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Abstract

Reduced graphene oxide (rGO) hybridized with magnetite and/or elemental silver (rGO/magnetite, 

rGO/silver, and rGO/magnetite/silver) nanoparticles were evaluated as potential adsorbents for 

toxic heavy metal ions (Cd (II), Ni(II), Zn(II), Co(II), Pb(II), and Cu(II)). Although the deposition 

of iron oxide and silver nanoparticles on the rGO nanosheets played an inhibitory role in metal ion 

adsorption, the metal adsorption efficiency by the nanohybrids (NHs) was still higher than that 

reported for many other sorbents (e.g., activated biochar, commercial resins, and nanosized 

hydrated Zr(IV) oxide particles). X-ray photoelectron spectroscopy analyses revealed that 

complexation with deprotonated adsorbents and cation exchange was an important mechanism for 

Cd(II) ion removal by the rGO and NHs. Competitive adsorption tests using multi metals showed 

that the adsorption affinity of metal ions on the rGO and its NHs follows the order (Cu(II), Zn(II)) 

> Ni(II) > Co(II) > (Pb(II), Cd(II)), which is similar to the order observed for single-metal 

adsorption experiments. These results can be explained by the destabilization abilities of the rGO 

and NHs, as well as the ionic radii of the considered metal ions. Our findings demonstrate the 

feasibility of using rGO-based NHs as highly efficient adsorbents for heavy metal removal from 

water.
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Introduction

Toxic heavy metals (e.g., cadmium, lead, nickel, copper, zinc, mercury, and chromium) are 

ranked as top priority pollutants on the U.S. Environmental Protection Agency’s National 

Priorities List [1,2]. Heavy metal pollution poses potential long-term health risks for both 

the environment and human health, as they become bioavailable and thus toxic to living 

organisms with increasing exposure concentrations and periods [3]. Remediation of metal-

contaminated sites is rather challenging because heavy metals cannot be degraded by (photo) 

catalysis or chemical reactions [4]. Among various conventional techniques including 

chemical precipitation [5], flocculation [6], membrane filtration [7], adsorption [8], etc., 

adsorption technologies are a promising choice as they are cost-saving and highly effective 

with no byproduct formation (i.e., they are eco-friendly) [9].

Recently, graphene-based nanomaterials have attracted considerable attention owing to their 

unique properties and multifunctionalities [10]. Once the graphene is oxidized, the oxygen-

containing surface functional groups will be included like epoxide, hydroxyl, carbonyl, and 

carboxyl groups, residing along the basal planes or the edges of the structure. These 

oxygenated groups facilitate metal ion immobilization by strong complexation or cation 

exchange processes. Zare-Dorabei et al. [11] anchored 2,2′-dipyridylamine (DPA) as a 

bidentate coordination ligand on the graphene oxide (GO) to enhance functionalities. A large 

number of oxygen-containing functional groups on the GO-DPA increased the adsorption 

capacity for Cu(II) ions. Wu et al.[12] also showed that the abundant hydroxyl, carboxylic, 

and sulfonic groups on the 3D sulfonated reduced GO (3D-SRGO) aerogel strongly 

influenced the adsorption of Cd(II) ions. However, there still exist major hurdles for the 

practical use of those nanomaterials, including segregation difficulties after adsorption, 

relatively high aggregation propensities, and corresponding surface area reductions.

To overcome these challenges, metal/metal oxide nanoparticles have been incorporated into 

graphene as potential and cost-effective nano-adsorbents/catalysts [13–18]. In our previous 

study, the rGO/magnetite/silver was synthesized by co-precipitation method to alleviate 

rapid aggregation of nanoparticles, while enhancing the catalytic degradation efficiency for 

various micropollutants in the heterogeneous activation of peroxydisulfate [19,20]. 

According to the electrophoretic mobility measurements, the rGO/magnetite/silver bears a 

high negative charge density over the broad pH range (3–12) [20]. In addition, the 

aggregation of the rGO/magnetite/silver was significantly reduced due to the stronger 

electrostatic repulsion between the negatively-charged nanohybrids (NHs). This resulted in 

increased specific surface area and adsorption properties of the rGO/magnetite/silver. Taking 

all of these advantages into account, this multifunctional bimetallic rGO NH should be 

considered as an ideal alternative to remove the cationic heavy metal species.

This study investigated, for the first time, the effect of the deposition of iron oxide and silver 

nanoparticles onto rGO on the adsorption of divalent metal ions. Although some studies 

have investigated the adsorption of heavy metals on GO, these studies only reported the 

adsorption of a few selected metal ions on bare or modified GO, not accounting for the ionic 

radius effect of the adsorbates, which plays an important role in heavy metal adsorption [21]. 
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The adsorption properties of rGO and NHs (with magnetite and silver nanoparticles) in 

single and mixed metal systems were examined and compared after careful characterization. 

Moreover, the X-ray photoelectron spectra of the rGO and NHs were analyzed to unravel the 

underlying interaction mechanisms between the rGO or the NHs and Cd(II) ions.

2. Materials and methods

2.1. Preparation of rGO, rGO/magnetite, rGO/silver, and rGO/magnetite/silver NHs

GO was prepared from natural graphite flakes (3061 grade, Asbury Graphite Mills) using a 

modified Hummers method [22]. The obtained GO was modified with ferric chloride 

hexahydrate (FeCl3·6H2O) and silver nitrate (AgNO3) to obtain rGO/magnetite, rGO/silver, 

and rGO/magnetite/silver, followed by reduction using a sodium borohydride (NaBH4) 

aqueous solution as a reducing agent at room temperature (25 ± 0.5 °C). The obtained rGO, 

rGO/magnetite, rGO/silver, and rGO/magnetite/silver nanopowders were stored in an 

anaerobic glove box to prevent oxidation. The detailed procedure for synthesizing these NHs 

was described in our previous work [19]. Cd(NO3)2, Ni(NO3)2, Zn (NO3)2, Co(NO3)2, 

Pb(NO3)2, and Cu(NO3)2 reagents were purchased from Sigma-Aldrich Co. with a 

minimum purity of 99%. All other chemicals (i.e., Ca(NO3)2, KMnO4, H2O2, H2SO4, HCl, 

and NaOH) purchased from Sigma-Aldrich Co. were of reagent grade. Natural organic 

matter (NOM) (Suwannee River humic acid and fulvic acid) was purchased from 

International Humic Substance Society. DI water with a resistivity of > 18 MΩ/cm was 

obtained from a Milli-Q water treatment system (Millipore Co.) and was used to prepare all 

aqueous solutions.

2.2. Characterization of the synthesized adsorbents

The surface (zeta) potentials of rGO, rGO/magnetite, rGO/silver, and rGO/magnetite/silver 

NHs in suspension were measured as a function of pH using a light-scattering method on a 

ZetaSizer instrument (Nano ZS, Malvern Instruments). The pH was adjusted between 3.0 

and 12.0 with 0.1 M HCl and 0.1 M NaOH. X-ray diffraction (XRD) patterns for the rGO 

and NHs were obtained on a Rigaku Miniflex II X-ray diffractometer with Mn-filtered Fe 

Kα radiation (λ = 0.1937 nm), operated at 30 kV and 15 mA. The rGO and NHs samples 

were scanned from 2θ of 20° to 90° in a 0.02° step increment. Peak analyses of the obtained 

XRD patterns were carried out using the Jade software package (Materials Data, Inc.), 

comparing the collected data to the Powder Diffraction File database of the JCPDS. The size 

and morphology of the rGO and NHs were observed using field-emission transmission 

electron microscopy (TEM). Samples for TEM measurements were prepared by dispersing 

the rGO and NHs in ultra-pure water under ultrasonication and depositing them onto carbon-

coated TEM grids. TEM images showing their morphologies were recorded using a Titan 

G2 ChemiSTEM Cs Probe (FEI Co.) operated at 200 keV. Fourier transform-infrared (FT-

IR) spectra of unsorbed and Cd(II) sorbed rGOs and NHs were recorded on a Nicolet 6700 

FT-IR spectrometer (Thermo Scientific, Inc.) for wavenumbers between 4000 and 400 cm−1. 

The X-ray photoelectron spectra (XPS) of unsorbed and Cd(II) sorbed rGOs and NHs were 

determined using a PHI Quantera SXM scanning X-ray microscope (ULVAC-PHI, Inc.).
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2.3. Equilibrium and kinetic adsorption experiments

A fixed amount (0.2 g/L) of rGO or NHs was mixed with Cd(II), Ni (II), Zn(II), Co(II), 

Pb(II), and Cu(II) solutions, containing 10 mM NaNO3 as a background electrolyte for 24 h 

at room temperature. Aliquots of solution were periodically withdrawn at various time 

intervals for the kinetic study. The collected samples were then filtered using a 0.45-μm 

pore-size membrane filter, and the Cd(II), Ni(II), Zn(II), Co(II), Pb(II), and Cu(II) 

concentrations in filtered solutions were determined by an inductively coupled plasma-mass 

spectrometry (ICP-MS, Agilent 7900, Agilent Technologies). The desired pH values of 

adsorbates were adjusted using 0.01 M HCl or 0.01 M NaOH. The effects of NOM (5 mg/L 

of Suwannee River humic and fulvic acids) on the adsorption of heavy metal ions by rGO 

and NHs were investigated in a multi-metal system containing 1 mM of Cu(II), Ni(II), 

Zn(II), Co(II), Pb (II), and Cu(II) mixtures at 10 mM of NaNO3. All adsorption experiments 

were conducted in duplicate.

Changes in average hydrodynamic diameters (HDDs) of the rGO and NHs were examined as 

a function of heavy metal ion concentrations. Time-resolved dynamic light scattering 

(TRDLS) was employed to record the aggregation kinetics of the rGO and NHs using the 

ZetaSizer (Nano ZS, Malvern Instruments) [23]. All TRDLS measurements were performed 

at a scattering angle of 173° over a period of 20 min to acquire a large enough increase in 

the HDDs. Autocorrelation functions were accumulated for 15 s, and the intensity-weighted 

HDDs were derived by second-order cumulant analysis. The early-stage aggregation kinetics 

for the rGO and NHs were obtained from the initial rate of change (k) in the HDD with time, 

t:

k   ∝   1
N0

dDℎ t
dt t 0

(1)

where N0 represents the initial rGO or NH concentration in suspension [24], and Dh 

represents the HDD. A linear regression analysis was employed to obtain (dDh (t)/dt)t→0 

over the period in which HDD reached 1.5 times of the initial HDD [24,25].

3. Results and discussion

3.1. Characterization of rGO and NHs

TEM analyses were conducted to confirm the successful deposition of iron oxide and silver 

nanoparticles on the surface of the rGO via in situ nucleation and crystallization (Fig. 1). 

The magnetic rGO/magnetite and rGO/magnetite/silver showed the formation of clustered 

and distributed regions of iron oxides over the visible surface of the rGO nanosheet (Fig. 1b, 

d). A sphere-like structure was grown, which is indicative of a high degree of entanglement 

for the iron oxides and silver in rGO/magnetite/silver. Our previous study [20] reported that 

rGO/magnetite/silver exhibited less aggregation (an effective diameter 220–300 nm) than 

rGO and rGO/magnetite in the aqueous electrolyte solution (5–100 mM NaCl). The 

dispersion of magnetic iron oxide and silver on the thin layers (ca. 1 nm thick [26,27]) of the 

rGO, however, decreases the number of sites available for the sorption of heavy metal ions, 
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which affects the accessibility of active surface sites for aqueous metallic ions and the 

kinetic and equilibrium behaviors of the sorption process.

XRD patterns for the rGO and NHs are shown in Fig. 2. A strong peak at 32.6° (2θ), with 

3.45 Å interlayer spacing, was observed for rGO, which is attributed to the pristine graphite 

(0 0 2) plane (JCPDS Number 01-089-8487). The strong peak at 32.2° for rGO/magnetite is 

attributed to pristine graphite (0 0 2). Multiple broad magnetite peaks for rGO/magnetite 

were also observed, which are in good agreement with the XRD pattern for magnetite 

(JCPDS No. 01-075-0449). The sharp peaks centered at 48.6°, 56.7°, and 84.3° are 

attributed to the silver-3C, syn. (1 1 1), (2 0 0), and (2 2 0) planes, respectively (JCPDS No. 

01-087-0597), as confirmed by the presence of silver nanoparticles on both the rGO/silver 

and rGO/magnetite/silver surfaces. A small diffraction peak at 45.5° (2θ) for rGO/

magnetite/silver, corresponding to the magnetite (3 1 1) plane, demonstrated compressive 

loadings of Ag(I) on the surface of the rGO nanosheet [28].

The zeta potentials of the rGO and NHs were measured at various pH values at room 

temperature (Fig. 3). The results showed that all zeta potentials values were negative for pH 

levels of 3.0–10 owing to the deportation of carboxylic and phenolic functional groups [29]. 

The zeta potentials changed slightly with pH ranges of 3.0–6.0, which indicates a strong 

aggregation tendency in acidic and weakly acidic conditions. The zeta potential became 

significantly more negative when the pH > 6.0. Therefore, the rGO and NHs were negatively 

charged under environmentally relevant pH conditions, which will facilitate the sorption of 

positively charged metallic ions.

3.2. Cd(II) adsorption by rGO and NHs

3.2.1. Adsorption kinetics—Cd(II) adsorption characteristics by rGO and NHs were 

compared by varying the reaction time from 10 s to 150 min (Fig. 4a). Cd(II) was chosen 

here for further equilibrium adsorption isotherm and kinetic experiments because the 

adsorption capacities of Cd(II) on the rGO, rGO/magnetite, rGO/silver, and rGO/magnetite/

silver were relatively low at pH 4. The Cd(II) adsorption capacity followed the order rGO > 

rGO/magnetite/silver > rGO/silver > rGO/magnetite. rGO showed the highest adsorption 

performance and the shortest time required to achieve adsorption equilibrium (80.5% within 

5 min) compared with the other rGO-based NHs. After the initial rapid adsorption, the rate 

of adsorption slowed down over the next 25 min, accounting for 16.2% of the final 

adsorption capacity (3.835 mmol/g). rGO/magnetite exhibited the smallest adsorption 

capacity (2.569 mmol/g) and the slowest Cd(II) adsorption rate (57.8% within 5 min). In the 

rGO/silver and rGO/magnetite/silver systems, 2.089 and 2.712 mmol/g of Cd(II), 

respectively, were rapidly adsorbed within 5 min, accounting for 62.9% and 79.7%, 

respectively, of the maximum adsorption capacities.

These results indicated that the iron and elemental silver-deposited rGOs may play an 

inhibitory role in the adsorption of Cd(II) ions. Therefore, the rGO with no metal deposition 

is better for Cd(II) immobilization owing to the weak electrostatic repulsion between rGO 

and Cd(II). The differences in the adsorption kinetics between rGO and NHs were positively 

correlated with the aggregation rates of these NHs for Cd(II) ions, except for rGO/magnetite, 

which has magnetic properties that promote particle aggregation. Cd(II) ions in solution may 
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induce bridging of bare rGO nanosheets, which leads to both greater adsorption of Cd(II) on 

rGO and higher aggregation rates for rGO compared with metal-loaded rGOs [30,31].

To probe the underlying Cd(II) adsorption mechanisms by the rGO and NHs, linearized 

pseudo-first-order [32] and pseudo-second-order kinetic models [33] were employed, as 

expressed in Eqs. (2) and (3), respectively:

ln qe − qt = lnqe − k1t (2)

1
qt

= 1
k2qe2

⋅ 1
t + 1

qe (3)

where qt (mmol/g) and qe (mmol/g) are the amounts of Cd(II) adsorbed at time t and at 

equilibrium, respectively and k1 and k2 are the pseudo-first-order and pseudo-second-order 

rate constants of adsorption (1/min), respectively, which can be calculated from a plot of ln 

(qe − qt) versus t and 1/qt versus 1/t, respectively. The amounts of Cd(II) adsorbed on the 

rGO and NHs were calculated using Eq. (4):

qe = C0 − Ce
V
m (4)

where C0 (mmol/L) refers to the initial concentration of Cd(II) ion, Ce (mmol/L) is the 

Cd(II) concentration in the aqueous solution at equilibrium, m is the mass of the adsorbents 

(g), and V is the volume of the suspension (L). The calculated parameters of the pseudo-

first-order and pseudo-second-order kinetic models are shown in Table S2. The correlation 

coefficient values (r2) for the pseudo-second-order kinetic model were higher than those 

obtained from the pseudo-first-order kinetic model simulations. This result suggested that 

the Cd(II) adsorption processes for the rGO and NHs were better described by the pseudo-

second-order model, which has also been observed for Cd(II) adsorption by other GO-based 

nanosheets, such as GO [34], functionalized graphene [35], magnetic graphene oxide [36], 

2,2′-dipyridylamine modified GO [11], amino functionalized magnetic graphene composite 

[37], and 3D-SRGO [12]. According to the pseudo-second-order model assumptions, the 

rate-limiting step of Cd(II) ion adsorption can be attributed to the chemical adsorption 

(chemisorption) via bonding forces through electron sharing or exchange between the rGO 

or NHs and Cd(II) ions (see Scheme 1) [38].

3.2.2. Adsorption isotherms—Batch experiments were conducted by varying Cd(II) 

ion concentrations from 0.01 to 4 mM to investigate adsorption isotherms (Fig. 4b). To 

further explain the macroscopic interaction mechanisms of the rGO and NHs with Cd(II) 

ions, Langmuir and Freundlich isotherm models were used to describe the Cd(II) adsorption 

data at room temperature [39,40]. The Langmuir isotherm model, which assumes uniform 

adsorption energy and monolayer coverage on the adsorbent, can be expressed by Eq. (5) as 

follows [41]:

1
qe

= 1
qm

+ 1
kLqmCe

(5)
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RL =   1
1 + C0kL

(6)

where qm (mmol/g) is the maximum adsorption capacity and kL (L/mmol) is the equilibrium 

constant of the reaction that reflects the adsorption binding energy. The Freundlich isotherm 

model describes Cd(II) ion adsorption on a heterogeneous rGO or NH surface by multilayer 

adsorption. The empirical linear equation can be expressed by Eq. (7) as follows [42]:

lnqe = lnkf + 1
nlnCe (7)

where kf is Freundlich affinity coefficient and 1/n is the intensity of the adsorption (1 < n < 

10). The larger the calculated value of n, the greater the expected heterogeneity of the 

adsorption sites. The non-linear Chi-square (χ2) test was used to evaluate the fit of the 

isotherms to the experimental data [43]. The χ2 test statistic is defined as the sum of the 

squares of the differences between the experimental data and theoretically calculated data 

from isotherm models. The equivalent mathematical statement (Eq. (8)) is

χ2 = ∑ qe
exp − qecal 2

qecal (8)

where qe
exp (mmol/g) is the experimental data for the adsorption capacity at equilibrium and 

q cal (mmol/g) is the equilibrium capacity calculated from the isotherm models. If the 

χ2value obtained is smaller, the calculated values are closer to the experimental data. 

Analyses of the experimental data using the χ2 test are necessary to confirm the best-fit 

isotherms. The isotherm model parameters are listed in Table S3.

The adsorption isotherms for the rGO and NHs were better fitted by the Langmuir isotherm 

model, considering that the χ2 values for the Langmuir model were much smaller than those 

for the Freundlich model. These results suggested that the adsorption of Cd(II) ions on rGO, 

rGO/magnetite, rGO/silver, and rGO/magnetite/silver followed monolayer adsorption 

processes. The Freundlich isotherm model was unsuitable for interpreting the experimental 

data owing to the relatively low correlation coefficient (r2 < 0.91) [44]. rGO had a higher 

Cd(II) adsorption capacity (3.854 mmol/g) than many other rGO-based sorbents reported 

elsewhere, including 3D-SRGO having high affinity between sulfo groups and heavy metals 

(2.089 mmol/g) [12] and nano zerovalent iron supported on rGO having enhanced dispersion 

ability and stability (3.787 mmol/g) [45] (Table 1). The high adsorption capacities of the 

rGO and NHs for Cd(II) ions can be explained by the oxygenated functional groups having a 

lone electron pair to share with a metallic ion, forming a metal–rGO surface complex [34]. 

Although the deposition of magnetite on rGO (i.e., rGO/magnetite (qm = 2.605 mmol/g)) 

decreased 32.4% of the maximum Cd(II) adsorption capacity for bare rGO, further 

hybridization with silver (i.e., rGO/magnetite/silver (qm = 3.441 mmol/g)) can compensate 

for the adsorptive capacity (32.1% enhancement). The rGO synthesized with silver only (i.e. 
rGO/silver (qm = 3.317 mmol/g)) slightly decreased the adsorption performance compared 

with bare rGO (13.9% decrease). However, the qm values for rGO/magnetite, rGO/silver, 

and rGO/magnetite/silver were still higher than the sorbents described above (i.e., activated 
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biochar, Amberlite IRC-718, α-KA-Fe3O4/CS, and NZPs). These results suggested that 

magnetite-and silver-deposited rGO nanosheets possess significant potential for use in heavy 

metal removal in wastewater cleanup.

3.3. XPS study of the adsorption of Cd(II) on rGO and NHs

To confirm the chemisorption characteristics of Cd(II) ions on the rGO and NHs, XPS 

measurements were carried out before and after adsorption experiments. XPS spectra 

obtained for the bare rGO are shown in Fig. 5 and Table S4. The high-resolution C1s spectra 

of rGO showed that significant differences in both peak shape and peak intensity were 

observed before and after Cd(II) adsorption. The strong peak in the C1s spectrum is 

attributed to C-C aromatic bonds with binding energies of 284.3 eV. The second largest peak 

(286.1 eV) formed after Cd(II) adsorption on rGO can be ascribed to the carbon atom of the 

amino group (C-NH2). The peak intensity of the O1s spectrum for rGO before Cd(II) 

adsorption differs significantly from that of the spectrum with adsorbed Cd(II) ions. The O1s 

peak for rGO with adsorbed Cd(II) ions at approximately 531.8 eV, presumably arising from 

C=O bonds, increased in intensity, providing evidence that the oxygen-containing functional 

groups were strongly associated with the adsorption of Cd(II) ions on rGO. The Cd3d 

spectrum of rGO with adsorbed Cd(II) ions had noticeable peaks at approximately 405.7 and 

412.3 eV, which signifies successful Cd(II) binding to the rGO (Fig. 5d) due to complexation 

with deprotonated sites on rGO and cation exchange (see reactions (5) and (6)).

3.4. Aggregation kinetics of rGO and NHs

To test the effect of heavy metal adsorption on the stability of rGO and NHs, the aggregation 

kinetic profiles were investigated as a function of Cd(II), Ni(II), Zn(II), Co(II), Pb(II), and 

Cu(II) ion (Fig. 6). The concentrations of the rGO and NHs were controlled at 0.2 g/L, 

which is consistent with the batch adsorption experiments. The increase in the rate of 

aggregation can be attributed to the compression and charge screening of electrostatic 

double-layer of nanoparticles [46]. Although divalent cations showed a similar degree of 

charge screening according to the Schulze–Hardy rule [47,48], the heavy metals displayed 

destabilization abilities for the rGO and NHs in the following order: Cu(II) > Zn(II) > Ni(II) 

> Co(II) > Cd(II), Pb(II). The aggregation rate plots in Fig. S2 correspond to the adsorption 

capacities of heavy metal ions by the rGO and NHs. This result indicated that the 

destabilization of the rGO and NHs by heavy metal ions was a combined process involving 

adsorption and ionic radius effects [46]. However, the aggregation rate for rGO/magnetite 

increased notably despite the lower adsorption capacity for metal ions compared with rGO, 

rGO/silver, and rGO/magnetite/silver (Fig. S1). This result can be attributed to the magnetic 

properties of the rGO/magnetite and lower zeta potentials when heavy metal ions were 

added to the suspension.

Further analysis revealed that the stability of the rGO and NHs was highly dependent on the 

type and concentration of the divalent cations. The zeta potentials of the rGO and NHs as a 

function of heavy metal ion concentrations are shown in Fig. S3. The surface negativities of 

rGO/silver and rGO/magnetite/silver decreased as the metal ion concentrations increased, 

exerting a screening effect on the electrostatic potentials, although the differences in zeta 

potentials were negligible for rGO and rGO/magnetite. This meant that rGO/silver and rGO/
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magnetite/silver NHs were stably dispersed in water in the presence of metal ions, whereas 

rGO and rGO/magnetite were present in a more aggregated form.

3.5. Adsorption in a multi-metal mixture

The differences in the affinity of metal ions for the rGO and NHs were observed for a multi-

metal mixture. For this purpose, the competitive adsorption of six aqueous metal cations 

(Cu/Ni/Zn/Co/Pb/Cu mixtures) was examined with the same initial concentration of metallic 

ions (5.0 μmol per 1 mg of rGO, rGO/magnetite, rGO/silver, and rGO/magnetite/silver). Fig. 

7 shows the experimental data for the multi-metal mixtures and the relative amounts of 

adsorbed metal ions. It should be noted that the adsorption capacities of metal ions on the 

rGO and NHs significantly decreased in the multi-metal mixture compared with those in the 

single-metal system (Fig. S1). However, the rGO and NHs still exhibited a greater 

preference for Zn(II) (16.780–22.639% of the total adsorption) and Cu(II) (22.638–25.871% 

of the total adsorption) than Cd(II), Ni(II), Co(II), and Pb(II). In competitive adsorption of 

Cd(II), Ni(II), Zn(II), Co(II), Pb(II), and Cu(II), the adsorption affinity on the rGO and NHs 

followed the order (Cu(II), Zn(II) > Ni(II) > Co(II) > Pb(II), Cd(II)). This order matches the 

ionic radii of these metal ions (i.e., Cd(II), Ni(II), Zn(II), Co(II), Pb(II), and Cu(II)), as in the 

single-metal systems.

The adsorption capacity and selectivity of the rGO and NHs for Cd (II), Ni(II), Zn(II), 

Co(II), Pb(II), and Cu(II) ions were also investigated under optimized conditions and in the 

presence of NOM, which is ubiquitously present in surface water and, in general, exhibits 

adverse effects in water treatment process. The adsorption capacities obtained according to 

the type of NOM and the percentage increase are summarized in Table S5. Suwannee River 

humic and fulvic acids significantly enhanced the adsorption efficiency of Cd(II), Ni(II), 

Co(II), and Pb(II), particularly for rGO/magnetite. The increased adsorption percentage in 

the presence of NOM can be attributed to the formation of strong complexes consisting of 

metal ions and the NOM carboxylic and phenolic groups adsorbed on the available sites of 

the rGO and NHs [49]. NOM can effectively disperse the rGO and NHs, so their available 

surface areas increase compared to those without presence of NOM, this may be another 

reason for the observed results. When Zn(II) and Cu(II) ions were present, however, the 

differences in the adsorption capacities were not significant, suggesting that the adsorption 

efficiency was not seriously influenced by the NOM species.

4. Conclusions

The unique properties of rGO attract particular interest in the context of heavy metal 

removal owing to their abundant oxygenated functional groups. These surface groups 

facilitate the binding of metal ions by complexation with rGO and NHs owing to electron 

pair sharing. The decoration of magnetite and silver nanoparticles on the surface of rGO 

decreased the adsorption affinity of metal ions, but adsorption capacities for metal ions 

remained high at 3.854, 2.605, 3.317, and 3.441 mmol/g for rGO, rGO/magnetite, rGO/

silver, and rGO/magnetite/silver NHs, respectively, towards Cd(II). These values are greater 

than the adsorption capacities recently reported for other sorbents. The single-metal and 

competitive adsorption studies showed that the affinities of rGO and NHs for these metal 
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ions decreased in the order of Cu (II) ≈ Zn(II) > Ni(II) > Co(II) > Cd(II), Pb(II). The affinity 

order corresponds to the destabilization ability of rGO and its NHs and the ionic radius order 

of the metal ions. The kinetics of Cd(II) adsorption on the rGO and NHs were better 

described by the pseudo-second-order model than the pseudo-first-order model, suggesting 

that the adsorption process was controlled by chemisorption including surface complexation 

between Cd(II) ions and adsorbents. The adsorption isotherms for metal ions on rGO and 

NHs were fitted better by the Langmuir model than by the Freundlich model, which suggests 

that the adsorption process involves monolayer coverage with uniform adsorption energy. 

XPS analysis confirmed that complexation with deprotonated sites of the adsorbents and 

cation exchange of sodium/hydrogen by Cd(II) were the major mechanisms for the removal 

of Cd(II) ions. Taking into consideration the slight decrease in the adsorptive performance 

for heavy metal ions, the rGO-based NHs with magnetite and elemental silver could be 

applicable for metal decontamination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Representative transmission electron microscopy images of (a) rGO, (b) rGO/magnetite, (c) 

rGO/silver, and (d) rGO/magnetite/silver nanohybrids.
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Fig. 2. 
XRD patterns of pristine graphite, magnetite, silver, rGO, rGO/magnetite, rGO/silver, and 

rGO/magnetite/silver nanohybrids.
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Fig. 3. 
Variations in the surface (zeta) potential of rGO, rGO/magnetite, rGO/silver, and rGO/

magnetite/silver nanohybrids in water with solution pH at 298 K (adopted from Park et al. 

[20]). Error bars indicate the standard deviations for at least triplicate measurements.
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Fig. 4. 
(a) Adsorption kinetics and (b) isotherms of Cd(II) ions on rGO, rGO/magnetite, rGO/silver, 

and rGO/magnetite/silver nanohybrids. The solid and dashed lines represent the pseudo-

first-order and pseudo-second-order kinetic models or Langmuir and Freundlich isotherm 

models fitted results, respectively. Experimental conditions: m/V = 0.2 g/L; initial pH = 4.0 

± 0.1; [Cd(II)]0 = 1 mM, I = 0.01 mol/L NaNO3;
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Fig. 5. 
(a) X-ray photoelectron spectra survey scans of rGO before and after Cd(II) adsorption, and 

XPS spectra of (b) C1s, (c) O1s, and (d) Cd3d for rGO before and after Cd(II) adsorption.
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Fig. 6. 
Dynamic aggregation history of (a) rGO, (b) rGO/magnetite, (c) rGO/silver, and (d) rGO/

magnetite/silver nanohybrids in the presence of different heavy metal ions. Experimental 

conditions: m/V = 0.2 g/L; initial pH = 4.0 ± 0.1; [Cd(II)]0 = [Ni(II)]0 = [Zn(II)]0 = [Co(II)]0 

= [Pb(II)]0 = [Cu(II)]0 = 1 mM; I = 0.01 mol/L NaNO3; and T = 298 K.
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Fig. 7. 
(a) Competitive adsorption of Cd(II), Ni(II), Zn(II), Co(II), Pb(II), and Cu(II) on rGO, rGO/

magnetite, rGO/silver, and rGO/magnetite/silver nanohybrids and (b) relative amounts of 

metal ions adsorbed on rGO, rGO/magnetite, rGO/silver, and rGO/magnetite/silver 

nanohybrids (mole percentage). Experimental conditions: m/V = 0.2 g/L; initial pH = 4.0 ± 

0.1; [Cd(II)]0 = [Ni(II)]0 = [Zn(II)]0 = [Co(II)]0 = [Pb(II)]0 = [Cu(II)]0 = 1 mM; and T = 298 

K.
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Scheme 1. 
Proposed adsorption mechanisms for Cd(II) ions on the rGO/magnetite/silver NH sample.
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