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Abstract
In this work, iminodiacetic acid-functionalized graphene oxide (IDA@GO) is prepared and used as a nanocollector 
for enhancing and selectively recovering Pb(II) from a strongly acidic waste electrolyte via ion flotation. IDA@GO is 
characterized by Fourier transform infrared spectroscopy, zeta potential measurements and atomic force 
microscopy. The effects of pH, reaction time, cetyl trimethyl ammonium bromide (CTAB) dosage and aeration rate 
on the Pb(II) concentration and turbidity of the residual solution are examined systematically. The experimental 
results show that the adsorption capacity of Pb(II) on IDA@GO can reach 91.21 mg/g at pH 2. After froth flotation, 
the turbidity of the treated solution decreased to 0.55 NTU under the optimal CTAB dosage and aeration rate. In 
addition, as compared with GO, the relative selectivity coefficients of IDA@GO are up to 1.304, 1.471, 1.807 and 
1.509 for Co(II), Ni(II), Zn(II) and Cd(II), respectively, thereby exhibiting better selectivity performance. Moreover, 
IDA@GO can be reused as a nanocollector in ion flotation and exhibits ideal regeneration performance. In addition, 
the recovery mechanism is found to proceed through Pb(II) adsorbing on IDA@GO by electrostatic attraction, ion 
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exchange and surface complexation, with the addition of CTAB improving the hydrophobicity of Pb(II)-loaded 
IDA@GO flocs, thus achieving the recovery of Pb(II) via froth flotation.

Keywords: Nanocollector, iminodiacetic acid-functionalized graphene oxide, selectively recovery, ion flotation, 
Pb(II), strongly acidic waste electrolyte

INTRODUCTION
As a common metal, lead and its oxide are widely used in various industrial sectors and applications, 
including chemicals, cables, batteries and environmental and radioactive protection, due to their excellent 
physicochemical properties[1-3]. However, large amounts of waste electrolytes are inevitably generated during 
their production and processing. It is well known that waste electrolytes typically exist as wastewater, which 
may cause irreversible damage to the human body due to the mobility and non-degradability of lead 
ions[4-6]. Therefore, waste electrolytes should be properly treated before discharge from the perspective of 
environmental protection. In addition, lead in waste electrolytes is considered an important resource for 
economic development due to the broadening application fields, meaning that the lead ions in waste 
electrolytes should also be recovered as much as possible from the perspective of a circular economy[7].

Significant efforts have been devoted to the removal or selective recovery of heavy metal ions using many 
kinds of physicochemical methods, including adsorption[8], redox[9], chemical precipitation[10], ion 
exchange[11], electrodialysis[12] and leaching[13]. Although the above methods have achieved good results in 
the field of heavy metal wastewater treatment, they all suffer from unique disadvantages, such as high 
operating costs, low removal rates, large consumption of adsorbents, secondary pollution, poor selectivity 
and so on[14,15]. In recent years, ion flotation has been gradually applied to the treatment of heavy metal 
wastewater, the recovery of precious metals and the selective separation of multi-component ions, and has 
attracted increasing research attention due to its unique advantages, which include simple and rapid 
operation, high removal rates and selectivity, low operating costs, small space requirements and energy 
efficiency[16,17]. Ion flotation was used by Chirkst et al.[18] for the pre-concentration of rare earth elements. 
They found that Y(III) and Ce(III) could be selectively recovered by adjusting the pH of the solution to 5 
and 7, respectively, indicating that ion flotation is an efficient method for the selective recovery of rare earth 
elements[18].

As reported previously, the collectors adopted in the process of ion flotation play a decisive role in removing 
or recovering metal ions[19]. The most commonly used chemically synthesized[20] and biological[21] collectors 
possess different fatal defects (such as large consumption, low removal rates and environmental 
unfriendliness), which have contributed to the emergence of nanocollectors[22]. Compared with chemically 
synthesized and biological collectors, nanocollectors have the advantages of lower dosages, high removal 
rates, shorter flotation times and recyclability, and have gradually become a research hotspot in recent 
years[19].

In our previous research, as a common carbon-based material[23], graphene oxide (GO) was proven to be an 
ideal nanocollector for heavy metal ions [such as Pb(II) and Cu(II)] removal. Furthermore, both the 
turbidity and chemical oxygen demand of the treated solution met the discharge standard of industrial 
wastewater[24]. The removal performance of heavy metal ions can also be enhanced by increasing the 
oxidation degree of GO[25]. However, minimal differences were found between the affinities of the oxygen-
containing functional groups on the GO surface toward metal ions and the selectivity performance of GO 
was rather poor[26]. In order to improve the Cu(II) selectivity performance of GO in the ion flotation 
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process, 1,3-diamino-1,2,3-trioximido-propane, which exhibited a better affinity towards Cu(II), was 
adopted for the modification of GO[27]. As a result, Pb(II) recovery with high selectivity through ion flotation 
with GO as a nanocollector appears infeasible without modification. In addition, Pb(II)-containing waste 
electrolytes usually exist as strongly acidic solutions. If such a solution is adjusted to a neutral solution in the 
Pb(II) recovery process, a large amount of alkali will be wasted and the complexity of the operation will be 
increased, which will effectively remove the advantages of ion flotation. To the best of our knowledge, there 
have been no reports on the selective recovery of Pb(II) with modified GO as a nanocollector through ion 
flotation in a strongly acidic solution.

Therefore, GO and iminodiacetic acid-functionalized GO (IDA@GO) as nanocollectors for the selective 
recovery of Pb(II) from a strongly acidic Pb(II)-containing waste electrolyte are investigated in this study 
systematically. IDA@GO is synthesized and characterized by Fourier transform infrared (FT-IR) 
spectroscopy, zeta potential measurements and atomic force microscopy (AFM). The effects of pH, reaction 
time, cetyl trimethyl ammonium bromide (CTAB) dosage and aeration rate are studied in detail. 
Furthermore, the recovery mechanism is illustrated by FT-IR spectroscopy and zeta potential and water 
contact angle (WCA) measurements.

EXPERIMENTAL
Materials
Graphite powder was obtained from Sinopharm Chemical Reagent Co., Ltd. (China). Sulfuric acid (H2SO4), 
nitric acid (HNO3), hydrochloric acid (HCl) and hydrogen peroxide (H2O2) of analytical grade were 
purchased from Luoyang Haohua Chemical Reagent Co., Ltd. (China). Sodium nitrate (NaNO3) and 
sodium hydroxide (NaOH) of analytical grade were received from Sinopharm Chemical Reagent Co., Ltd. 
(China). CTAB and iminodiacetic acid of analytical grade were purchased from Shanghai Maclean 
Biochemical Technology Co., Ltd. (China). Deionized water was used in all experiments unless otherwise 
stated.

Synthesis of IDA@GO
GO powder was first synthesized by the Hummers method and the detailed operation procedure is available 
in our previous study[28]. A GO suspension with a certain concentration (2 mg/L) was then obtained by 
ultrasonic stripping. Subsequently, certain volumes of GO and IDA suspensions (1 g/L) were mixed in a 
three-necked flask and subjected to reflux with continuous stirring for 6 h at 60 °C. Afterwards, the reaction 
product was separated by centrifugation at 5000 rpm for 10 min, rinsed three times with ethanol and 
deionized water, respectively, and then redispersed into a certain volume of deionized water to form the 
homogeneous IDA@GO suspension (as shown in Scheme 1). Finally, a 20 mL IDA@GO solution was 
sampled and dried. The concentration of the IDA@GO solution could be calculated according to Eq. (1):

where cIDA@GO (mg/mL) represents the concentration of the IDA@GO solution and m1 and m2 (mg) are the 
masses of the empty watch glass and watch glass together with IDA@GO after drying, respectively.

Characterization of IDA@GO
An SPM-8100 microscope (Shimadzu, Japan) was used to obtain the AFM images, and the procedure of 
sample preparation is presented in our previous study[29]. The FT-IR spectra of IDA@GO in the absence and 
presence of Pb(II) and CTAB were recorded by a Nicolet iS10 spectrometer (Thermo Fisher Scientific, 
USA). A Zetasizer Nano ZS90 (Malvern, UK) was used to characterize the zeta potential of IDA@GO in the 
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Scheme 1. Schematic of synthesis process of IDA@GO. IDA@GO: Iminodiacetic acid-functionalized graphene oxide.

absence and presence of Pb(II) and CTAB at 25 °C. A JC2000D3W instrument (Powereach, China) was 
obtained for the measurements of the WCA.

Pb(II) adsorption-flotation
All Pb(II) adsorption batch experiments were carried out in a 150 mL conical flask. First, a certain amount 
of IDA@GO solution was added to the Pb(II) stock solution and the Pb(II) concentration was set as 50 g/L. 
The pH value of the mixed solution was then adjusted to the desired value with the addition of a negligible 
volume of an HCl or NaOH solution. Afterwards, the conical flask was sealed with plastic wrap and shaken 
by a thermostatic oscillator (HZP-150, China) for a certain time at 150 rpm and 25 °C. The effects of pH 
and reaction time (0.5-2.5 or 0-120 min) were studied. After oscillation, a certain amount of CTAB was 
added to the solution and stirred for another 5 min. Subsequently, the mixture was transferred into a self-
made flotation column equipped with a mini air compressor and rotameter, as depicted in our previous 
report[29]. In a batch flotation test, the foam was collected for 5 min. Finally, a certain volume of residual 
solution was sampled and used for Pb(II) concentration determination by Inductively Coupled Plasma 
Optical Emission Spectrometer (ICP-OES, Avio 500, PerkinElmer, USA) after filtering with a single-use 
sterile membrane filter. The adsorption capacity and recovery of Pb(II) were calculated according to Eqs. (2) 
and (3), respectively, and the recovery of water (enrichment ratio) was calculated using Eq. (4):

where C0 and Cr (mg/L) are the concentrations of the initial and residual solutions, respectively, Q (mg/g) is 
the adsorption capacity of GO or IDA@GO, m(g) represents the weight of GO or IDA@GO and V0 and Vr 
are the volumes (L) of the initial and residual solution after flotation, respectively. Finally, the flotation 
performance of the IDA@GO and fine flocs was also determined by a turbidimeter (TL2300, Hach, USA).

Desorption and reusability studies
For the desorption experiments, the foam product was first subjected to simple filtration to remove the 
water trapped by bubbles during flotation. The filter was mixed with a 20 mL HCl solution (2 mol/L) and 
oscillated for 2 h at 150 rpm and 25 °C. After oscillation, the mixture was centrifuged at 3000 rpm for 5 min. 
The supernatant was sampled for the determination of the Pb(II) concentration by ICP-OES and the 
desorption rate of Pb(II) was calculated according to Eq. (5):

where Cd (mg/L) is the Cu(II) concentration of the desorption supernatant and Vd is the volume of the 
desorption suspension. The precipitate obtained from centrifuge was rinsed twice with ethanol and water, 
respectively. Afterwards, the rinsed IDA@GO was subjected to redispersion in deionized water and used for 
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another adsorption-flotation-desorption cycle to evaluate its reusability.

In addition, the concentration of the redispersed solution was analyzed by a turbidimeter, as reported 
previously[30], and the recovery of IDA@GO could be calculated easily by:

where Ci and Cre (mg/L) represent the concentrations of IDA@GO in the initial and redispersed solutions, 
respectively, and Vre (L) is the redispersed solution volume of IDA@GO.

Selective adsorption experiments
The selective properties of both GO and IDA@GO were evaluated by selective adsorption experiments. The 
selective adsorption experiment was carried out in a simulated waste electrolyte containing Pb(II), Zn(II), 
Cd(II), Co(II) and Zn(II) with the same ion concentration (50 mg/L at pH 2). The selective performance of 
GO and IDA@GO were evaluated by the distribution coefficient (D, L/g), selectivity coefficient (βCu(II)/M(II)) 
and the relative selectivity coefficient (βr) according to Eqs. (7)-(9), respectively[31]:

where Ci and Cf (mg/L) are the initial and final concentrations of metal ions, respectively, DPb(II) and DM(II) 
denote the distribution coefficients of Pb(II) and other interfering metal ions, respectively, and ΒIDA@GO and β
GO are the selectivity coefficients of IDA@GO and GO, respectively.

RESULTS AND DISCUSSION
Characterization of IDA@GO
Figure 1 illustrates the FT-IR spectra of GO and IDA@GO. Obviously, GO exhibited several characteristic 
peaks at 1060, 1225, 1610 and 1720 cm-1, which correspond to the stretching vibration of the C-O bond, the 
stretching vibration of the C-O-C bond of the epoxy groups, the C=C skeletal vibrations from non-oxidized 
graphitic domains and the stretching vibration of the C=O bond, respectively[32]. After modification, a new 
characteristic peak appeared in the spectrum of IDA@GO at 1360 cm-1, which could be ascribed to the 
stretching vibration of the C-N bond[33]. Furthermore, the characteristic peak at 3380 cm-1 (stretching 
vibration of -OH from hydroxyl and carboxyl groups and water molecules) shifted to 3410 cm-1. The 
intensity of the characteristic peak at 1225 cm-1 decreased sharply, indicating that carboxyl and epoxy 
groups serve as active sites for the modification[34]. In summary, IDA@GO was successfully synthesized with 
iminodiacetic acid as a modifier.

Figure 2 represents the surface zeta potential of IDA@GO. Obviously, IDA@GO was negatively charged in 
the tested pH range. Even at pH 1.02, its surface zeta potential was -30.21 mV, meaning it could interact 
with cation ions readily through electrostatic attraction, endowing IDA@GO with an excellent cation ion 
removal performance. Furthermore, the zeta potential became more negative with increasing pH due to the 
increase in negative charge density.
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Figure 1. FT-IR spectra of GO, IDA@GO, IDA@GO-Pb(II) and IDA@GO-Pb(II)-CTAB. FT-IR: Fourier transform infrared; GO: graphene 
oxide; IDA@GO: iminodiacetic acid-functionalized graphene oxide; CTAB: cetyl trimethyl ammonium bromide.

Figure 2. Zeta potentials of IDA@GO, IDA@GO-Pb(II) and IDA@GO-Pb(II)-CTAB. CTAB: Cetyl trimethyl ammonium bromide. 
IDA@GO: iminodiacetic acid-functionalized graphene oxide.

Figure 3 shows a representative AFM image of IDA@GO and a height map of the selected cross section. 
Apparently, IDA@GO still possessed a typical lamellar structure, which showed no obvious difference 
compared with GO. In addition, the height of the cross section along the line was ~1.2 nm, thereby meeting 
the size requirements of a nanocollector and illustrating the potential of IDA@GO as a nanocollector.

Recovery of Pb(II)
Effect of pH
Unlike previous research, the Pb(II)-containing waste electrolyte is a kind of strongly acidic solution. It was 
not cost-effective to increase the Pb(II) recovery by adding alkali to elevate the pH of the initial solution. 
Therefore, the recovery of Pb(II) was carried out in a strongly acidic solution. As depicted in previous 
studies, the pH played a critical role in the interaction between heavy metal ions and the nanocollector, with 
the heavy metal ion removal performance dominated by the pH of the initial solution[35]. The influence of 
pH of the initial solution on Pb(II) adsorption capacity was investigated and the results are shown in 
Figure 4. With the pH of the initial solution increased from 0.58 to 2.50, the Pb(II) adsorption capacity of 
IDA@GO and GO increased from 9.30 and 6.80 mg/g to 131.50 and 108.70 mg/g, respectively. The specific 
reasons are as follows. More H+ existed at lower pH, which occupied the adsorption sites on IDA@GO due 
to protonation, resulting in strong competition between H+ and Pb(II), leading to a lower Pb(II) uptake of 
IDA@GO. With increasing pH, the concentration of H+ decreased sharply and more vacant adsorption sites 
appeared due to deprotonation, resulting in a higher Pb(II) adsorption capacity. With increasing pH, the 
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Figure 3. AFM image of IDA@GO. AFM: Atomic force microscopy; IDA@GO: iminodiacetic acid-functionalized graphene oxide.

Figure 4. Pb(II) adsorption on IDA@GO and GO as a function of pH (Pb(II) concentration of 50 mg/L, GO and IDA@GO concentration 
of 100 mg/L and reaction time of 120 min). IDA@GO: Iminodiacetic acid-functionalized graphene oxide; GO: graphene oxide.

surface zeta potential of IDA@GO became more negative. Therefore, Pb(II) ions more readily interacted 
with IDA@GO due to electrostatic attraction, bringing about an enhancement in the Pb(II) adsorption 
capacity. In addition, it was obviously noted that IDA@GO possessed a much larger Pb(II) adsorption 
capacity than GO in the experimental pH range, suggesting that after modification, IDA@GO exhibited a 
better affinity and recovery performance than GO. For the purpose of reducing alkali consumption and 
ensuring Pb(II) recovery, the initial solution pH was set as 2 and was applied for further tests.

Effect of reaction time
It is well known that sufficient time is needed for the interaction between the nanocollector and the heavy 
metal ions, so that more heavy metal ions could be adsorbed on the nanocollector, thus achieving excellent 
recovery performance. In this study, the adsorption behavior of Pb(II) on IDA@GO and GO as a function 
of reaction time was studied and the result is shown in Figure 5. Obviously, the adsorption rate of both 
IDA@GO and GO exhibited a dramatic increasing trend in the first 20 min due to the presence of plentiful 
vacant adsorption sites. With increasing time, the vacant adsorption sites diminished gradually and the 
adsorption slowed down gradually and reached the adsorption equilibrium. Furthermore, the maximum 
Pb(II) adsorption capacities of IDA@GO and GO were 91.21 and 61.89 mg/g, respectively, demonstrating 
that the introduction of iminoethylene acid improved the affinity between GO and Pb(II), thereby 
endowing IDA@GO with a greater Pb(II) adsorption capacity. In addition, IDA@GO and GO could reach 
the adsorption equilibrium in 40 and 60 min, respectively, suggesting that after the modification, IDA@GO 
exhibited a greater adsorption capacity and quicker adsorption rate towards Pb(II). This phenomenon also 
agrees well with the result obtained from the pH experiment. Hence, 40 min was selected as a suitable 
reaction time for subsequent tests.

Effects of CTAB dosage
As reported in our previous research, CTAB is a classic cationic surfactant. When used as a foaming agent, 
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Figure 5. Effect of reaction time on adsorption of Pb(II) on IDA@GO and GO (pH 2, Pb(II) concentration of 50 mg/L and IDA@GO and 
GO concentration of 100 mg/L). IDA@GO: Iminodiacetic acid-functionalized graphene oxide; GO: graphene oxide.

it could not only decrease the surface tension of the solution and produce a stable foam phase, but also 
could interact with GO through electrostatic attraction, hydrogen bonding and surface complexation[36]. 
Furthermore, the hydrophobicity of GO-Cu(II) flocs is greatly improved, allowing the interaction between 
the flocs and bubbles to occur more readily, thereby achieving the separation of GO-Cu(II) flocs from 
wastewater[25]. Considering the similar physicochemical properties of GO-Cu(II) and IDA@GO-Pb(II), 
CTAB was selected as a foaming agent for IDA@GO-Pb(II) floc removal, thereby realizing the recovery of 
Pb(II) through ion flotation.

Figure 6 demonstrates the Pb(II) concentration and turbidity of the treated solution as a function of CTAB 
dosage. The Pb(II) concentration of the treated solution after ion flotation rarely changed, with the CTAB 
dosage increasing from 2.5 to 15 mg/L. This was because CTAB was a classic cationic foaming agent that 
barely interacted with IDA@GO because of electrostatic repulsion. Due to the hydrophilicity of IDA@GO 
flocs, they could not adhere to the rising bubbles generated from the bottom of the flotation column, even 
with sufficient collision probability. As a result, the Pb(II)-loaded flocs could not be recovered efficiently. 
With the CTAB dosage increased from 2.5 to 7.5 mg/g, increasingly more Pb(II)-loaded flocs were floated 
out, the treated solution became more clear and the turbidity of the residual solution decreased from 15.01 
to 0.55 NTU rapidly, thereby realizing the recovery of Pb(II) from the waste electrolyte. This might be due 
to the improvement of hydrophobicity for IDA@GO-Pb(II) flocs brought by CTAB with its long carbon 
chain. As the dosage of CTAB increased further from 7.5 to 15 mg/L, the turbidity of the treated solution no 
longer changed due to the fact that almost all flocs were gathered in the foam phase with a CTAB dosage of 
7.5 mg/L. In addition, the effect of CTAB dosage on water recovery (RW) was also studied for characterizing 
the enrichment ratio of ion flotation and the result is also shown in Figure 6. Apparently, with increasing 
CTAB dosage, the surface tension of solution decreased sharply and more bubbles were easier to form. As a 
result, more water was entrained into bubbles and reached the foam phase, causing RW to decrease from 
95.31% to 81.23% with the CTAB dosage increasing from 2.5 to 15 mg/L. Generally, a greater RW represents 
not only a higher enrichment ratio, which is advantageous for the subsequent separation of the recovered 
IDA@GO, but also larger amounts of treated water reused for industrial production. Therefore, 7.5 mg/L 
was selected as the suitable CTAB dosage for subsequent experiments.

Effect of aeration rate
The key to obtaining a large RW is to reduce the amount of water trapped by bubbles. In ion flotation, the 
aeration rate should be sufficiently low to decrease the amount of water trapped by bubbles and thus achieve 
a dry foam product[37]. Furthermore, the aeration rate should be sufficiently high to ensure a sufficient 
collision probability. Therefore, the effect of aeration rate on CPb(II), the turbidity of the residual solution and 
RW was determined and the result is shown in Figure 7. From Figure 7, there was little change for CPb(II) with 
the aeration rate increased from 50 to 200 mL/min, demonstrating that it has a minimal effect on Pb(II) 
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Figure 6. Effect of CTAB dosage on CPb(II), turbidity of residual solution and RW (pH 2, Pb(II) concentration of 50 mg/L, IDA@GO 
concentration of 100 mg/L, reaction time of 40 min and aeration rate of 100 mL/min). CTAB: Cetyl trimethyl ammonium bromide; 
IDA@GO: iminodiacetic acid-functionalized graphene oxide.

Figure 7. Effect of aeration rate on CPb(II), turbidity of treated solution and RW (pH 2, Pb(II) concentration of 50 mg/L, IDA@GO 
concentration of 100 mg/L, reaction time of 40 min and CTAB concentration of 7.5 mg/L). IDA@GO: Iminodiacetic acid-functionalized 
graphene oxide; CTAB: cetyl trimethyl ammonium bromide.

recovery. However, the collision probability between bubbles and IDA@GO-Pb(II) flocs was enhanced 
because more bubbles were generated with an increasing aeration rate. Therefore, the turbidity of the 
residual solution decreased from 0.92 to 0.55 NTU with the aeration rate increased from 50 to 100 mL/min. 
After that, a further increase in aeration rate to 200 mL/min resulted in no change in the turbidity, 
indicating that a 100 mL/min aeration rate was sufficient for IDA@GO-Pb(II) floc flotation. Unlike CPb(II) 
and the turbidity of the residual solution, RW decreased from 95.65% to 86.12% gradually with the aeration 
rate increased from 50 to 200 mL/min, because more bubbles were generated and a greater volume of water 
was entrained into the foam phase. According to the above results and analysis, 100 mL/min was chosen as 
a suitable aeration rate for Pb(II) recovery through ion flotation.

Adsorption selectivity
The wastewater produced from practical industrial production always contains more than one kind of metal 
ion. Just like waste electrolyte, it is usually composed of Ni(II), Zn(II), Cd(II), Co(II) and Pb(II). The 
existence of co-existing ions may pose a detrimental effect on recovering one specific ion. Therefore, the 
selective adsorption properties of Pb(II) on IDA@GO were tested, with Co(II), Ni(II), Zn(II) and Cd(II) 
selected as interfering ions. Figure 8 displays the selective adsorption performance of multi-component ions 
on IDA@GO. It can be seen that with the introduction of co-existing ions, the adsorption capacity of Pb(II) 
on IDA@GO and GO showed a small decrease, indicating competitive adsorption between heavy metal 
ions. Furthermore, IDA@GO possessed a much greater Pb(II) adsorption capacity than GO whether in 
single-ion or multiple component adsorption. Furthermore, the adsorption capacity of co-existing ions for 
IDA@GO and GO exhibited no obvious difference, illustrating that IDA@GO held a better selectivity 
towards Pb(II). In addition, the selectivity of IDA@GO and GO were evaluated in detail by calculating the 
distribution, selectivity and relative selective coefficients and the results are shown in Table 1. It was noted 
both the distribution coefficient and selectivity coefficient for Pb(II)/M(II) (M=Co, Ni, Zn or Cd) of 
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Table 1. Selectivity parameters of IDA@GO and GO for Cu(II)

Distribution coefficient D Selectivity coefficient βCu(II)/M(II)Ions
IDA@GO GO IDA@GO GO

Relative selectivity coefficientβr

Pb(II) 20.120 12.148 - - -

Co(II) 0.513 0.404 39.221 30.069 1.304

Ni(II) 0.634 0.563 31.735 21.557 1.471

Zn(II) 0.438 0.478 45.934 25.414 1.807

Cd(II) 0.709 0.646 28.378 18.805 1.509

IDA@GO: Iminodiacetic acid-functionalized graphene oxide; GO: graphene oxide.

Figure 8. Selective adsorption of Pb(II) on IDA@GO and GO. IDA@GO: Iminodiacetic acid-functionalized graphene oxide; GO: 
graphene oxide.

IDA@GO were significantly larger than that of GO. Moreover, the relative selectivity coefficients for each 
heavy metal ion were much larger than 1, suggesting that iminodiacetic acid grafted on GO dramatically 
increased the selectivity to Pb(II) due to its better affinity towards Pb(II). Hence, IDA@GO was able to 
efficiently and selectively recover Pb(II) from the multi-component waste electrolyte through ion flotation.

Recovery mechanism
IDA@GO has proven to be an efficient nanocollector for Pb(II) recovery via ion flotation from the above 
tests. Therefore, the recovery mechanism was investigated thoroughly.

Mechanism of Pb(II) adsorption on IDA@GO
Figure 1 represents the FT-IR spectrum of Pb(II)-loaded IDA@GO. After Pb(II) adsorption, the broad peak 
at 3410 cm-1 shifted to 3429 cm-1, suggesting Pb(II) was adsorbed on the oxygenous functional groups of 
IDA@GO by surface complexation and ion exchange. Furthermore, the intensity of the characteristic peak 
at 1720 cm-1 decreased to some extent, specifying that the carboxyl groups served as the main adsorption 
sites[28,38].

Figure 2 depicts the zeta potential of IDA@GO after Pb(II) adsorption. Conspicuously, the zeta potential 
moved to the positive direction after conditioning with Pb(II), indicating that IDA@GO could interact with 
Pb(II) via electrostatic attraction to achieve Pb(II) recovery.
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Mechanism of interaction between CTAB and Pb(II) loaded IDA@GO
As compared with the FT-IR spectrum of IDA@GO-Pb(II), two new peaks, which could be ascribed to the -
CH2 stretching vibration (2919 cm-1) and the -CH3 stretching vibration (2840 cm-1), appeared with the 
addition of CTAB[39]. In addition, the intensity of the peak at 1220 cm-1 (C-O-C stretching vibration from 
the epoxy group) disappeared after CTAB adsorption, specifying that CTAB was adsorbed on Pb(II)-loaded 
IDA@-GO with the epoxy groups as adsorption sites. The zeta potential exhibited another positive shift, 
suggesting that electrostatic attraction played a critical role in the interaction between CTAB and 
IDA@GO@Pb(II).

In mineral flotation, WCA is a reliable parameter used for revealing the recovery mechanism by evaluating 
the floatability of a mineral. Therefore, WCA analysis was conducted in this study. Figure 9 illustrates the 
WCA as the function of CTAB dosage. Notably, the WCA of Pb(II)-loaded IDA@GO was only 33.56°, 
displaying a hydrophilic surface, so that rare flocs could be floated out. With the dosage of CTAB increased 
to 7.5 mg/L, the WCA of IDA@GO-Pb(II) increased dramatically to 68.37°. After that, the WCA remained 
basically unchanged with a further increase in CTAB dosage. The analysis of the WCA agrees well with the 
result obtained from the CTAB dosage experiments. In summary, the addition of CTAB improved the 
surface hydrophobicity of Pb(II)-loaded IDA@GO, so that Pb(II) could be recovered via froth flotation.

As concluded from the above analysis, the mechanism for Pb(II) recovery with IDA@GO as a nanocollector 
through ion flotation could be concluded as follows (as shown in Scheme 2). Firstly, Pb(II) was adsorbed on 
IDA@GO through ion exchange, electrostatic attraction and surface complexation with carboxyl serving as 
adsorption sites. Furthermore, IDA@GO was flocculated into large flocs due to surface complexation, 
making Pb(II)-loaded IDA@GO collide with bubbles more easily. Secondly, the addition of CTAB 
improved the hydrophobicity of IDA@GO-Pb(II). Therefore, the IDA@GO-Pb(II) flocs were floated out 
easily, finally achieving the recovery of Pb(II).

Regeneration
In addition, as another important parameter, the regeneration property of the nanocollector was evaluated 
by carrying out consecutive adsorption-flotation-desorption experiments. It was found that when IDA@GO 
was used for the second adsorption-flotation-desorption experiment, its adsorption capacity towards Pb(II) 
was 85.21 mg/g, which maintained as high as 93.42% of the first cycle. Furthermore, the turbidity of the 
treated solution after the second flotation was 0.55 NTU and the recovery of IDA@GO maintained as high 
as 95.32% after two cycle experiments. Overall, IDA@GO holds significant potential for further practical use 
in removing and recovering Pb(II) from strongly acidic waste electrolytes.

CONCLUSION
In this work, IDA@GO was successfully synthesized and employed as a nanocollector for selectively 
recovering Pb(II) from a strongly acidic waste electrolyte via ion flotation. The results suggested that 
IDA@GO exhibited superior performance for the recovery of Pb(II) than GO on behalf of higher 
adsorption capacity and quicker adsorption rate. About 91.21 mg/g of Pb(II) could be recovered from 
synthetic waste electrolyte effectively with a 0.55 NTU turbidity of the residual solution. Compared with 
GO, IDA@GO showed a better selectivity towards Pb(II) with relative selectivity coefficients of 1.304, 1.471, 
1.807 and 1.509 for Co(II), Ni(II), Zn(II) and Cd(II), respectively. In addition, IDA@GO exhibited an ideal 
recycling performance. In addition, the recovery mechanism was proven to be Pb(II) adsorption via 
electrostatic attraction, hydrogen bonding and surface complexation accompanied by CTAB improving the 
hydrophobicity to isolate the flocs from the aqueous solution.

Mechanism of flotation separation
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Figure 9. Effect of CTAB concentration on WCA of IDA@GO-Pb(II). CTAB: Cetyl trimethyl ammonium bromide; WCA: water contact 
angle; IDA@GO: iminodiacetic acid-functionalized graphene oxide.

Scheme 2. Schematic for selective recovery of Pb(II) with IDA@GO as a nanocollector via ion flotation. IDA@GO: Iminodiacetic acid-
functionalized graphene oxide.
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