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Abstract
A di-nuclear inorganic complex, formulated as  [Co2(H2O)5(pdc)2]·2H2O (1) that  pdc2− is pyridine-2,6-dicarboxylato has 
been synthesized under hydrothermal condition and sonochemical irradiation. Depending on the synthetic conditions, 
different morphology has been obtained for complex 1. Complex 1 hydrothermal (hc) which obtained as single crystal 
is a micro-structured compound and was characterized by single crystal X-ray diffraction. Complex 1 ultrasound (uc) is a 
nano-structured compound and obtained as precipitate. Structural comparison of hc and uc by Fourier-transform infrared 
spectroscopy (FT-IR), powder X-ray diffraction, and scanning electron microscopy (SEM) revealed that both synthesized 
complexes have the same structure with different particles size and morphology. In this study, a new synthetic route has 
been developed to prepare  Co3O4 nanoparticles for environmental catalytic applications. Effective sorbents  Co3O4-hc 
and  Co3O4-uc were prepared by thermolysis of dinuclear cobalt complexes and characterized by FT-IR, SEM, XRD, and 
Brunauer–Emmett–Teller specific surface area.  Co3O4-hc and  Co3O4-uc were used as nano-sorbents for the removal Pb(II) 
from aqueous solution. Detailed sorption studies showed that both synthetic sorbents are valuable to remove Pb(II) from 
wastewater. The effective catalytic performance of the as-prepared sorbents can be attributed to the physicochemical 
features of synthetic catalysts, such as mesoporous nature, homogenous dispersion of the active phase, small particle 
size and high surface area. The effects of contact time, pH, Pb(II) and adsorbent dosage to remove Pb(II) were investi-
gated. Maximum adsorption percent of  Co3O4-hc and  Co3O4-uc at room temperature were found to be 90 and 92.2%, 
respectively. The selectivity of the as-prepared catalysts toward metal ions Pb(II), Co(II), Cr(III), Cu(II), Fe(II), Hg(II), Mn(II) 
and Ni(II) exhibited that  Co3O4 catalysts have the highest selectivity toward Pb(II). Also, the synthetic catalysts  Co3O4-hc 
and  Co3O4-uc showed an excellent cycling performance for Pb(II) removal up to 85.3 and 83.4% recovery over five cycles.

Keywords Micro and nano-Co(II) complex · Hydrothermal · Sonochemistry · Co3O4 · Removal of  Pb2+

1 Introduction

In the past few years, several reports have been presented 
for the preparation of nanosized metal oxides by thermoly-
sis of inorganic complex [1–3]. For example, Zhang et al. 
[4] prepared nano/microparticles of  Co3O4 by thermal 
decomposition of a metal–organic framework of cobalt-
p-benzene dicarboxylic acid. In another study, Khalaji et al. 

[5] prepared  Co3O4 nanoparticles with an average parti-
cles size in the range of 10–20 nm by thermal decomposi-
tion of a cobalt(III) Schiff base complex. Many methods 
have been attempted to prepare transition metal oxide 
nanoscale such as chemical vapor deposition (CVD) [6], 
hydrothermal methods [7], microwave irradiation [8], elec-
trochemical deposition [9], soft chemical solution [10] and 
molecular beam epitaxy [11]. Several methods have been 
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reported for the removal of dye and toxic metal ions from 
the environment such as, cloud point extraction [12], ion-
exchange [13], flocculation–coagulation [14], solid-phase 
extraction [15], photocatalysis [16] and direct adsorption 
[17]. Among these methods, adsorption has been found 
to be the most effective with high capacity, accessibility, 
selectivity, simplicity of design, and separation of toxic 
pollutants [18]. Metal oxide nanoparticles are considered 
potential adsorbents in the removal of harmful heavy met-
als such as lead (Pb), nickel (Ni), and vanadium (V) due 
to their high surface area, high adsorption capacity, high 
chemical activity and the unique advantage of easy sepa-
ration. Several reports have been published to remove 
heavy metal ions from contamination of water source by 
nano metal oxides [19–23]. For example, Uddin and Baig 
[24] prepared hexagonal sheet-like  Co3O4 nanoparticles 
by a simple precipitation method. They evaluated the 
adsorption behavior of methyl orange onto the as-pre-
pared  Co3O4 nanoparticles. The  Co3O4 NPs exhibited the 
remarkable adsorption properties toward methyl orange. 
Yavuz et al. [25] investigated the adsorption properties of 
Pb(II) from water, food, sediment and tobacco samples 
on an ultra-layered  Co3O4 nanocomposite. The results of 
their study showed the maximum adsorption capacity of 
35.5 mg/g.  Co3O4 is an important transition metal oxide, 
with a spinel structure formulated as  AB2O4 and have use-
ful applications in catalysis, pigments, electrochromic 
devices, hydrocracking process of crude fuels and gas 
sensor [26–30]. Spinel cobalt oxide  (Co3O4) is a mixed val-
ance material that formulated as  CoII CoIII

4
 [31] and has dif-

ferent morphology such as cubes, sheets, wires and tubes 
[32–34].  Co3O4 is found to be one of the most intriguing 
p-type semiconductors and better alternate materials in 
the separation of heavy metal ions due to its higher sur-
face area, controllable size and shape [35]. Thermal decom-
position of inorganic complexes is an effective method 
for the preparation of nano-catalysts which produces 
high activity catalysts. Previously, a number of research-
ers have developed many nano-catalysts from the ther-
mal decomposition of the inorganic complexes [36, 37]. 
The results of their studies have shown that nanoparticles 
prepared by thermal decomposition of the inorganic com-
plex have higher catalytic performance than the catalysts 
which prepared by other methods, such as impregnation 
and co-precipitation. The use of the inorganic complex 
as precursor for the preparation of nanoparticles poten-
tially provides many advantages as a new route since: (a) 
the nanoparticles which obtained by thermolysis of inor-
ganic complexes have high catalytic performance due to 
thier high surface area and small particle size [38, 39], (b) 
the intimate metal contact in the synthesized complexes 
causes their homogeneous dispersion in the catalyst struc-
ture [40]. In this study, for the first time, an effective  Co3O4 

nanosorbent was prepared by the thermal decomposition 
of a binuclear inorganic complex through the following 
steps. (1) A di-nuclear cobalt(II) complex formulated as 
[Co(dipic)2Co(H2O)5]·2H2O was synthesized under differ-
ent conditions. (2) The structure of the synthesized com-
plexes were studied by single crystal X-ray diffraction 
(SC-XRD), FT-IR, powder X-ray diffraction (PXRD) and SEM. 
(3) Catalysts of  Co3O4-hc and  Co3O4-uc were prepared by 
thermolysis of hydrothermal and ultrasound complexes. 
(4) The synthesized catalysts were used to remove Pb(II) 
from aqueous solution at varied operational conditions.

2  Experimental

2.1  Reagents and apparatus

Co(NO3)2·6H2O, pyridine 2,6-dicarboxylic acid and sodium 
hydroxide which used as reagents for the synthesis hc and 
uc complexes, were obtained from Sigma-Aldrich and 
used as received without further purification. Elemental 
analyses of carbon, hydrogen, and nitrogen were car-
ried out using a Perkin-Elmer 2400 elemental analyzer. 
Infrared spectra (KBr pellets) were taken in the region of 
4000–400 cm−1 on a Jasco FT/IR-430 spectrometer. X-ray 
powder diffraction (XRD) measurements were performed 
on a Philips X-Pert MPD diffractometer (Philips electronic 
Co., The Netherlands) with monochromatized Cu-Kα radia-
tion (λ = 1.54184 Å) operating at 40 kV and 30 mA with 
scanning rate 0.02°s−1. The morphology and size of as-syn-
thesized complexes and as-prepared nanoparticles were 
examined by scanning electron microscopy technique 
(SEM), using MIRA3TESCAN-XMU equipment an acceler-
ating voltage of 15 kV. The Brunauer–Emmett–Teller (BET) 
surface area, pore-volume, and pore size distribution of 
the adsorbents were measured on PHS-1020(PHSCHINA) 
apparatus at 77 K from  N2 adsorption isotherms. In the 
crystallographic part, data collection was performed on 
a Super Nova diffractometer of Rigaku Oxford Diffraction 
using CuKα radiation (1.54184 Å). The crystal structure 
of complex 1 was solved by charge flipping using the 
Superflip program [40]. The refinement of the structure 
was performed using full-matrix least-squares on  F2 with 
the program Jana2006 [41]. The concentration of Pb(II) 
in the solution was determined using an  inductively 
coupled plasma-atomic emission spectrometry, ICP-AES 
(PerkinElmer, Germany, 8300). Synthesis of complex 1 was 
carried out under ultrasounds irradiations, using a SON-
ICA-2200 EP ultrasonic generator.
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2.2  Synthetic strategy of complex 1 
by hydrothermal method

An aqueous solution (10.0 mL) of NaOH (0.16 g, 4.0 mmol) 
was slowly added to an aqueous solution (40 mL) contain-
ing pyridine 2,6-dicarboxylic acid (0.33 g, 2.0 mmol) with 
continuous stirring at room temperature. The above-men-
tioned solution and an aqueous solution of Co(NO3)2·6H2O 
(0.58 g, 2 mmol) were placed in a stainless steel vessel. The 
vessel was sealed and heated to 150 °C within 24 h, kept at 
this temperature for 4 days and then cooled to the room 
temperature. The resulting solution was filtered, and the 
filtrate was evaporated. After a few days, single crystals of 
1, suitable for X-ray analysis were collected, washed with 
water and dried in air. Yield: 67% based on Co. Anal. Calcd 
for  C14H20N2O15Co2: C, 29:28; H, 3:46; N, 4:88. Found: C, 
29.32; H, 3.47; N, 4.89.

2.3  Synthetic strategy of complex 1 
by sonochemical irradiation

In order to synthesis uc-complex by ultrasonic irradiation, 
an aqueous solution (10 mL) of pyridine 2,6-dicarboxylic 
acid (0.33 g, 2.0 mmol) which was previously deprotonated 
by NaOH (0.16 g, 4.0 mmol) was sonicated at about 50 °C. 
Into this solution, an aqueous solution of Co(NO3)2·6H2O 
(0.58 g, 2 mmol) was added in a dropwise manner under 
a high-intensity ultrasonic probe operating at 20 kHz at a 
maximum power output of 100 W. During sonication, the 
temperature of the solution was controlled at about 50 °C. 
The obtained precipitates were filtered, washed with water 
and dried at 80 °C vacuum oven for 12 h. Yield: 70% based 
on Co. Anal. Calcd for  C14H20N2O15Co2: C, 29:28; H, 3:46; N, 
4:88. Found: C, 29.32; H, 3.49; N, 4.88.

2.4  Thermal decomposition of synthesized 
complexes

Hydrothermally and sonochemically synthesized com-
plexes were used as precursor for the preparation of  Co3O4 
nanoparticles using thermal decomposition. To this pur-
pose, 10 mmol (5.7 g) of the hydrothermal complex was 
placed in an electric furnace at 550 °C for 6 h with a ramp-
ing rate of 10 °C/min. Similarly, annealing of uc-complex 
followed the same procedure.

2.5  The Pb(II) adsorption procedure

The batch adsorption experiments were performed in 
250 mL Erlenmeyer flask. All adsorption experiments were 
conducted at room temperature under air atmosphere and 
the effect of pH, contact time, adsorbent and Pb(II) dos-
age on the uptake of Pb(II) were investigated. To perform 

adsorption experiments, synthetic  Co3O4 as nano-sorbent 
was added to an aqueous solution containing Pb(II), while 
the pH of the solution was controlled using HCl or NaOH. 
The obtained suspension was placed on an orbital shaker at 
200 rpm for 90 min to ensure equilibrium. At predetermined 
times, 2 mL of the sample was withdrawn, and centrifuged 
at 3600 rpm for 10 min and filtrate solutions were analyzed 
by ICP–AES. The pH values were adjusted by a solution of 
NaOH (0.1 M) or  HNO3 (0.1 M). The adsorption capacity  (qe) 
and adsorption percentage values for Pb(II) uptake were 
determined as follows:

where  C0,  Ce, (mg/L) are the Pb(II) concentrations at the 
initial and equilibrium time, respectively, V (L) is the solu-
tion volume and m (g) is the weight of used adsorbent. 
All the adsorption experiments were repeated three times 
and average values were reported. Desorption studies 
were performed in 5 mL of 0.1 M  HNO3 for 60 min. The 
Pb(II) adsorbed were placed in the mentioned desorb-
ing medium on a rotary shaker at 200 rpm and followed 
by adsorbent separation and washed with water for sev-
eral times and dried at 50 °C for 10 h. Reusability study 
of adsorbent catalysts was carried out by following the 
adsorption–desorption study for 5 cycles.

2.6  Effect of competing ion

The ion selectivity can be evaluated due to the co-existing of 
the diverse metal ion in the contaminated water. To this pur-
pose, an aqueous solution (30 mL) containing of each Co(II), 
Cr(III), Cu(II), Fe(II), Hg(II), Mn(II) and Ni(II), and 1 g of sorb-
ent was mixed. In the experimental condition, the diverse 
metal ions amount was 20 times higher than the Pb(II) con-
centration. The concentration of Pb(II) was kept constant at 
10 mg/L in all experiments. The resulting suspension was 
stirred for 35 min at pH 5 and separated by filtration. The 
quantification of the elements in the solution was analyzed 
using ICP-AES. All the experiments were repeated two times 
to confirm the extracted data in this study. The highest vari-
ation for each adsorption operation was 3.2%.

(1)Removal (%) =
Co − Ce

Co

100

(2)qe (mg∕g) =
Co − Ce

m
V
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3  Results and discussion

3.1  Characterization of synthesized complexes

The molecular structure of complex 1 which synthe-
sized under hydrothermal condition and obtained as a 
single crystal is shown in Fig. 1. Previously, this complex 
was synthesized in another way [42]. Figure 2 shows a 
polyhedral geometry around centers of  Co2+. Two cobalt 
atoms have been identified in the structure of this com-
plex. One of them is coordinated with two dipicolinate 
anions in the form of distorting octahedral. Each of the 
dipicolinate ligands is coordinated in a tridentate coor-
dination mode. Another center of  Co2+ is surrounded 
by five water molecules and one μ-oxygen of carboxy-
late group in the form of a more ideally octahedral. A 
large number of inter- and intra-molecular hydrogen 
bonds which take place through the oxygen atoms of 
dipicolinate ligands, two crystalized water molecules 
and five coordinated water molecules are found in the 
structure of this complex. A huge three-dimensional 
network is created by these hydrogen bonds that sta-
bilize the crystalline structure of the complex (Fig. 3). 

Figure 4, shows the simulated XRD powder pattern of 
complex 1 which obtained of uc (Fig. 4a), hc (Fig. 4b) 
and crystallographic data (Fig.  4c). It can be clearly 
seen that there is an acceptable match between these 
patterns. This confirms that the structure of complex 
1 which synthesized by the hydrothermal method is 
the same to that synthesized by the sonochemical 
process. All three patterns contain diffraction peaks 
at 2θ = 6.5°, 9.8°, 11.1°, 14.6°, 16.5°, 18.6°, 23.1°, 24.7°, 
27. 2° 30.6° and 42.5° which are attributed to the pure 
phase of  [Co2(H2O)5(pdc)2]·2H2O. Complex 1 crystalizes 
in a monoclinic system with space group = P  21/c and 
the lattice parameters a = 8.3906(3) Å, b = 27.4005(8) Å, 
c = 9.6192(4) Å that are very close to the reported data 
(CCDC = 208,426) [42]. Figure 5, shows the FT-IR spectra 
of hc and uc complexes. As the figure shows, these two 
spectra are in perfect agreement with each other and the 
complexes appear to have the same structure. As shown 
in Fig. 5, broadband at 3200–3600 cm−1 is assigned to the 
stretching vibration of OH groups, belongs to adsorbed, 
crystallized and coordinated water molecules. The char-
acteristic and strong band of the asymmetric vibration 
of carboxylate groups is appear at 1630 cm−1 which this 
peak overlaps with the bending modes of adsorbed and 

Fig. 1  Molecular structure of 
complex 1 
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Fig. 2  A polyhedral geometry around centers of  Co2+ in complex 1 

Fig. 3  A part of the 3D network created by the intra- and inter-molecular hydrogen bonds of complex 1 
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coordinated water molecules [43, 44]. The peaks in 1429 
and 1378 cm−1 are due to the symmetric vibration of 
carboxylate groups. Frequency difference between the 
asymmetric and symmetric vibrations modes of carboxy-
late groups is 201 cm−1, which is corresponding to the 
mono-dentate interaction between the  COO– of carbox-
ylate groups and the Co atom of synthesized complexes 
[45, 46]. The peak corresponding to the stretching vibra-
tion band of C–O can be seen at 1183 cm−1. The frequen-
cies at 1080 and 918 cm−1 is attributable to C–H in-plane 
and out-of-plane bending modes, respectively [47, 48]. 
Also, the peak at 761 cm−1 is due to the bending mode 
of δ(O–C–O) [49, 50]. The bands at 660 and 585 cm−1 

are due to the stretching vibration modes of Co–N and 
Co–O, respectively. In order to obtain further informa-
tion and the role of synthetic method on the morphol-
ogy and particles size of as-synthesized complexes, SEM 
micrographs of uc and hc complexes were investigated 
(Fig. 6). As seen in Fig. 6a, the morphology of the syn-
thesized complex via hydrothermal method is irregular 
which its diameter was found to be around 0.42 μm. 
Whereas, the average particles size of the synthesized 
complex via the sonochemical process was found to be 
around 56.4 nm. It seems that the generated ultrasound 
and high power irradiation prevent the particles growth 
and keep the particles formed in small size. Previously, 

Fig. 4  XRD patterns of a ultra-
sound complex, b hydrother-
mal complex, c based on single 
crystal data of hydrothermal 
complex

Fig. 5  The FT-IR spectra of 
complex 1 (uc) and complex 
2 (hc)
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many nanostructure compounds with various morphol-
ogies have been synthesized by ultrasonic irradiation. 
For example, Pugazhenthiran and co-workers prepared 
Au–Bi2O3/Bi2O3 nanocatalysts via sonochemical method 
[51]. In another study, Hayati and his colleagues synthe-
sized nano supramolecular compounds of two new 1D 
and 0D, mercury(II) by a sonochemical process [52]. The 
results of their study showed that temperature, sonica-
tion power and time of irradiation had a very significant 
effect on the particles size of synthesized complexes.     

3.2  Characterization of  Co3O4‑hc and  Co3O4‑uc

Figure 7 shows the FT-IR spectra of  Co3O4-hc and  Co3O4-uc 
which prepared by thermal decomposition of hc and uc 
complexes, respectively. It is clearly seen that both pre-
pared catalysts have the similar spectrum. In the spectrum 
of as-prepared samples, the broad absorption band at 
3200–3600 cm−1 is attributed to the stretching vibration 

of hydroxyl groups of adsorbed water molecules on the 
surface of the nanoparticles. The tiny peak observed at 
1620 cm−1 in the spectrum of  Co3O4-uc can be attrib-
uted to the bending mode of adsorbed water molecules. 
It is also found that the spinel structure of  Co3O4 shows 
two absorption bands at 680 and 560 cm−1 which can be 
assigned to the stretching vibration band of  Co2+-O with 
tetrahedral coordination mode and  Co3+-O bond with 
octahedral coordination mode, respectively [51]. Fig-
ure 8 shows the XRD powder patterns of  Co3O4-hc and 
 Co3O4-uc. The figures confirmed that the patterns com-
pletely consistent with the standard patterns of spinel 
 Co3O4 with JCPDS card No. 74–1656. It can be seen that 
all diffraction peaks with intensities of (220), (311), (222), 
(400), (422), (511), (440), (533) are perfectly indexed to the 
pure cubic phase of  Co3O4 with the lattice parameters 
a = 8.0840 Å and S.G = Fm-3 m [53, 54]. The Debye–Scher-
rer equation has been used to estimate the crystallite 
size of synthesized sorbents. The main limitation in the 

Fig. 6  SEM photographs of a 
hc and b uc

Fig. 7  The FT-IR spectra of 
 Co3O4-hc and  Co3O4-uc 



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:741 | https://doi.org/10.1007/s42452-020-2550-5

application of the Scherrer equation concerns the type of 
studied materials, which is restricted to determining the 
size of the crystallite and does not include amorphous 
materials. Both synthetic sorbents  Co3O4-hc and  Co3O4-uc 
have an average crystallites size of 41  nm, 38.5  nm, 
respectively which estimated using the Scherrer’s equa-
tion, D = k · λ/β1/2 · Cos (θ) [55, 56], where D is the mean 
crystalline diameter (nm), k is a constant equal to 0.9, λ is 
the X-ray radiation wavelength, β1/2 is the full width half 
maximum (FWHM) of the sample diffraction peaks and 
θ is the Bragg diffraction angle. Surface morphological 
and detailed information of  Co3O4-hc and  Co3O4-uc were 
investigated using SEM (Fig. 9). It can be clearly found that 
 Co3O4-hc and  Co3O4-uc are nanometer-scale with an aver-
age particles size of 43 nm and 40 nm, respectively. Fur-
thermore, it can be seen that the  Co3O4-hc and  Co3O4-uc 
consists of randomly aggregated with irregular morphol-
ogy. The textural characterization and surface properties 
of as-prepared  Co3O4-hc and  Co3O4-uc nanoparticles were 

investigated using  N2 sorption analysis (Fig. 10). Figure 10a 
shows the adsorption–desorption isotherms and Fig. 10b 
shows the BJH pore size distribution plots of as-prepared 
samples. As shown in Fig. 10a, both synthetic  Co3O4-hc 
and  Co3O4-uc belongs to type IV-like profiles with slight 
hysteresis loops at relatively high relative pressure and 
characterized as mesopores materials which confirm the 
porosity of the nanoparticles’ surfaces and show the high 
ability of adsorption [57, 58]. The specific surface areas 
which were calculated by Brunauer–Emmett–Teller (BET) 
method for  Co3O4-hc and  Co3O4-uc were found to be 75.7 
and 82 m2/g, respectively. As shown in Fig. 10b, the as-
prepared samples displayed a relatively concentrated pore 
distribution calculated with BJH method ranging from 0.2 
to 7 nm. Also, the pore volume is estimated to be 0.77 m3/g 
and 0.81 m3/g for  Co3O4 -hc and  Co3O4 -uc, respectively.   

3.3  Studies of sorption

3.3.1  Effect of pH

The adsorption of Pb(II) on the surface of  Co3O4-hc and 
 Co3O4-uc is found to be pH-dependent because of its 
effect on the active sites and the structure of nano-adsor-
bents. In order to examine the effect of pH on the adsorp-
tion of Pb(II), the pH values of solution were changed in 
the pH range of 2–9 (Fig. 11) by using an initial Pb(II) con-
centration of 10 mg/L at shaking time and shaking rate of 
50 min and 200 rpm, respectively. As shown in Fig. 11, the 
percentage of removed Pb(II) by  Co3O4-hc and  Co3O4-uc, 
increases with increasing pH until pH 5, when it reaches 
the maximum value of 83% and 87.4%, respectively. Below 
pH 5, the amount of adsorption of Pb(II) on the catalyst 
surface is lower, because the surface of the catalyst has a 
positive charge and repels Pb(II) [59–61]. Yavuz et al. [62] 
showed that the decrease in removal Pb(II) at low pH, can 
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Fig. 10  a Nitrogen adsorp-
tion/desorption isotherm of 
 Co3O4-hc and  Co3O4-uc and b 
BJH pore size distribution of 
 Co3O4-hc and  Co3O4-uc 
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be attributed to the competition of  H+ and  Pb2+ions for 
the adsorption on the active sites of  Co3O4. In the second 
region (pH 6.0–9.0), the removal of Pb(II) was almost con-
stant and nearly maintains the maximum value. When the 
pH reaches above 9.0, the removal of Pb(II) is possible to 
accomplish by the precipitation of Pb(II) as hydroxides and 
simultaneous adsorption [63].

3.3.2  Effect of contact time

The experimental results of the effect of contact time on 
the adsorption of Pb(II) onto  Co3O4-uc are shown in Fig. 12. 
To achieve this, the adsorption changes of a model solu-
tion containing 10 mg/L of Pb(II) at pH 5 was studied at 
different contact times changing from 10 to 50 min. The 
adsorption of Pb(II) increases with increasing contact time 
and reaches the maximum value of 92.2% at 35 min. It 
can be seen that the removal of Pb(II) is rapid at the initial 
stage, while it gradually slows down until it reaches equi-
librium. The initial rapid increase in the adsorption rate is 

attributed to the availability of more adsorption sites. After 
35 min, adsorption decreases with the increase in contact 
time that this may be due to desorption process [64, 65].

3.3.3  Effect of adsorbent dosage

Figure 13 shows the effect of sorbent type and its dos-
age on the removal of Pb(II) while all other experimental 
conditions are kept constant at optimum conditions. The 
results show that the capacity of an adsorbent is highly 
dependent on the sorbent dosage. As shown in the figure, 
when the adsorbent concentration increased to 0.1 g/L, 
the adsorption percent on the surface of  Co3O4-uc and 
 Co3O4-hc increased to, 92.2 and 90%, respectively. It has 
been observed that with increasing catalyst concentra-
tion the number of active sites increases, resulting in an 
increase in the rate of Pb(II) removal. It is observed that 
after a dosage of 0. 1 g/L, with increasing adsorbent dose, a 
decrease in Pb(II) adsorption was observed. It may be due 
to the saturation of sorption sites through the sorption 

Fig. 12  Effect of contact time 
on the adsorption of Pb(II) 
onto  Co3O4-uc at pH 5
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process and aggregation resulting from high sorbent 
dose [66]. The high performance exhibited by synthetic 
catalysts is attributed to increase in the specific surface 
area of sorbents and the availability of more active sites 
[67], which could be a result of the method of prepara-
tion. The preparation method plays an important role in 
the performance and activity of the catalysts, because it 
can affect the physicochemical properties of the catalysts. 
As mentioned in the previous section, the preparation of 
 Co3O4-uc and  Co3O4-hc through thermolysis of dinuclear 
inorganic complex lead to creating some features such 
as high active phase dispersion, small particle size and 
high specific surface area [38, 39]. However, adsorption 
efficiency can be affected by several parameters such as 
particles size, BET surface area, and crystalline phase. A 
higher specific surface area and smaller particle size of 
sorbent can increase the number of metal ions adsorbed 
on the sorbent surface. As mentioned in the previous sec-
tion, the specific surface area of  Co3O4-uc is only slightly 
higher (8 m2/g) than of  Co3O4-hc and this is likely related 

to the particles size of the sorbents. It has been shown 
that, although the precursors of uc and hc used for the 
preparation of two adsorbents have the different specific 
surface area and the particles size, after thermal decom-
position of inorganic precursors at the same temperature 
and time, the specific surface area and particle size of as-
obtained sorbents is close to each other. Previously, many 
sorbents have been prepared to remove  Pb2+ from water 
sources. For example, Khan et al. [68] prepared  Co3O4 
co-doped  TiO2 nanoparticles by thermal decomposition 
method at low temperature with applicable in the adsorp-
tion of Pb(II) from aqueous solution. They showed that this 
nanocomposite has the high selectivity toward Pb(II) with 
uptake capacity of 114.05 mg/g. Table 1 shows the maxi-
mum adsorption capacity of  Pb2+ by different adsorbents.

3.3.4  Effect of Pb(II) concentration

In order to investigate the effect of Pb(II) concentration on 
the adsorption rate, variable concentrations of Pb(II) from 4 
to 14 mg/L were selected under the optimized conditions, 
contact time 35 min, pH 5 and adsorbent dose (0.1 g/L). 
All experiments were carried out at room temperature. As 
shown in Fig. 14, as Pb(II) concentration increased from 
4 to 12 mg/L, the adsorption of Pb(II) on the surface of 
 Co3O4-hc and  Co3O4-uc were enhanced to 94.4 and 96%, 
respectively. This is probably because as the concentration 
of Pb(II) increases, the diffusion of Pb(II) onto sorbent is 
facilitated due to the increase in the driving force of the 
concentration gradient [74]. It means that at initial con-
centrations of Pb(II), the mass transfer between sorbent 
and Pb(II) solution and availability of unoccupied binding 
sites is high. However, Dye removal efficiency decreased 
to less than 85 and 84.3% on the surface of  Co3O4-uc and 
 Co3O4-hc, respectively, at concentrations of 14 mg/L of 
Pb(II), because of nearly complete coverage the binding 
sites at high Pb(II) concentration.

Table 1  Comparative data on various adsorbents for Pb(II) reported 
in literature

Adsorbent Maximum 
adsorption 
capacity (mg/g)

References

Co3O4 co-doped  TiO2 114.05 [68]
Xanthate-modified magnetic chi-

tosan (XMCS)
76.9 [69]

Neem leaf powder 300 [70]
SiO2/graphene composite 113.6 [71]
Functionalized graphene  (GNSPF6) 406.6 [72]
EDTA-graphene oxide 497 ± 46 [73]
Co3O4-hc and  Co3O4-uc 135 and 

138.3 mg/g, 
respectively

In this study

Fig. 14  Effect of Pb(II) dose on 
the removal of  Pb2+
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3.3.5  Selectivity study of  Co3O4 nanoparticles

The contaminated water is containing several metal ions 
along with the Pb(II) ion which competes with each other 
for available adsorption sites and may affect Pb(II) selec-
tivity [75, 76]. The Pb(II) adsorption percentage of syn-
thesized catalysts was studied in the presence of diverse 
metal ions. The results obtained from the selectivity 
study showed that the synthetic catalysts of  Co3O4-hc 
and  Co3O4-uc have the highest selectivity toward Pb(II). 
The uptake of Pb(II) ion on the  Co3O4-uc and  Co3O4-hc 
catalysts is as high as 86 and 82.4%, respectively. While 
other ions showed much lower amounts of adsorp-
tion. However, the highest amount of adsorption was 
observed by Cr(III) (23%).

3.3.6  Desorption and reusability of the adsorbent

The stability and potential regeneration of an adsor-
bent are the very important feature for repeated use, 
industrial applications and in economic points of view. 
To investigate the reusability of  Co3O4-hc and  Co3O4-uc, 
five adsorption–desorption cycles were repeated under 
the batch experimental conditions. Desorption of Pb(II) 
from the adsorbent has been performed by  HNO3 
(2 mol/L) and ultra-high purity water, respectively. The 
resulting mixture was shaken for 60 min to reach des-
orption equilibrium and finally the nano-sorbent was 
collected using centrifugation. As shown in the Fig. 15, 
after five cycles, approximately 85.3 and 83.4% of Pb(II) 
adsorbed on the surface of  Co3O4-uc and  Co3O4-hc was 
desorbed that demonstrates good stability and reusabil-
ity for adsorbents.

4  Conclusion

In this paper, a dinuclear complex of  Co2+ complex has 
been synthesized. Two different strategies have been 
designed for synthesizing of the complex, including the 
hydrothermal method and ultrasonic irradiation. The crys-
tals obtained by the hydrothermal method were structur-
ally characterized by single-crystal X-ray diffraction, while 
the ultrasonic complex, was obtained as a precipitate. 
Acceptable matches were observed between powder 
X-ray diffraction patterns, FT-IR spectra and thermal behav-
ior of the synthesized complexes. This confirmed that the 
complex which synthesized by a sonochemical process has 
an identical structure to that obtained by a hydrothermal 
method. The morphology of the complexes shows nano 
and microstructures for uc and hc, respectively. Nano-
sized particles of  Co3O4 were used as adsorbents for the 
removal of Pb(II) from aqueous solutions. The maximum 
adsorption capacity for  Co3O4-hc and  Co3O4- uc was found 
to be 135 and 138.3 mg/g, respectively. After five cycles, 
the synthetic catalysts of  Co3O4- uc and  Co3O4- hc showed 
an excellent cycling performance for Pb(II) desorption up 
to 85.3 and 83.4%, respectively.
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