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a b s t r ac t
In this study, the removal of cadmium ions by ZnO nanoparticles, prepared by a modified sol-gel 
method, was investigated. The kinetics, thermodynamic and equilibrium parameters of the cadmium 
ion adsorption on the nanomaterial were determined in batch mode experiments. The adsorption 
process was found to be highly concentration dependent, and the adsorption rate increased propor-
tionally with temperature indicating an endothermic process. The kinetics of the adsorption process 
was found to follow the pseudo-second-order rate law. The adsorption isotherm data were in good 
agreement with the Langmuir model. The maximum adsorption capacity of ZnO nanoparticles for 
Cd(II) was found to be 217.4 mg.g−1 at 328 K. Thermodynamic parameters revealed the endothermic 
and spontaneous nature of the adsorption process. Nevertheless, the global reaction rate is probably 
controlled by the intra-particular diffusion of Cd(II) ions. 
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1. Introduction

Hazards and risks to which living organisms and ecolog-
ical systems are exposed due to heavy metal contamination 
are so much alarming. Thus, the removal of such pollutants 
from water resources and wastewater is essential for human 
health and the environment protection [1,2]. Cadmium is a 
toxic and nondegradable pollutant present in aquatic sys-
tems as a result of anthropogenic activities. Consequently, its 
concentration can reach up to grams per liter levels exceed-
ing its 10–100 mg L–1 fresh water content [3], causing serious 
threat to human health and biota. Cadmium is considered 

as a human carcinogen and teratogenesis impacting lungs, 
kidneys, liver and reproductive organs [4,5]. According 
to the World Health Organization (WHO) guidelines, the 
permissible concentration for cadmium in drinking water is 
0.003 mg.L−1 [6]. 

Adsorption is a low-cost, highly efficient and easy to 
apply procedure for contaminants elimination. Low-cost and 
abundance of naturally available sorbents such as clays, zeo-
lites, biomass, activated carbon, dried plant parts, saw dust, 
biopolymers, metal oxides and fly ash have been employed 
for cadmium removal [7–10]. Recently, nanomaterials have 
been used for the removal of heavy metal ions. For instance, 
Arce et al. [11] used modified silica nanoparticles to remove 
Cd(II) and Pb(II) from aqueous solutions, while green 



347L. Khezami et al. / Desalination and Water Treatment 62 (2017) 346–354

manufactured CuFe2O4 and nano zerovalent iron particles 
[5], γ-Fe2O3 nanotubes [12] and carbon nanotubes [13] were 
utilized to remove Cd(II) from aqueous solutions with vary-
ing adsorption capacities. 

It is well known that ZnO is an environmental friendly 
material, and its surface has many functional groups, such as 
hydroxyl groups, which can be active sites for adsorption and 
uptake of positively charged ions [14–16]. It finds numerous 
applications such as catalysts [17,18], gas sensors [19], solar 
cells [20], and organic and inorganic pollutants removal [21]. 

In this work, ZnO nanoparticles were employed in Cd(II) 
ions removal from aqueous solutions. The kinetics and equi-
librium of the adsorption process were investigated. The 
thermodynamic parameters were calculated to understand 
the nature of the ion adsorption onto the nanoparticles. A 
mechanism for the adsorption was proposed as well. 

2. Material and methods

2.1. Material

The zinc oxide (ZnO) nanopowder was prepared via a 
sol-gel method under supercritical conditions of ethyl alcohol 
(EtOH) based on Omri et al. [22,23] protocol. The structural 
characteristics of the so-produced nanopowder pores were 
determined from the adsorption-desorption isotherms of N2 
at 77 K, through an apparatus ASAP 2020 (Micromeritics). 
The surface area of ZnO powder was calculated from the BET 
(Brunauer–Emmett–Teller) equation. The volume of micro-
pores and the surface area were calculated from the t-plot 
method of Lippens and de Boer [24]. 

A stock solutions (1,000 mg.L−1) of Cd(II) were prepared 
by dissolving cadmium nitrate (Cd(NO3)2 in distilled water. 
Experimental solutions at the desired concentrations were 
then obtained by successive dilutions. The pH was adjusted 
using HNO3 and NaOH solutions. All the reagents were of 
analytical grade or highest purity available, and used with-
out further purification. 

2.2. Methods

Experiments were carried out in batch mode by adding 10 
mg of adsorbent to 25 ml of a known Cd(II) solution concen-
tration in a 50-ml Erlenmeyer flask. Adsorption studies were 
conducted at fixed pH value (7.0) and initial metal ion con-
centrations (20–140 mg.L–1) to obtain equilibrium isotherms. 
Several flasks were placed on a multiposition magnetic stirrer 
and individually stirred at 500 rpm. After 12 h of contact, 15 
ml of suspension was sampled from each flask, centrifuged 
(centrifuge, Hettich Zentrifugen EBA 20) and then passed 
through filter paper. Residual cadmium metal ion concen-
tration in filtrate was measured with an inductively coupled 
plasma apparatus (Genius, ICP-EOS, Germany). 

The amount of adsorbed metal ions was calculated 
according to the following equation:

q
V C C

mt
t=

−( )0 � (1)

where qt (in mg.g–1) is the amount of solute adsorbed per unit 
mass of adsorbent at time t (min); V is the solution volume (L); 
C0 is the initial concentration metal ion (mg.L–1); Ct (mg.L–1) is 

the concentration of metal ion in solution at time t (minutes); 
and m the mass of ZnO adsorbent (g). The amount adsorbed 
(mg metal ion/g adsorbent) at equilibrium qe was calculated 
using a similar equation: 

q
V C C

me
e=

−( )0

� (2)

where Ce is the liquid-phase concentration of Cd(II) at equi-
librium time. 

The equilibrium established between adsorbed and 
unadsorbed components in solution can be represented 
by adsorption isotherms. The most widely used isotherm 
equations for equilibrium data modeling are the Langmuir 
(Eq. (3)) and the empirical Freundlich (Eq. (4)) models: 
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 linear form of Langmuir equation� (3)
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Ce  linear form of Freundlich equation� (4)

where qm is the solid-phase concentration corresponding to 
the complete monolayer coverage of adsorption sites [25], 
and KL is a constant related to the free energy of adsorption. 
Values of qm and KL can be graphically determined from the 
linear form of the Langmuir model (Eq. (3) as the slope is 1/qm 
and the intercept 1/(qm. KL). The constants k and n of the Fre-
undlich model are, respectively, obtained from the intercept 
and the slope of the linear plot of lnqe vs. lnCe (Eq. (4)). The 
constants KF and n of the Freundlich model can be related to 
the strength of adsorptive bond and the bond distribution, 
respectively [26].

In fact, the kinetic study is generally done using various mod-
els, but in this work the pseudo-first- and pseudo-second-order 
kinetics models were tested to predict the adsorption data of 
Cd(II) as a function of time. According to Gupta et al. [27], the 
first-order model can be expressed as follows:

ln lnq q = q k .te t e 1−( ) ( ) − � (5)

where k1 (min–1) is the adsorption rate constant; k1 and qe can 
be determined from the slope and intercept of ln(qe – qt) vs. 
t plots, respectively. According to Ho and McKay [28], sorp-
tion kinetics can be represented by a pseudo-second-order 
model that leads to the following equation:

t
q k .q

t
qt 2 e

2
e

= +
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where k2 is the pseudo-second-order rate constant 
(g.mg–1∙min–1). An adequate pseudo-second-order kinetic 
model should show a linear plot of t/qt vs. t. The value of qe 
can be easily deduced from the slope of the plot of t/qt vs. t. 
Once qe is identified, the value of k2 can be obtained. 

The thermodynamic properties: enthalpy change (ΔH°), 
free energy change (ΔG°) and entropy change (ΔS°) for the 
adsorption of Cd(II) by the adsorbent are calculated from the 
following set of equations:

∆ −G = R.T. K0 ln � (7)
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The thermodynamic equilibrium constant, or the thermo-
dynamic distribution coefficient K, is defined by Tu et al. [1] 
as follows:

K
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where as and ae are the activities of adsorbed and resid-
ual Cd(II) in solution at equilibrium, respectively; vS and ve 
show the activity coefficients of the adsorbed Cd(II) and the 
residual Cd(II) in solution, respectively; Ce and Cs are Cd(II) 
concentrations in solution at equilibrium and at the surface 
(mmol.g–1) of adsorbent, respectively. As the metal ion con-
centration in the solution almost diminishes to zero; k can 
be obtained by drawing ln(Cs/Ce) vs. Cs and extrapolating Cs 
to zero [1,25]. The intercept at the vertical axis provides the 
values of k. 

3. Result and discussion 

3.1. Nitrogen isotherm

The isotherm shape provides information on pore size, 
which is usually categorized as micropore, mesopore, or 

macropore. As shown in Fig. 1, the adsorption-desorption 
isotherm of N2 at 77 K is clearly of type II, according to the 
International Union of Pure and Applied Chemistry (IUPAC) 
classification of sorption isotherms [29], formerly designated 
as Brunauer’s classification. The isotherm is a type H4 hyster-
esis loop, characteristic of aggregated particles with nonpo-
rous or macroporous adsorbents and unrestricted monolay-
er-multilayer adsorption.

The hysteresis, at P/P0 ≈ 0.4–1, is attributed to capillary con-
densation in mesopores corresponding in the voids between 
the ZnO powder particles [30]. The point at the beginning of 
the linear section of the isotherm, is often taken to indicate the 
stage at which monolayer coverage is complete and multilayer 
adsorption is about to begin [31]. The specific surface area of 
8.25 m².g–1, determined by the conventional BET method, is a 
characteristic of a material with low porosity or a crystallized 
material [32,33], with porous volume of about 0.072 cm³.g–1. 
The mean pore size determined from BET surface area, and 
the pore volume in the approximation of cylindrical pores is 
about 46.5 nm indicating a mesoporous nanopowder. 

3.2. The pH effect 

The effect of pH on the initial concentration of Cd(II) 
ions was investigated in a pH range of 3–10 and 50 mg L–1 
without ZnO nanoparticles, to determine the pH at which 
the Cd(II) ions start to precipitate. Fig. 2(a) clearly shows that 
the Cd(II) ion concentration in the solution is constant up to 
pH ≈ 7.0 and then drastically drops beyond that pH value. 
This finding may indicate the precipitation of the metal ions 
as hydroxides at higher pH. Accordingly, the pH value of 7.0, 
which is lower the critical pH of Cd(II) precipitation of 9.03 
[34], was chosen to carry out all further investigations. The 
capacity of ZnO nanoparticles to eliminate the Cd(II) ion at 
different pH values is shown in Fig. 2(b). It can be seen that 
at lower pH the removal efficiency is very low. As has been 
previously reported [35], at low pH, the protons (H+) in the 
solution compete with the Cd(II) ions for the adsorption sites, 
thus lowering the removal efficiency. On the other hand at 
almost neutral pH (6–7), this competition becomes weaker 
leading to enhanced removal efficiency. Conversely, at higher 
pH the probable formation of Cd(OH)+ and/or Cd(OH)2 [36] 
suppresses the removal efficiency. This is manifested by the 

Fig. 1. Adsorption-desorption isotherms of N2 at 77 K of zinc 
oxide.
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Fig. 2. The effect of pH values on: (a) the initial concentration and (b) the amount (qe) of Cd(II) metal ions removal.
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drastic drop of removal efficiency at pH value greater than 
7.0 as shown in Fig. 2(b).

3.3. Heavy metals ions adsorption study

3.3.1. Kinetic study

The evolution of the sorption data of Cd(II) as a function 
of time is illustrated by Fig. 3 for the nanopowder at 298 K. 
It appears from Fig. 3 that there is a rapid initial rise of the 
adsorption capacities qt. After 120 min, the Cd(II) adsorption 
did not change with the contact time. Thus, 120 min was 

considered as the appropriate time to attain equilibrium. The 
time required to reach equilibrium is considerably long com-
pared with that reported by Tu et al. [1], where the maximum 
adsorption capacity of Cd(II) was found to be 17.54 mg g−1 at 
a contact time of 30 min. On the other hand, a time of 12 h 
was reported [2] for the adsorption of Cd(II) onto nano zerov-
alent iron particles when the initial concentration of the ions 
was 112.5 mg L−1. The dependence of equilibrium time on ini-
tial concentrations was indicted by Rao and Khan [37], who 
reported 10, 50 and 60 min for an initial Cd(II) concentrations 
of 15, 25 and 50 mg L−1, respectively. 

In Fig. 4(a) a plot of ln(qe − qt) vs. t is represented. The 
plot shows linearity with regression coefficient r2 = 0.9071. 
While the plot of t/qt vs. t given in Fig. 4(b), assigned to the 
pseudo-second-order model, shows a better fitting for the 
data (r2 = 0.9998). Concurrently, the calculated qm value is 
in agreement with that obtained experimentally (Table 1). 
These results emphasize a better fitting of the pseudo-sec-
ond-order kinetic model for the Cd(II) adsorption on ZnO 
nanoparticles. Similar results were reported where better fit-
ting of the pseudo-second-order model compared with the 
pseudo-first-order model for Cd(II) adsorption on different 
adsorbents [2,38–41] was achieved.

3.3.2. Equilibrium study

Adsorption isotherms help to explain the adsorption 
process at equilibrium conditions. From such isotherms, an 
adsorbent capacity can be determined, enabling us to under-
stand the proper adsorption mechanism. The most popular 
adsorption isotherms commissioned to fit these experimental 
data are the Freundlich and Langmuir models.
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Table 1 
Rate adsorption constants for the adsorption of Cd(II) by the adsorbent

qm(exp)
a

(mg.g–1)
t1/2  
(min)

First-order Second-order

k1 × 103 
(min–1)

qm(cal)
b

(mg.g–1)
r2 k2 × 103

(g.mg–1.min–1)
qm(cal)

b

(mg.g–1)
r2

119.75 8.5 2.27 85.06 0.9071 9.6 121.95 0.9996 
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Figs. 5(a) and (b) reveals the adsorption isotherms of 
Cd(II) ions on ZnO nanoparticles at various temperatures 
(300, 313 and 328 K) and 7.0 pH. The batch experiments 
data were fitted to the isotherm models of the Langmuir and 
Freundlich using the least squares method. The linearized 
Langmuir and Freundlich isotherms of Cd(II) (Figs. 5(a) and 
(b)) in solutions are drawn, and the estimated model respec-
tive parameters (qm, KL, KF and n) with correlation coefficient 
(r2) are gathered in Table 2.

Considering the high values of the regression coefficient 
(r2 ≈ 1.0) as shown in this table, it is clear that Langmuir model 
exhibits a better fitting for the Cd(II) adsorption equilibrium 
data. The Cd(II) adsorption capacity and removal efficiency 
increased with the rise in temperature; the qm increased from 
178.6 to 217.4 mg.g−1 when temperature changed from 300 to 
328 K suggesting the endothermic nature of the adsorption. 

The essential features of the Langmuir isotherm may be 
expressed in terms of equilibrium parameter RL, which is a 
dimensionless constant referred to as separation factor or 
equilibrium parameter [42]:

R
bCL = +
1

1 0.
� (10)

where C0 is the initial concentration; b is the constant related to 
the energy of adsorption (Langmuir constant). RL value indi-
cates the adsorption nature as irreversible if RL = 0, favourable 
if 0 < RL < 1, linear if RL = 1 and unfavorable if RL >1.

From this research finding, the maximum monolayer 
coverage capacity (Qo) from Langmuir isotherm model was 

found to be 217.4 mg.g–1, and RL (the separation factor) is 0.92 
indicating that the equilibrium sorption was favorable and 
the r2 value of about 0.9950 proving that the sorption data 
fitted well to Langmuir isotherm model. 

The cadmium adsorption capacity on ZnO nanoparticles 
at room temperature (297 K) was 217.4 mg.g−1 (Table 2). This 
finding makes it a superior adsorbents compared with those 
reported in the literature: hematite (4.94 mg.g−1) [10], bone 
char (64.1 mg.g−1) [43], orange waste (48.3 mg.g−1) [38], wheat 
stem (11.6 mg.g−1) [44], activated carbon (3.37 mg.g−1) [45], 
chitin (14.7 mg.g−1) [7], activated sludge (204.1 mg.g−1) [46], 
and biogenic Mn oxides (229.3 mg.g−1) [47].

3.3.3. Thermodynamic study

The effect of temperature was investigated for Cd(II) 
adsorption tests at 300, 313 and 328 K and pH 7.0. The amount 
of Cd(II) removed by the adsorbents rises with temperature 
as shown in the Langmuir isotherm plots of Fig. 6. 

Considering the results obtained in section 3.3.2 concern-
ing equilibrium studies, only Langmuir model is applied to 
the experimental adsorption data. Langmuir equation con-
stants are listed in Table 2. The thermodynamic distribu-
tion coefficient K values for the different temperatures were 
obtained from Fig. 7 using Eq. (9). The value of enthalpy 
change (ΔH°) was determined from the slope of the linear 
curve of ln(K) vs. the reciprocal temperature (1/T) (Fig. 8). 
The free energy change (ΔG°) and entropy change (ΔS°) val-
ues were calculated from Eqs. (5) and (6). Thermodynamic 
parameters are gathered in Table 3. The positive value of DH° 
indicates the endothermic nature of the adsorption process. 

Table 2 
Equilibrium constants for the Cd(II) ions removal 

T (K) qm (mg.g–1) Langmuir constants Freundlich constants
KL (l.mg–1) RL r2 n kf r2

300 178.6 7.6 0.9097 0.9938 1.785 13.61 0.9593 
313 196.1 6.3 0.9241 0.9946 1.795 15.25 0.9791 
328 217.4 5.2 0.9360 0.9956 1.818 16.79 0.9626 
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This is clearly evidenced by the enhancement of Cd(II) 
adsorption at higher temperatures. Also, the ∆H° value sug-
gests an electrostatic attraction between Cd(II) ions and ZnO 
nanopowder in a physical adsorption process. Moreover, 
the positive value of ∆H° may be attributed to removal of 
water molecules from the hydrated metal ions as well as 

solid–solution interface [33]. Thus, the energy released when 
the ions are attached to the adsorbent surface will be used 
up by this dehydration process resulting in an overall endo-
thermic sorption [48]. The positive values of DS° suggest an 
increased randomness at the solid-solution interface.

The negative values of the free energy change (DG°) con-
firm the spontaneous nature of adsorption. The change of the 
standard free energy decreases with increasing temperatures 
regardless of the nature of adsorbent. This indicates that a 
better adsorption is actually obtained at higher temperatures.

3.3.4. Mechanism of adsorption

Mosayebi and Azizian [49] proposed a mechanism for the 
removal of Cu(II) by ZnO and Zn(OH)2 based on the effect of 
the solutions pH. As the pH is close to the pHpzc a decrease of 
the repulsive interaction between the adsorbent surface and 
adsorbate results in an increase in positive ions removal. The 
same argument can be applied to the Cd(II) ions and a com-
plex formation [50] which can be suggested as follows:

̴ ZnOH  +  Cd+2 ↔  ̴ ZnOCd+  +  H+

The equilibrium will be shifted to the right as the pH is 
increased.

The uptake of cadmium ions can be controlled either 
by a mass transfer in the boundary film of liquid or by an 
intra-particular mass transfer. The external mass transfer 
coefficient, βL (m.s–1) of Cd(II) in the boundary film, may be 
evaluated by using the formula [51,52]:

ln 1
1

ln
1

1C
C m.K
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m.K
m.K
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where Ct and C0 (both in mg.L–1) are the respective concentra-
tions of the metal ion at time t and zero, Ka (L.g–1) is a constant 
defined as the product of the Langmuir constants: Ka = Q0.b; 
m(g) is the adsorbent mass, and SS is the adsorbent surface 
area (m2.g–1). A straight line in ln[(Ct/C0 – 1/(1 + m.Ka)] vs. 
t plot is required to prove the reliability of model.

The adsorbed species may also be transported from the 
solution bulk to the solid phase through intra-particle diffu-
sion/transport process. The intra-particular diffusion is the 
limiting step in many adsorption processes. The possibility 
of intra-particular diffusion is explored by using the Weber 
and Morris diffusion mode [53,54]: 

q = k .t Ct dif
1 2/ + � (12)
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nanopowder at different temperatures.
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Table 3 
Thermodynamic parameters for Cd(II) adsorption 

Temperature
(K)

K ΔG°
(kJ.mol–1)

ΔS°
(kJ.mol–1.K–1)

ΔH°
(kJ.mol–1)

r2

298 1.1578 –0.365 0.0323 9.334 0.9998
306 1.3469 –0.775 0.0323
313 1.5934 –1.271 0.0323
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where C is the intercept, and kdif is the intra-particle diffusion 
rate constant. The kdif values for the tested adsorbent are cal-
culated from the slopes of the plots (Fig. 9) and reported in 
Table 5. The validity of these models is thereafter discussed. 

The mass transfer rate model lying on a linear relationship 
between ln[(Ct/C0 – 1/(1 + m.ka)] and t did not provide a linear 
plot, demonstrating the invalidity of this model. The values of 
regression coefficient calculated from Eq. (11) for ZnO nano-
powder is about 0.86. This means that the uptake of cadmium 
ions at the tested adsorbent sites is not governed by liquid 
phase mass transfer rate. Instead, the uptake of Cd(II) at the 
surface of the adsorbent may be governed by the intra-parti-
cle diffusion kinetic model, since the values of qt are found to 
be linearly correlated with t1/2 values. Besides, the regression 
coefficient values are equal to 0.98 indicating the applicabil-
ity of this model. The intra-particle diffusion plots are shown 
in Fig. 9. Main parameters of this model are determined and 
gathered in Table 4. The values of intercept (i.e., C, Table 4) 
give an idea about the boundary layer thickness. The larger 
intercept, the greater is the boundary layer effect.

The intraparticle diffusion plot of qt vs. t1/2 (Fig. 9) shows 
two stages sorption, i.e., multilinear [55]. The first stage 
is a sharp one that may have resulted from the diffusion 
of Cd(II) through the solution to the external surface of 
nanoparticles then to the surface through the boundary layer. 
Meanwhile, the second stage may indicate the final equilib-
rium where the intraparticle diffusion starts to slow down 
as a result of the lower concentration gradient of Cd(II) ions. 

From the tabulated results (Table 4), it can be seen that the 
diffusion rate has decreased by increasing the contact time 
due to the smaller pores accessible for diffusion as the Cd(II) 
ions previously diffuse into the inner structure of nanoparti-
cles in the first stage. This is evidenced by the smaller value of 
rate parameters kdif2 compared kdif1. Also, the constant related 
to the boundary layer thickness (C) is larger in the second 
stage showing greater boundary layer effect [56].

4. Comparison of Cd(II) adsorption capacity with different 
adsorbents

The adsorption capacity of ZnO nanoparticles for the 
Cd(II) ions removal was contrasted with that of some 
nanoadsorbents, reported in literatures as listed in Table 5. 
The adsorbent used in this work exhibited higher adsorption 
capacity than other nanostructure adsorbents, indicating that 
the ZnO is a promising adsorbent of Cd(II) ions from water 
and wastewater.

5. Regeneration of catalyst

To investigate the reusability of the nanoparticles, the 
catalyst was recovered by filtration from the reaction mixture 
after washing with ethyl acetate, methanol and distilled water. 
After drying the experiments were done by adding 50 ml of 
100 mg.L–1 Cd(II) to 10 mg of ZnO under the previous experi-
mental conditions for 3 cycles. Table 6 depicts the percentage 
recovery, indication the efficiency of the ZnO nanaoparticles 
without significant loss in its removal capacity. 

6. Conclusion

A suitable indigenous nanomaterial elaborated by a modi-
fied sol-gel method has been identified as an effective adsorbent 
for the uptake of cadmium metal ions from aqueous solutions. 
The equilibrium data of adsorption are in good agreement with 
the Langmuir’s model. Furthermore, it was found that a sec-
ond-order kinetics rate model well mimics the kinetic data for 
the cadmium ions removal. Besides, temperature is a determi-
nant factor for the Cd(II) ions removal. Increasing temperature 
not only enhances the rate of adsorption, but also its extent. 
This finding can be explained by the positive value found for 
the enthalpy change of the adsorption reaction. Whereas, the 
positive values of the entropy suggest an increase of random-
ness at the solid–solution interface during the heavy metal 

Fig. 9. qt vs. t1/2 plot for the intraparticle diffusion.

Table 4 
Kinetic parameters for the Cd(II) ions adsorption onto ZnO 
nanoparticles based on the intraparticle diffusion model

Intraparticle diffusion equation Parameters
kdif1, 
mg/g.min1/2

C r2 kdif 2,  
mg/g.min1/2

C r2

19.023 1.9559 0.9834 6.7368 51.04 0.9795

Table 5 
A comparison of ZnO adsorption capacity with some nanoad-
sorbents for cadmium (II)

Adsorbent qe (mg.g−1) T (K) Ref.

Carbon nanotubes 11.00 298 [57]
Nano NH2-MCM-41 18.25 298 [58]
CuFe2O4 nanoparticles 17.54 298 [1]
Magnetic graphene oxide 91.29 298 [59]
Milled goethite 125 298 [40]
Milled goethite 167 328 [40]
Ni (15 wt%)-doped α-Fe2O3 -90.91 328 [41]
ZnO 179 298 Present study
ZnO 217 328 Present study

Table 6 
Regeneration data for ZnO nanoparticles 

Cycle 1 2 3

% recovery 90 85 79
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ions adsorption. The negative values of the free energy with 
low enthalpy value at different temperatures suggest a sponta-
neous physical adsorption process. The adsorption mechanism 
is controlled by diffusion as well as boundary layer effect. 
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