic and carcinogenic for 
humans. According to WHO guidelines for drink-
ing water quality, the guideline value of 50  µg/L is 
proposed for total chromium [Acharya et  al., 2021; 
Mohamed et al., 2020].

Chromium existence in natural waters is of great 
concern due to its high chemical toxicity which 
depends on its oxidation state. Its natural sources in 
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the environment are the ore deposits, where it is fre-
quently found as chromium-iron minerals. It can be 
found in large amounts in both soil and plants. It usu-
ally appears in the environment as Cr(III), which is 
less toxic and immobile, but after oxidation, at an 
alkaline pH, and in the presence of  MnO2 and other 
chromium-containing minerals, it may appear as 
Cr(VI), extremely toxic and mobile form that pre-
dominates in groundwater. However, apart from its 
natural origin, chromium is also associated with 
anthropogenic activities, primarily industrial and 
chemical units where chromium is used in pigments 
and dyes, wood preservatives, chrome plating, ore, 
and petroleum refining. Metal alloys, such as stain-
less steel, magnetic strips, and protective coatings, are 
some of the uses of chromium [Des Marias & Costa, 
2019; Sharma et al., 2021].

There is extensive literature on the difference 
between the bioavailability and bioactivity of Cr(III) 
and Cr(VI) and how its presence in natural waters 
corresponds to an increased incidence of cancer 
[Prasad et  al., 2021; Sharma et  al., 2021]. However, 
the removal of chromium from water is still a sci-
entific research topic. A wide number of techniques 
(e.g., precipitation, adsorption, biosorption, photo-
catalyst, flotation, microbial fuel cell, electrochemical 
treatment, membrane technology, ion exchange, and 
reverse osmosis) that have been used for the removal 
of metals can also be applied to chromium [Jawed 
et al., 2020]. Furthermore, the most commonly used 
method is sorption, which involves the use of a vari-
ety of natural and synthetic materials and the syn-
ergistic reduction of Cr(VI) to less soluble Cr(III) 
[Farooqi et  al., 2021; Kaprara et  al., 2013 & 2017; 
Zhang et  al., 2022]. The combination and develop-
ment of the techniques mentioned above could pro-
vide solutions to the problem of Cr mitigation in pol-
luted sites.

Among the various materials used as adsorbents 
over the years, nanoparticles, due to their small size 
and therefore their large surface area, have dem-
onstrated very high performance in the removal of 
metals from wastewater and have been successfully 
applied in remediation technology [Wadhawana 
et  al., 2020]. However, disadvantages such as nano-
particle agglomeration, which reduces effective sur-
face area and sorption efficiency, as well as synthesis 
costs, demand additional efforts in developing new 
materials.

Concerning Cr removal by nanoparticles, many 
articles are referred on the use of iron-based NPs 
as adsorbents. For example, Zhu et  al., 2018 used 
nanosheets embellished nano iron for effective 
removal of chromium (VI). Bampaiti et  al., 2013 
used zero-valent iron (ZVI) nanoparticles to reduce 
Cr(VI) to Cr(III), which then precipitates. Based 
on an electrochemical corrosion reaction mecha-
nism, iron and iron compounds have been shown 
to be capable of reducing agents for Cr(VI) [Bam-
paiti et al., 2013; Simeonidis et al., 2015; Zhu et al., 
2018] . This mechanism involves Cr(VI) sorption on 
the sorbent’s surface and subsequent reduction to the 
less soluble and toxic Cr(III), as well as iron oxida-
tion. Recently, various nanoparticles such as chitosan, 
inorganic NPs, and carbon nanotubes, have been 
used to sorb hexavalent chromium from groundwater 
[Abuzalat et  al., 2020; Acharya et  al., 2021; Bam-
paiti et  al., 2013; Farooqi et  al., 2021; Gözeten and 
Tunç, 2022;  Kaprara et al., 2017; Simeonidis et al., 
2015]. Copper nanoparticles (Cu-NPs) have also 
recently been implemented in environmental technol-
ogy. Up to our knowledge, relatively little is known 
concerning the application of Cu-NPs, as adsorbents 
for metal removal [Chandra & Khan, 2020; Zarrabi & 
Ghasemi-Fasaei, 2021; Khani et al., 2018; Liu, 2012]. 
Copper as bio essential metal linked to the flexible 
redox system, combining antimicrobial properties and 
economical way of elaboration can be a promising 
material in water purification. Furthermore, copper 
nanoparticles were permitted by EPA (US Environ-
mental Protection Agency) as an antimicrobial agent.

The use of coated copper-based nanoparticles for 
Cr sorption from water is demonstrated in this study. 
Different organic ligands as coating were tested, 
including tetra ethylene and polyethylene glycol 
(TEG and PEG), because terminal groups influence 
aggregation, solubility, and activity of the NPs. Reac-
tions such as reduction and/or hydrolysis take place, 
resulting in the formation of metallic and/or oxide 
nanoparticles [Poul et al., 2003]. Increasing the reac-
tion time led to the formation of new oxalates hetero-
geneous nanoparticles. Sorption experiments were 
carried out in simulated water regarding the effect of 
concentration, contact time, and temperature. Fur-
thermore, attempts have been made to explore the 
sorption procedure using a variety of methods such as 
XRD, SEM–EDS, FTIR, and XPS, as well as math-
ematical models.
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2  Experimental Part

2.1  Materials

All reagents were analytical grade, and all prepa-
rations were made using double distilled water. 
Cu(NO3)2.3H2O,  N2H4, tetra ethylene, and polyeth-
ylene glycol (TEG and PEG8000) were used for the 
synthesis of nanoparticles.  K2Cr2O7 and NaI (Merck 
pro analysis) were used to prepare the solutions for 
the sorption experiments.

2.2  Synthesis of Nanoparticles

The copper-based nanoparticles formed in autoclaves 
under autogenous pressure when copper nitrate was 
decomposed in the presence of tetra ethylene and 
polyethylene glycol (TEG and PEG8000) as organic 
coating. The procedure followed the same protocol 
of hydrothermal synthesis as described elsewhere 
[Antonoglou and Dendrinou-Samara, 2021;  Gautam 
et al., 2018; Gkanatsiou et al., 2019]. Different reac-
tion time and temperature gave rise to different prod-
ucts (for Cu/TEG 2 h at 120 °C, for Cu-mix/TEG 14 h 
at 120 °C, for Cu-ox/PEG 2 h at 120 °C, and for Cu/
PEG 2 h at 160 °C, see Table 1). The ratio of precur-
sor to organic coating was 1:1.

For the synthesis, 4,1 mmol (1 g) Cu(NO3)2
.3H2O 

were used dissolved in 10 mL deionized water leading 
in a blue-colored solution. Then, 4,1 mmol (0.207 g) 
of  N2H4

.H2O were added dropwise to the solution 
under vigorous stirring, and the color changed from 
blue to yellowish, due to the reduction of  Cu2+, while 
2.1 mL organic coating was added. The solution after 
stirring was transferred into a 23-mL Teflon-lined 
stainless steel autoclave and remains for crystalliza-
tion for 4 h, at 120 °C. Then, the autoclave was cooled 
naturally to room temperature. After centrifugation at 
5000 rpm, the supernatant liquid was discarded, and 
the formed black-brown precipitate was washed at 

least three times with ethanol denatured to remove the 
excess of ligands and unreacted precursors.

Oxidation of polyols can take place during the 
synthesis, and according to the reaction temperature 
and time, different oxidized species and intermediates 
are formed. When small reaction times are applied, 
39 nm copper metal nanoparticles are obtained, while 
at long reaction times, the excess of TEG and the 
oxidizing atmosphere led to oxidation of copper and 
formation of oxalates with final formation of hetero-
geneous nanoparticles with size 38–45 nm. The oxi-
dation of TEG to oxalate results in Cu(C2O4) NPs due 
to extensive fragmentation of the TEG molecules and 
especially the ether-type bonds of TEG.

2.3  The Characterization of the Materials

The morphology and microstructure as well as 
the particle size and constitution of the materials 
were revealed by SEM–EDS using the JEOL JSM-
6390LVelectron microscope, respectively. The FTIR 
spectra were recorded with a Thermo Scientific Nico-
let 6700 FTIR spectrometer whereas the powder 
X-ray diffraction (pXRD) diagrams using the model 
X’Pert Pro MPDP analytical, Almelo, The Nether-
lands with Cu Kα (λ = 0.154  nm) radiation and 2θ 
degrees scanning region 6–80° (step size: 0.04°) with 
scan speed 0.027°s−1.

The zero-charge point was found out by preparing 
dilute sorbent suspensions of different pH values and 
plotting their zeta potentials vs. pH. Zeta potential is 
used to measure the charge on nanoparticles, and it is 
defined as the potential of a nanoparticle’s shear sur-
face relative to a bulk medium [Gautam et al., 2018]. 
It was determined in the pH range 1–10, by using 
Zeta-nanosized (Nano-ZS90) Brookhaven Instru-
ments Zeta Potential Analyzer using Phase Analy-
sis Light Scattering (ZetaPALS), with a viscosity of 
890cP and a refractive index for the aqueous phase of 
1.330, at 25 °C.

Table 1  The nanoparticles 
used and their properties

Sample Composition Size (nm) Organic coating

Cu/TEG Cu 39 TEG (3–4%)
Cu-mix/TEG Cu(C2O4)/Cu2(OH)3NO3 38–52 TEG (35–40%)
Cu-ox/PEG Cu-oxidized 16 PEG (16%)
Cu/PEG Cu 40 PEG8000 (60%)
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Nitrogen adsorption–desorption isotherms were 
taken to investigate the surface properties of the 
Cu-NPs, using the Thermo Scientific Surfer Ana-
lyzer gas adsorption porosimeter at the temperature 
of liquid nitrogen (77  K) after the samples were 
preheated and outgassed for 6 h at 378 K. The spe-
cific surface area  (SBET) was calculated by applying 
the Brunauer − Emmett − Teller (BET) method. The 
adsorption capacity in the relative pressure (P/P0) at 
0.95 was used to obtain the total pore volume. Fur-
thermore, X-ray photoelectron spectroscopy (XPS) 
was applied, at the Kratos Analytical AXIS  UltraDLD 
system, with aluminum monochromatic X-ray source 
(λKa = 1.4866  Å), under high vacuum conditions 
 (10−8 torr).

2.4  Sorption Study

For the chromium adsorption experiments, solutions 
were prepared from the  K2Cr2O7 stock solution of 
500  mg Cr(VI)/L in concentrations of 0.25, 0.5, 1, 
2, 5, 8, 10, 12,  15omgL−1. The solutions were spiked 
with a small amount of  K2Cr2O7 which was 51Cr-
labeled and acted as a radiotracer  (Eγ: 321 keV, 51Cr: 
 t1/2: 27.7odays), and their pH was adjusted to 7 with 
dilute  HNO3 and NaOH solutions [Bampaiti et  al., 
2013]. A total of 10 mg of adsorbent was combined 
with 50  mL of the corresponding chromium solu-
tion in polypropylene centrifuge tubes for 24 h. Pre-
liminary tests revealed that a 24-h contact time was 
adequate to achieve equilibrium. The solid phase was 
separated from the liquid phase after this time with 
centrifugation at 4000 rpm for 10 min and then filtra-
tion through a 0.22-μm membrane filter. Chromium 
concentration was determined in the liquid phase by 
gamma-ray spectroscopy (γ-line at  321  keV)  with 
an HPGe detector (CANBERRA, REGe detector, 
efficiency 20%, energy resolution 2.1  keV for the 
1332  keV 60Co γ-radiation), which was connected 
to a computer-based gamma-spectroscopy set-up. 
Based on the obtained data, Cr removal (mg/g) was 
calculated, and the corresponding isotherms were 
constructed.

Sorption experiments were also undertaken in 
simulated water at the same experimental condi-
tions as described above for Cr aqueous solutions. 
Although many researchers have reported the effects 
of possible interfering species (e.g., Fe(III), Mn(II), 
Na(I), K(I),  Cl–,  SO4

2−,  NO3
–) to chromium (VI) in 

natural and polluted wastewaters, the simulated natu-
ral water, used in this work, contained the common 
interfering ions and was freshly prepared according to 
the National Sanitation Foundation (NSF) protocols 
(Table S1) [Jiang et al., 2019; Mohamed et al., 2020].

Chromium kinetics experiments were conducted 
at 25  °C (ambient temperature), 40  °C, and 55  °C. 
A total of 50 mg of the substance was mixed with a 
250 mL of 10 mg·L−1 solution. For the determination 
of their Cr content, samples were obtained at the fol-
lowing times: 0, 60, 240, 360, 480, 960, 1440, 1860, 
2400, and 2880 min.

2.5  Iodide Adsorption Experiments

Iodide adsorption experiments were performed to 
explore the mechanism. The iodide solutions were 
made from 1000 mg·L−1 NaI solution, at concentra-
tions of 17 and 170 mg·L−1, with the addition of 131I, 
radioisotope (in NaI form), which has a half-life of 
8.02  days and decays by β-decay to 131Xe (stable). 
The equilibrium concentration was determined using 
gamma-ray spectroscopy on an HPGe detector at 
364 keV, which corresponds to the gamma-ray emis-
sion of iodine-131.

A mass of 10 mg of adsorbent was mixed for 24 h 
with a volume of 50 and 10  mL of the respective 
iodine solutions—at adjusted pH 7—in plastic cen-
trifuge tubes. The solutions were then centrifuged; 
the liquid phase was taken up to measure the iodine 
activity.

2.6  Equilibrium and Kinetic Modeling

Equilibrium pH  (pHeq) of the supernatant solutions 
was also measured. All the experimental results 
were averages of duplicate experiments, with a rela-
tive uncertainty of the experimental values of less 
than 5%. Equation (1) was used to find the amount of 
sorbed metal, qe (mg·g−1) combining the initial (Cinit, 
mg·L−1) and equilibrium (Ce, mg·L.−1) concentra-
tions with the solution volume, V (L) and the mass of 
the sorbent, m (g)

Different models were used to fit the sorption data. 
At the examined temperature, sorption isotherms 

(1)qe =
Cinit − Ce

m
V
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show the relationship between the amount of a com-
ponent sorbed per sorbent mass and the remaining 
solution concentration after equilibrium. The parame-
ters of the used models give information for the sorp-
tion procedure. The correlation coefficient, R2, was 
used to assess the fit [Lima et al., 2015].

The Henry isotherm is regarded as the simplest 
adsorption isotherm model and describes a linear 
relationship between adsorption and equilibrium 
concentration where constant, KD, represents the 
interaction of a single molecule with all the atoms 
in the solid adsorbent [Prasetyo et  al., 2018]. The 
model is expressed by Eq. (2):

The Langmuir model is written as Eq. (3) [Lang-
muir, 1916]. It is based on the premise that the 
sorption energy is constant across all sites and that 
a saturated sorbate monolayer forms on the sorbent 
surface, predicting a theoretical monolayer sorption 
capacity (qmax, mg·g−1),

where KL gives the Langmuir equilibrium constant, 
which is related to the sorption energy (L·mg−1). By 
linearizing Eq.  (3), KLand qmax are determined from 
the intercept and slope of the linear plots of Ce/qe vs. 
Ce.

The Freundlich model is shown in Eq.  (4). It is 
an empirical equation and describes heterogeneous 
energy distribution on the sorbent surface [Freun-
dlich, 1906]

where KF denotes the Freundlich constant, which is 
related to sorption capacity. 1/n that ranges between 0 
and 1 is a measure of surface heterogeneity: the closer 
it is to zero, the more heterogeneous the surface. Plot-
ting logqevs. logCe yielded KF (intercept) and 1/n 
(slope).

Pseudo-first and pseudo-second order as well 
as Elovich and intraparticle diffusion (IPD) mod-
els were used to fit kinetic data [Liu & Liu, 2008]. 
Equation  (5) represents the pseudo-first-order 
model and is commonly used to describe sorption 
from a liquid phase:

(2)qe = KDCe

(3)qe =
qmaxKLCe

KLCe + 1
V

(4)qe = KFC
1∕n
e

The linear form (6) is used to calculate the 
pseudo-first-order rate constant  (min–1), k1, from 
the plot ln(qe − qt) vs. t. qt and qe (mg·g–1) are the 
amount of the sorbed metal at time t and at equilib-
rium, respectively.

Sorption may involve the exchange or sharing 
of electrons between the sorbate and the sorbent, 
according to the pseudo-second-order model. The 
model is written as (7)

The rate constant, k2 (g·mg–1·min–1) of the pro-
cess, and the equilibrium capacity, qe (mg·g–1) in 
the above experimental settings, are calculated 
using the linear form (8) from the slope and inter-
cept of plot t/qt versus t.

Elovich Eq.  (9) has been successfully applied 
to describe the chemical adsorption process and is 
appropriate for systems with heterogeneous adsorb-
ing surfaces. It has been shown to cover a wide 
variety of slow adsorption rates [Gözeten and Tunç, 
2022; Vaghetti et al., 2009].

α (mg·g–1·min–1) denotes the initial sorption rate con-
stant, and β (g·mg.–1) is proportional to the extent of 
surface covering and the activation energy of chem-
isorption. The model parameters are calculated from 
the linear form (Eq. 10)

The effect of mass transfer resistance on Cr(VI) 
binding to the Cu-NPs was investigated using the 
intraparticle diffusion model proposed by Weber 
and Morris (Eq. 11) [Vaghetti et al., 2009]:

(5)
dqt

dt
= k

1

(

qe − qt
)

(6)ln
(

qe − qt
)

= k
1
t + lnqe

(7)
dqt

dt
= k

2

(

qe − qt
)2

(8)
t

qt
=

1

q
2
q2
e

+
1

qe
t

(9)
(

dqt

dt

)

= �e−�qt

(10)qt =
1

�
ln(��) +

1

�
lnt
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kint (mg·g–1·min–0.5) is the IPD rate constant, and C 
indicates the thickness of boundary layer. If the plot 
of qt vs. t1/2 passes through the origin, then intraparti-
cle diffusion is the rate-determining step.

The thermodynamic parameters, which are 
enthalpy (ΔH0), entropy (ΔS0), and Gibbs free energy 
(ΔG0), were derived from equilibrium constants, K, 
using Eqs. (12) and (13) [Lima et al., 2015].

Equations  (12) and (13) are used to form Van’t 
Hoff Eq.  (14). The value of ΔH0 was determined by 
the slope of the logK vs. 1/T plot.

2.7  Regeneration Experiments

The regeneration of the adsorbent was performed 
through acid treatment  (H2SO4 1 M) and EDTA, 1 M 
respectively. The loaded nanoparticles (50 mg), after 
interaction with Cr solution (metal concentration 
15  mg·L−1), were contacted with 50  mL of  H2SO4 
or EDTA solutions. After shaking the mixtures for 
2 h, the liquid phase was taken up for chromium con-
centration measurement, while the solid phase, after 
washing with distilled water, was reused in the 2nd 
sorption–desorption cycle.

3  Results and Discussion

3.1  Materials Properties and Characterization

The investigated sorbents and their characteristics 
concerning their type, the NPs size, and the percent-
age of the organic coating in the final product are pre-
sented in Table 1.

XRD was used to confirm the materials’ com-
position, as shown in Fig. 1, which shows the XRD 
patterns for Cu/TEG and Cu-mix/TEG, whereas the 
characterization of Cu-ox/PEG and Cu/PEG materi-
als is presented in previous work (Giannousi et  al., 

(11)qt = kintt
1∕2

+ C

(12)ΔG0
= −RTlnK

(13)ΔG0
= ΔH0

− TΔS0

(14)lnK =
ΔS0

R
−

ΔH0

RT

2014, 2016). According to the ICDD (International 
Center for Diffraction Data) database, it appears that 
for the Cu/TEG nanoparticles, a phase of elemen-
tal copper was identified, with characteristic reflec-
tions (111), (200), (220), and (311), reference card: 
pdf. 04–0836. Τhe nanoparticle size was calculated 
according to the Scherrer equation and found to be 
39 nm. For Cu-mix/TEG nanoparticles, a copper oxa-
late phase appears, with characteristic reflections of 
(110), (− 110), (002), (111), (112), (020), and (004), 
according to the reference card: pdf: 21–0297. A sec-
ond phase, copper nitrate hydroxide, also occurs, with 
reflections (001), (100), (002), (120), (121), (013), 
(202), and (221), according to reference card: pdf: 
15–0014.

The presence of functional groups (and organic 
coating) was demonstrated by the FTIR spectra 
(Fig.  S1) and will be discussed later. In general, in 
the case of the Cu/TEG, the characteristic peaks of 
methylene groups (-CH2) are obvious at 2920 and 
2850  cm−1 and the one of hydrogen bonds (H… H) at 
1626  cm−1. The peak near 1380  cm−1 is attributed to 
the vibration of the C-O bond of ethers. In the case of 
the Cu-mix/TEG, the following peaks appear: 1436, 
1317, 1046, and 817   cm−1 due to the presence of 
nitrates (-ONO2), 1375  cm−1 due to hydroxy nitrates, 
1623   cm−1 the attenuated vibration of the carbox-
ylic bond C-O of the acids, and an acute vibration 
at 512  cm−1 due to the Cu-OCCO bond [Gkanatsiou 
et al., 2019].

pHpzc is essential for identifying the optimal 
pH for adsorption testing and comprehending the 
mechanisms of adsorption. It defines a precise pH 
value below which adsorbents’ net surface charge 
is regarded to be positive. Figure  2, illustrating the 
pH–zeta potential diagrams of the materials Cu/TEG 
and Cu-mix/TEG, shows that the  pHpzc for Cu/TEG 
is 8.2. When solution pH is below the  pHpzc, the Cu/
TEG surface is positively charged due to protona-
tion of the surface functional groups, becoming read-
ily available to the negatively charged  HCrO4¯, via 
electrostatic interaction. The positive value of the 
surface charge decreases as the pH rises, until it is 
zero. When the pH of the solution exceeds  pHpzc, the 
 CrO4

2− compete with the  OH– ions, which provide an 
electro-repulsive force that interferes with the adsor-
bent’s binding sites, preventing Cr(VI) adsorption. 
However, electrostatic attraction is not completely 
inhibited at pH values slightly above  pHpzc. Cu-mix/
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TEG exhibits a negative surface charge throughout 
the pH scale, but never reaches the zero point. As the 
pH of the solution rises, the absolute value of the neg-
ative charge rises as well. Since the negative charges 
on the surface for the electrostatic attraction of the 
anions predominate, it can be concluded that there is 

a different mechanism for the removal of chromates. 
However, electrostatic attraction cannot be com-
pletely ruled out [Mortazavian et al., 2018].

The nitrogen adsorption–desorption isotherms 
for Cu/TEG and Cu-mix/TEG are depicted in 
Fig.  3. Using the BET equation, the surface area 

Fig. 1  XRD patterns of the 
samples a Cu/TEG and b 
Cu-mix/TEG
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was determined in the relative pressure range 
P/P0 = 0.05 − 0.30. Cu/TEG has three to four times 
greater surface area and pore capacity than Cu-mix/
TEG, which is normally considered advantageous 
for Cr(VI) adsorption [Zhang et al., 2022]. Cu/TEG 
exhibits a Type IV isotherm, as described by IUPAC 
[Sing, 1985]. The pore volume is 0.026  cm3·g−1, 
and the calculated specific surface area was found 
to be 13.67  m2·g−1 for Cu/TEG. There is a small 
uptake step at a relative pressure (P/P0) under 0.01, 
indicating the presence of some micropores. At P/
P0 below 0.4, an overlap is observed between the 
isotherms of adsorption and desorption, showing 

the microporous filling. A distinct hysteresis loop 
appears at 0.5 < P/Po < 1, which results from the 
phenomenon of the capillary condensation, and 
indicates the existence of some mesopores, which 
may form as a result of gaps between the organic 
coating and the NPs.

Cu-mix/TEG has a Type II isotherm and is a non-
porous substance having a specific surface area of 
4.15  m2·g−1 and a pore volume of 0.0064  cm3·g−1.

Hexavalent chromium, Cr(VI), can exist in vari-
ous ionic forms in the aqueous phase, depending 
on the pH of the solution. In the pH 2 to 6, Cr(VI) 
exists as  HCrO4

− and  Cr2O7
2−, in aqueous solutions, 

Fig. 2  Zeta potential vs. 
pH plots for the sorbents 
Cu/TEG and Cu-mix/TEG
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while in pH greater than 6, its existence form is  CrO4
2 

− [Sahoo et al., 2021; Yi et al., 2017].
Τhe speciation diagram of chromium ion species 

based on concentration and pH, constructed by com-
puter code MEDUSA [Puigdomènech, 1983], is given 
in Fig. S2 .CrO4

2− is the dominating species in the pH 
area under examination.

3.2  Sorption Investigation

3.2.1  Chromium Adsorption Experiments

Adsorption tests were performed with 15  mg·L−1 
aqueous chromium solutions for the five adsorbents 
Cu/TEG, Cu-mix/TEG, Cu-ox/TEG, and Cu/PEG.

The adsorption capabilities of these materials are 
depicted in the histogram in Fig.  4; however, only 
Cu/TEG and Cu-mix/TEG were of special interest 
because the adsorption capacities of the other two 
materials were relatively low; therefore, Cu/TEG and 
Cu-mix/TEG were chosen for further investigation.

Figure 5 shows the adsorption isotherms of chro-
mium from adsorbents Cu/TEG and Cu-mix/TEG, 
at pH 7 in aqueous solutions and simulation water, 
respectively. The experiments were performed at 
ambient temperature, with chromium concentrations 
ranging from 0.25 to 15 mg·L−1.

According to the experimental results, at con-
centrations less than 8  mg·L−1, both Cu/TEG and 
Cu-mix/TEG exhibit similar behavior. At higher 
concentrations, Cu/TEG exhibits higher adsorption 

capacity. The pH of the aqueous chromium solutions 
was measured at the end of the adsorption experi-
ments and after equilibration, and it was observed that 
both materials at low concentrations (1 to 8 mg·L−1) 
caused a slight drop in the pH of the solution. On the 
other hand, at higher concentrations, they showed an 
equally small increase in pH.

It was observed that at initial concentrations lower 
than 1.0  mg·L−1, the equilibrium concentration of 
chromium in both aqueous solutions and simulated 
water was below the permissible limit of 50  μg·L−1 
as it is shown in Fig. 5d. The materials tested in this 
research exhibited higher capacity for Cr removal 
(qmax: 13.5–19.1 mg·g−1), with respect to other mate-
rials referred in the literature and especially for nan-
oparticles used in water purification [Gupta et  al., 
2016]. For example, Simeonidis et  al. observed Cr 
removal capacity of 1.8  mg·g−1 for a residual con-
centration of 50  μg·L−1 in natural water, and the 
observed capacity for the same residual concentration 
was 3.4 mg·g−1 [Simeonidis et al., 2015].

Table 2 shows the simulation results with the iso-
thermal equations Langmuir and Freundlich. The Fre-
undlich equation is the best simulation for Cu/TEG 
nanoparticles suggesting a surface heterogeneity, 
while the Langmuir equation is the best simulation 
for Cu-mix/TEG nanoparticles indicating a mono-
molecular coverage of the surface. For the case of 
adsorption with water simulated with Cu/TEG nano-
particles, the Freundlich equation again shows the 
best fit.

Fig. 4  Adsorption tests for 
15 mg·L−1 aqueous chro-
mium solution

0
2
4
6
8

10
12
14
16
18

Cu/TEG Cu-mix/TEG Cu-ox/TEG Cu/PEG

q m
ax
(m

g/
g)

Page 9 of 18    12



Water Air Soil Pollut (2023) 234:12

1 3
Vol:. (1234567890)

3.2.2  Iodide Adsorption Tests

Iodide adsorption studies were carried out in order to 
better understand and draw conclusions regarding the 
operating mechanisms of the two materials, Cu/TEG 
and Cu-mix/TEG. Figure 6 presents the results of the 
tests carried out in NaI solutions with concentrations 
of 170 and 17 mg/L and using different adsorbent-to-
solution ratios.

The Cu-mix/TEG material has a greater sorp-
tion capacity at a concentration of 170 mg/L with an 
adsorbent-solution ratio of 1:1, whereas the Cu/TEG 
material has a higher sorption capacity at a ratio of 
1:5. When the amount of solution is increased, the 
Cu/TEG material has a high adsorption capacity due 
to its wide surface area, leading to the conclusion that 

it functions via an adsorption mechanism. Cu-mix/
TEG material, on the other hand, operates by an ion 
exchange mechanism since its adsorption capacity is 
similar in both amounts, which indicates that it can 
remove the radioactive isotope only as long as there 
are free binding sites, regardless of the quantity of 
metal in the solution. Based on the experimental 
results, it was proved that the removal of chromium 
with the Cu-mix/TEG material is based on the ion 
exchange mechanism, while with the Cu/TEG mate-
rial mainly on the adsorption mechanism.

3.2.3  Kinetics and Thermodynamic Data

Figure  7 shows the results of kinetic experiments 
of chromium aqueous solutions of concentration 

Fig. 5  a–c Chromium adsorption isotherms with Cu/TEG and Cu-mix/TEG nanoparticles in aqueous solution and simulated water 
(0.25–15 mg·L−1, pH 7) and d Ceq values in relation to the initial Cr concentration.
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10  mg·L−1 at pH 7, with the adsorbent Cu/TEG. 
The experiments were performed at temperatures of 
25, 40, and 55  °C. The times for these experiments 
reached 48 h as it was observed that there was a long 
delay in completing the adsorption.

The kinetics of Cr removal from Cu-NPs found 
to follow the pseudo-second-order model, as shown 
in Fig. S3, with a straight line in the plot t/qt versus 
t for all examined temperatures (25, 40, and 55 °C). 

Table  3 shows the corresponding k2 values and cor-
relation coefficient squared (R2).

As can be seen in Table  3, pseudo-second-order 
and Elovich models present high R2 values. How-
ever, there is no good agreement of the experimental 
adsorption capacity for the 10 mg·L−1 solution with 
the calculated adsorption capacity from the pseudo-
second-order model. Thus, the kinetic data were suit-
ably fitted to the Elovich model. This gives strong 
evidence that chemical sorption involving sharing or 
replacing electrons occurs between sorbent and sorb-
ate and confirms the finding of surface heterogeneity 
due to the Freundlich equation fitting. The rate con-
stants increased as the temperature increased, indi-
cating that diffusion reactions play a significant role 
in the control of the adsorption process. The rate-
controlling step can be explained by the intraparticle 
diffusion model. The graphs of qt vs. t1/2 were not 
linear over the whole range, showing that the adsorp-
tion was impacted by more than one mechanism. 
The different natures of the plots may be explained 
by boundary layer diffusion, which provided the first 
step, and intraparticle diffusion, which provided the 
second step [Cheung et al., 2007] (Fig. S4).

The Van’t Hoff diagram of lnΚ as a function of 
1/T (Fig.  S5) gives a linear line with a coefficient 
R2 = 0.9884 and was used to determine enthalpy 
(ΔΗ0), Gibbs free energy (ΔG0), and entropy (ΔS0). 

Table 2  Parameters of the Langmuir and Freundlich isother-
mal equations

Cu/TEG Cu-mix/
TEG

Models Param-
eters 

Aq. solu-
tion

Simul. 
 H2O

Aq. solution

Experi-
ment

qexp 
(mg/g)

18.2 13.4 12.7

Henry KD (L/g) 1.88 1.73 1.71
R2 0.9955 0.9271 0.8762

Langmuir KL (L/mg) 0.85 1.00 0.91
qmax 

(mg/g)
19.1 13.8 13.5

R2 0.7686 0.9637 0.9850
Freundlich KF 5.27 5.58 5.96

1/n 0.385 0.314 0.307
R2 0.9872 0.9826 0.9791
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Fig. 6  Iodide adsorption tests onto Cu/TEG and Cu-mix/TEG (sorbent mass: 10 mg)
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The calculated thermodynamic parameters are given 
in Table  4. The negative values of the Gibbs free 
energy change reflect the spontaneity of the process 
in all temperatures studied. The fact that the enthalpy 
change, ΔH0, is negative implies that the adsorption 
reaction is exothermic in nature. The positive ΔS0 
value indicates the increased randomness at the solid-
solution interface during chromium sorption.

3.3  Characterization of Adsorbents After Adsorption

3.3.1  SEM Study

The morphology of the Cu/TEG is shown in the fol-
lowing SEM images (Fig. 8a, c, and e). The nano-
particles appear to have good dispersion and uni-
form shape with composition of 98.5% copper. The 
corresponding images after adsorption of chromium 
(10 mg·L−1) are given in Fig. 8b and d along with 
the EDS spectrum (Fig.  8f) which shows the ele-
mental analysis on the loaded NPs and the Cr-peak 
well observed. In these images, the nanoparticles 
appear to form agglomerates and their composition 
determined to be 77.8% copper and 32.2% chro-
mium. In Figs.  8g  and 7h, the SEM images of the 
Cu-mix/TEG are illustrated before and after the Cr 

Fig. 7  Sorption of 
chromium on Cu/TEG, as 
a function of time and tem-
perature (10 mg·L−1, pH 7)

Table 3  Parameters of the kinetic equations in different tem-
peratures

Models Parameters 25 °C 40 °C 55 °C

Pseudo-first 
order

k1 1.9·10−3 1.6·10−3 0.4·10−3

qe 11.9 11.1 9.5
R2 0.9827 0.9848 0.9581

Pseudo-second 
order

k2 2.65·10−4 3.20·10−4 3.52·10−4

qe 20.9 19.4 16.2
R2 0.9990 0.9986 0.9967

Elovich α 0.332 0.753 0.981
β 0.264 0.350 0.467
R2 0.9569 0.9936 0.9902

Intraparticle kint-1 0.7392 0.692 0.626
R2 0.9926 0.9704 0.9062
kint-2 0.100 0.138 0.141
R2 0.9175 0.9646 0.9861

Table 4  Thermodynamic data of chromium sorption on Cu/
TEG

T (°C) ΔΗ0 (kJ/mol) ΔS0 (kJ/mol) ΔG0 (kJ/mol)

25  − 11.3 0.026  − 18.9
35  − 19.2
45  − 19.4
55  − 19.7
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sorption where agglomerations and dense structure 
can be observed.

3.3.2  FTIR Study

The FTIR spectra of the Cu/TEG before and after 
Cr sorption are given in Fig. 9. The peaks at 2920 
and 2850   cm−1 corresponding to the asymmetric 

(vas) and symmetric (vs) vibrations of the meth-
ylene groups (-CH2) appear the same after the 
sorption, while broadening of the band around 
3400   cm−1 indicates interaction of chromium with 
hydroxyl groups. The shift and change of the peaks 
at 1626 and 1382   cm−1 indicate that chromium 
interacts with hydrogen bonds and C-O bond of the 
ethers. As a result of the oxidation of Cu-NPs, the 

Fig. 8  SEM–EDS photos 
of Cu/TEG nanoparticles 
after their interaction 
for 24 h with chromium 
solution concentration 
10 mg·L−1, pH 7

a b

c d

e f

g h
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peak near 620   cm−1 corresponding to Cu–O was 
observed.

3.3.3  X‑ray Photoelectron Spectroscopy

The XPS spectra of the Cu nanoparticles after the 
adsorption of chromium were examined to obtain 
information about the mechanism of the Cr removal 
by the nanoparticles. Figure  10 presents the Cu-2p 
(Fig. 10a) and Cr-2p (Fig. 10b) core-level spectra of 
the Cu nanoparticles after the Cr adsorption. The Cu 
nanoparticles (Fig. 10a) are partially oxidized, which 
is confirmed by the Cu(II) oxide and Cu(II) hydrox-
ide peaks at 933.76 and 934.67  eV, respectively, 
while the presence of “shake-up” satellite peaks con-
firms the existence of oxide [Biesinger, 2017; Bies-
inger et  al., 2010]. Detailed analysis in Cr-2p peak 
(Fig. 10b) shows that the peak structure can be decon-
voluted into three components at 587.1, 576, and 
569  eV attributed to the Cr-2p1/2, Cr-2p3/2, and Cu-
LMM Auger peak, respectively. Unfortunately, the 

Cu-LMM peak appears into the range of Cr-2p core-
level spectrum due to overlap from Cu nanoparticles. 
The Cr-2p3/2 appears at binding energies ~ 576  eV 
attributed to Cr(III) oxide [Biesinger et  al., 2004; 
Wright & Barron, 2017]. These findings indicate that 
the dominating process is based on Cr(VI) reduction, 
followed by simultaneous Cu oxidation, implying that 
the rate-controlling step is based on redox reactions 
[Ho et al., 2001].

Therefore, our findings revealed a complicated 
adsorption which proceeds by more than one mecha-
nism. The electrostatic attractions between Cr(VI) 
ions and positively charged sorbent surface (Cu/TEG) 
lead to chemical sorption by sharing or replacing 
electrons between reactive sites on sorbent and sorb-
ate (1st step). The 2nd step is explained as the reduc-
tion of Cr(VI) under the existence of  Cu0 followed by 
intraparticle diffusion which seems to be the rate-con-
trolling step.

Concerning the Cu-mix/TEG, the Cr adsorption 
is not favored because of the dominated negative 

Fig. 9  FTIR spectra of Cu/TEG nanoparticles before and after Cr sorption
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charge on the NPs surface, whereas ion exchange is 
taking place in this case. Redox reactions can also 
not occur since the nanoparticles are consisted of 
Cu compounds, and hence, this sorbent exhibited 
lower sorption capacity especially at high Cr con-
centrations. Similar Cu-ox/PEG NPs due to the 
cooper oxidation whereas in the case of Cu/PEG, 
the low sorption capacity can be explained by the 
type of the organic coating and the degree of cover-
age (60% PEG) which seem to hinder the approach 
of Cr ions to the NPs surface.

3.4  Regeneration Experiments

After the end of the adsorption experiments, the 
adsorbent Cu/TEG was subjected to regeneration 
testing to determine its reusability. The histogram 
in Fig.  11 shows the rates of chromium removal 
and subsequent recovery with EDTA and  H2SO4. 
It is observed that the recovery of chromium after 
two loading cycles exceeds 80% and especially 
in the case of regeneration with EDTA is almost 
total (98%). These results are of great importance 
as it confirms the possibility of reusing Cu/TEG 
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Fig. 10  XPS spectra of the Cu/TEG sample after Cr sorption: a Cu-2p core-level spectrum and b Cr-2p core-level spectrum

Fig. 11  Adsorption and 
recovery tests of chromium 
with Cu/TEG material
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material, which implies both material savings and 
cost reduction of the whole process.

4  Conclusions

Τhe Cr removal from water was investigated using 
Cu-based nanoparticles in the concentration range 
0.25–15  mg/L. The formation of different nano-
particles depends on the conditions of synthesis 
and the organic coating used, which influences the 
adsorption capacity of the materials through differ-
ent adsorption mechanisms.

Metallic Cu-NPs coated with TEG exhibited sig-
nificant sorption capacity lowering the equilibrium Cr 
concentration below the acceptable limit of 50 mg·L−1 
in aqueous solutions as well as in simulated water. The 
adsorption was better adjusted to the Langmuir equa-
tion with a maximum uptake capacity of 3.4 mg·g−1 at 
the initial concentration  Cin 1.0 mg·L−1.

The kinetic studies showed that the adsorption 
was impacted by more than one mechanism, mainly 
chemisorption, and described by different kinetic 
models including the pseudo-second-order rate 
model, Elovich, and intraparticle diffusion model.

The Cu-NPs are promising agents in water treat-
ment technology regarding their biocompatibility, 
stability, good uptake capacity, and reusability.

It is shown that the structure, the type, and the 
degree of coverage/organic coating of the Cu-based 
NPs affect their interaction with chromium in solu-
tions and the Cr removal mechanism which is gov-
erned by electrostatic interactions and redox reac-
tions, or ion exchange.
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