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Abstract: Pollution due to acidic and metal-enriched waters affects the quality of surface and
groundwater resources, limiting their uses for various purposes. Particularly, manganese pollution
has attracted attention due to its impact on human health and its negative effects on ecosystems.
Applications of nanomaterials such as graphene oxide (GO) have emerged as potential candidates
for removing complex contaminants. In this study, we present the preliminary results of the removal
of Mn(II) ions from acidic waters by using GO functionalized with zinc oxide nanoparticles (ZnO).
Batch adsorption experiments were performed under two different acidity conditions (pH1 = 5.0
and pH2 = 4.0), in order to evaluate the impact of acid pH on the adsorption capacity. We observed
that the adsorption of Mn(II) was independent of the pHPZC value of the nanoadsorbents. The
qmax with GO/ZnO nanocomposites was 5.6 mg/g (34.1% removal) at pH = 5.0, while with more
acidic conditions (pH = 4.0) it reached 12.6 mg/g (61.2% removal). In turn, the results show that
GO/ZnO nanocomposites were more efficient to remove Mn(II) compared with non-functionalized
GO under the pH2 condition (pH2 = 4.0). Both Langmuir and Freundlich models fit well with the
adsorption process, suggesting that both mechanisms are involved in the removal of Mn(II) with
GO and GO/ZnO nanocomposites. Furthermore, adsorption isotherms were efficiently modeled
with the pseudo-second-order kinetic model. These results indicate that the removal of Mn(II) by
GO/ZnO is strongly influenced by the pH of the solution, and the decoration with ZnO significantly
increases the adsorption capacity of Mn(II) ions. These findings can provide valuable information
for optimizing the design and configuration of wastewater treatment technologies based on GO
nanomaterials for the removal of Mn(II) from natural and industrial waters.
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1. Introduction

The progressive scarcity of water resources is among the major concerns worldwide [1–3].
The lower water availability produced by the marked reduction in rainfall and water pollu-
tion has a considerable impact on several areas of the world [2]. Specifically, heavy metal
contamination significantly affects water quality, due to its persistence, non-degradation,
and toxicity at low concentrations [4,5]. Heavy metals can be released from natural sources,
such as volcanic activities, or through anthropogenic sources, such as mining operations,
because of the generation of acid mine drainage (AMD) runoffs [4,6,7]. These pollutants in
AMD waters have adverse effects on the ecosystem, contaminating surface and ground-
water resources in various regions [8,9]. For this reason, the development of technological
alternatives for the treatment and remediation of metal-enriched waters has become a key
challenge to reduce the negative environmental impacts on water resources.

In recent years, the removal of Mn(II) from contaminated waters has received great
interest. Manganese can occur in five different oxidation states, namely, Mn(II), Mn(III),
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Mn(IV), Mn(VI) and Mn(VII); however, the divalent form (Mn(II)) predominates in most
contaminated waters [10]. The intake of high concentrations of Mn can cause several
toxic effects, such as sexual impotence, damage to the human central nervous system and
endocrine system, growth retardation and muscle fatigue [11–13]. Additionally, at the
metabolic level, it has been seen that Mn concentrations can cause peroxidative damage in
fish tissues [14]. Consequently, the presence of Mn in natural waters is not desirable since,
depending on the concentration, it can be potentially toxic.

Several approaches for heavy metal removal have been employed, such as ion ex-
change, precipitation, reverse osmosis, adsorption, membrane separation, bioremediation
and phytoremediation [15–22]. Likewise, the removal of metallic pollutants and the degra-
dation of persistent organic pollutants has also been explored by different technologies
based on photocatalyst applications [23–25]. Among these methods, adsorption processes
have been commonly used for metal removal, mainly due to their versatility of application,
design flexibility, potential regeneration of adsorbents, cost-effectiveness, lower secondary
contamination and high efficiency [15,19,26]. The adsorbents used are variable, including
low-cost compounds, such as biochar, activated carbon or clays, or more advanced com-
pounds, such as polymers, metal oxides and nanomaterials [27–35]. However, many of the
absorbents in some cases have low adsorption capacities and a smaller specific area, which
makes it difficult to remove heavy metals. Based on this disadvantage, the application
of nanomaterials may be desirable given their improved properties, such as their greater
surface area, functionalization potential and higher chemical reactivity, which facilitate the
adsorption of heavy metals.

Graphene oxide (GO) is among the most studied nanomaterials for the removal of
heavy metals [36,37]. GO has a large specific area (2630 m2/g) that favors interaction with
heavy metals and at the same time is susceptible to functionalization with different oxygen-
containing functional groups, such as carboxyl and hydroxyl groups, that can considerably
improve the adsorption of certain heavy metals. In the same way, the interactions between
the lamins by π-π stacking and van der walls forces favor the adsorption capacity of heavy
metals [36,38]. In fact, some studies have reported the potential of GO for the adsorption of
Mn(II). Yang et al. [39] demonstrated that the adsorption of Mn(II) from aqueous solution
by Sodium Alginate/Graphene Oxide Composite Double-Network Hydrogel Beads was
optimal at pH 6.0. Furthermore, they observed that after seven adsorption–desorption
cycles, the adsorption capacity remained unchanged at 18.11 mg/g, which supports that GO
and its functionalizations may be a good candidate for the removal of Mn(II). Additionally,
Xu et al. [40] showed that a poly (sodium acrylate)-graphene oxide (PSA-GO) double
network hydrogel adsorbent was efficient for Mn(II), reaching a maximum adsorption
capacity of 165.5 mg/g at pH = 6.0. Likewise, it has been shown that GO functionalized
with ZnO nanoparticles is efficient for the removal of various metals, such as Cu, Cd, Co,
Cr, Hg and Pb, resulting in considerable improvements in the adsorption capacity of non-
functionalized GO [41–43]. Recently, our group demonstrated that the functionalization of
GO with ZnO nanoparticles improves the adsorption capacity of Cu and to a lesser extent
of Al from acidic waters [44]. Despite these advances, no approaches have been developed
to evaluate the potential applications of GO and its functionalization in the removal of
Mn(II) ions from acidic waters where pH conditions can affect adsorption processes. This is
relevant since AMD waters can have high concentrations of Mn(II) and low pH. In addition,
the growing attention that Mn(II)-contaminated water courses has received is driving the
development of emerging and efficient technologies to remove this contaminant.

Here, we report the preliminary results of the application of GO/ZnO for the removal
of Mn(II) under acidic conditions. Experimental data were fitted using Langmuir model
isotherms in adsorption experiments considering two different pH conditions (pH1 = 5.0
and pH2 = 4.0). Thus, we describe the performance of GO/ZnO nanocomposites as
a potential candidate for their application in the treatment and remediation of Mn(II)-
enriched wastewaters.
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2. Materials and Methods
2.1. Materials

All the chemical reagents used in this study were of analytical reagent grade, and the
solutions used were prepared with deionized water. For GO preparation, graphite powder
was purchased from Merck. ZnO nanoparticles were obtained from Sigma Aldrich and
used without further purification. Manganese-enriched synthetic acidic wastewater was
prepared by adding NaNO3 and MnSO4·H2O to deionized (DI) water. pH was adjusted
with hydrochloric acid (HCl) purchased from Merk, while absolute ethanol (C2H5OH)
used to prepare the nanocomposites (GO/ZnO) was also purchased from Merck.

2.2. Preparation of GO and GO/ZnO Nanocomposites

The modified Hummers method [45] was used to prepare GO nanosheets. The GO
was prepared from a mixture of graphite powder with additional KMnO4. Specifically,
the GO was obtained by following the procedure described by Rodríguez et al. [32]. The
obtained single-layered GO suspension was oven-dried at 70 ◦C for 4 h.

Commercial ZnO nanoparticles with an average size of 100 nm were dispersed in ab-
solute ethanol (0.33 mg/mL) and then sonicated for 40 min. Then, the resulting solution of
ZnO nanoparticles was slowly added drop by drop to the GO dispersion (2.5 mg/mL) pre-
viously prepared. The resulting mixture was washed several times with ethanol and then
placed in a water bath to remove the remaining ethanol. Finally, the suspension of GO/ZnO
nanocomposites obtained was oven-dried at 70 ◦C for 4 h for their characterization and use
in batch adsorption experiments.

2.3. Characterization Techniques

Infrared spectra were recorded on a Fourier transform infrared (FT-IR) 4600 Spectrom-
eter (JASCO, Easton, PA, USA) in the range of 400–4000 cm−1 at a resolution of 1 cm−1

using spectroscopic quality KBr powder (KBr pellet method). The specific surface area of
the GO and GO/ZnO nanocomposites was calculated by Brunauer–Emmett–Teller (BET)
N2 adsorption–desorption analysis (Micromeritics Instruments Corp., Norcross, GA, USA).
The structure, size and morphology of GO, ZnO and GO/ZnO nanocomposites were
examined using a scanning electron microscope (SEM) (JSM-IT300LV, JEOL, Tokyo, Japan)
coupled with energy-dispersive X-ray spectroscopy (Oxford Instruments, High Wycombe,
UK) (SEM-EDX). The elemental mapping on the nanometer scale of GO, ZnO and GO/ZnO
nanocomposites were measured using EDX analysis. Finally, the pH of point of zero charge
(pHPZC) value was determined following the method described by Rodríguez et al. [32].

2.4. Equilibrium Adsorption Study

Batch experiments were carried out in 40 mL tubes to obtain the equilibrium isotherms
of Mn(II) with GO and GO/ZnO as nanoadsorbents. The experiments were performed with
a variable concentration of Mn(II) ions (added as MnSO4·H2O) under two pH conditions
(pH1 = 5.0 and pH2 = 4.0). pH was adjusted to 4.0 by adding 0.01 M HCl. For each batch,
20 mg of each nanoadsorbent (GO and GO/ZnO) was aggregated in 40 mL tubes, and
the residual concentrations of Mn(II) ions were measured after equilibrium time (20 h) in
filtered (0.22 µm) samples. The experiments were performed with shaking (380 rpm) at
room temperature (22–24 ◦C). Additionally, solid phases were obtained from the samples
by centrifugation.

The sorption capacity at equilibrium qe (mg/g sorbent) was calculated using Equation (1):

qe =
(C0 − Ce)·V

m
(1)

where C0 is the initial concentration (mg/L), Ce is the aqueous-phase equilibrium metal
concentration (mg/L), V is the volume of suspension (L) and m is the mass of the adsor-
bent (g).
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The equilibrium adsorption of Mn(II) ions solutions was measured in the dark at room
temperature for 20 h for adsorption/desorption equilibrium in 40 mL tubes with a variable
initial concentration of Mn(II) (4.9–10.5 mg/L).

To evaluate the removal of Mn(II) ions from metal solutions, the removal efficiency (η)
was calculated using Equation (2):

η (%) =

(
C0 − Ct

C0

)
·100 (2)

where C0 and Ct are the concentration of metal ions at the initial and time t, respectively.

2.5. Adsorption Isotherms

The experimental data obtained in batch adsorption experiments were fitted using
linear Langmuir-2, Freundlich and Tempkin models (Table 1). The sorption capacity q
(mg/g sorbent) was obtained using these models.

Table 1. List of adsorption isotherms models used in this study.

Isotherm Nonlinear Form Linear Form Plot Variables Reference

Langmuir-2 qe =
qmKl Ce
1+KLCe

Ce
qe

= Ce
qm

+ 1
(qmKL )

1
qe

vs. 1
Ce

KL =
Intercept

Slope

qm = Intercept−1
[46]

Freundlich qe = KFC
1
n
e

log(qe) =
log(KF) +

1
n log(Ce)

log (qe) vs. log (Ce)
KF = antilog(intercept)

n = 1
Slope

[47]

Tempkin qe = BT In(KTCe) qe = BT InKT + BT InCe qe vs. In(Ce)
KT = exp

(
Intercept

BT

)
BT = Slope

[48]

The linear form of the Langmuir-2 isotherm is given as Equation (3):

Ce

qe
=

Ce

qm
+

1
(qmKL)

(3)

where qe is the maximum amount of the ions adsorbed at equilibrium (mg/g), qm is the
maximum theoretical adsorbed amount at equilibrium (mg/g), KL is the Langmuir constant
related to the energy of adsorption and Ce is the equilibrium concentration of metal in
aqueous solution (mg/L).

The linear form of the Freundlich isotherm is given as Equation (4):

log(qe) = log(KF) +
1

n log(Ce)
(4)

where KF is the Freundlich adsorption capacity, qe is the maximum amount of ions adsorbed
at equilibrium (mg/g), 1/n is the sorption constant with a value range between 0 and 1
and Ce is the equilibrium concentration of metal in aqueous solution (mg/L)

Finally, the linear form of the Temkin isotherm is given as Equation (5):

qe = BT In(KTCe) (5)

where qe is the amount of ions sorbed (mg/L), BT is the equilibrium concentration of
adsorbate (mg/L) and a short form of expression RT/bt (where R, T and bt represent the
gas constant (8.314 J/mol K), absolute temperature (K) and Tempkin isotherm constant),
KT is the Tempkin isotherm equilibrium binding constant (L/g) and Ce is the equilibrium
concentration of metal in aqueous solution (mg/L)

2.6. Adsorption Kinetics

To examine the mechanisms that control the adsorption processes onto GO and
GO/ZnO nanocomposites, the kinetic behavior was investigated using a pseudo-first-
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order and pseudo-second-order kinetic equations. For kinetic analysis, 28.4 mg/L of Mn(II)
concentration and 20 mg of GO and GO/ZnO nanocomposites were added separately in
40 mL tubes. The solutions were continuously stirred at 380 rpm and at room temperature
(22–25 ◦C), and the sampling was carried out at 10 min, 30 min, 1 h, 2 h, 4 h, 18 h and 24 h.

The pseudo-first-order (PFO) kinetic model is given as Equation (6) according to
Ding et al. [49].

log(qe − qt) = log qe −
k1

2.303
t (6)

where k1 is the constant of first-order adsorption in 1/min, qe is the adsorption capacity at
equilibrium (mg/g) and qt is the adsorption capacity at the time t (mg/g).

The pseudo-second-order (PSO) kinetic model is given as Equation (7) according to
Ho and McKay [50].

t
qt

=
1

k2q2
e
+

t
qe

(7)

where k2 is the rate constant of second-order adsorption in g/mg min, qe is the adsorption
capacity at equilibrium (mg/g) and qt is the adsorption capacity at the time t (mg/g).

To evaluate if the kinetic model is applicable to experimental data, the equilibrium
adsorption capacity was determined from the slope and the intercept of straight-line plots
of Equations (6) and (7). Furthermore, to characterize the curve of the pseudo-second-order
model, the approaching equilibrium factor (Rw) was determined. This factor represents
the characteristics of the PSO kinetic curve in an adsorption system and is defined by
Equation (8) according to Wu et al. [51].

Rw =
1

1 + k2qetre f
(8)

where k2 is the rate constant of second-order adsorption in g/mg min, qe is the adsorption
capacity at equilibrium (mg/g) and tre f is the longest operation time (based on kinetic
experiments).

2.7. Chemical Analyses

Mn(II) concentrations in the aqueous solutions of batch adsorption experiments were
measured using a UV-vis spectrophotometer (DR3900, Hach, Loveland, CO, USA), while
pH (PHC301, Hach, Loveland, CO, USA) was measured using a multimeter (Hq40d Multi,
Hach, Loveland, CO, USA).

2.8. Quality Assurance/Quality Control (QA/QC)

Quality Assurance/Quality Control (QA/QC) procedures were carried out continuously
to ensure the quality and reproducibility of the results obtained during experimentation.

The material was washed with Milli-Q water during the experimentation process, and
analytical grade chemical reagents were used. Likewise, the instruments were calibrated
periodically to ensure the accuracy and precision of the measurements. Mn(II) measure-
ments were contrasted against standards of known concentration and blank samples. The
analyses were carried out in triplicate, and Mn(II) and pH measurements were verified
by performing triplicate readings. Furthermore, the measured Mn(II) concentrations were
contrasted with measurements of random samples by ICP-OES.

3. Results
3.1. Adsorbent Characterization
3.1.1. Fourier Transform Infrared (FT-IR) Spectroscopy

The chemical structure of the nanoadsorbents used in this study was characterized
by Fourier Transform Infrared (FT-IR) spectroscopy. The FTIR spectra of GO, ZnO and
GO/ZnO are shown in Figure 1. Figure 1a shows that the band corresponding to the
hydroxyl group (O–H stretching, 3378 cm−1) is quite marked, which indicates the presence
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of these functional groups on the GO sheets [52]. In the same way, this band is also
observed in GO/ZnO nanocomposites (Figure 1c). On the other hand, other absorption
bands are observed at 1375, 1229 and 1081 cm−1, which correspond to C–H groups and
C–O stretching [53,54], although these are less prominent than those corresponding to
O–H groups. Functional groups of carboxylic acids, ketones, aldehydes or esters may be
associated with the signal shown for carbonyl [55]. The absorption peak at 1375 cm−1

corresponds to the C–O stretching of the epoxide groups, while at 1229 cm−1, the stretching
of the C–OH groups appears. Finally, the signal at 1081 cm−1 corresponds to the stretching
of the C–O groups [53,54].

The FT-IR spectrum of the ZnO nanoparticles shows a broad band at 3422 cm−1 [56],
which corresponds to the stretch vibration absorption band of water molecules in ZnO.
The characteristic bands of melic oxides are also observed, which are below 1000 cm−1,
specifically at 893 and 537cm−1 [57]. In addition, dispersion zones produced by the OH
groups on the surface of the ZnO nanoparticles and hydrogen atoms that tend to form
hydrogen bridges are observed [58,59].

In the GO/ZnO spectrum, the absorption peaks at 3388 cm−1 reflect the presence of
OH groups characteristic of GO nanosheets. However, it is observed that these peaks are
less thick, which is a consequence of the decoration of the GO nanosheets with the ZnO
nanoparticles [60]. In the same way, it is observed that possibly the ZnO nanoparticles
interact with the C=O groups, which is evidenced by the decrease in the adsorption peak
at 1700 cm−1 [60]. Signals are observed at 1594 and 1368 cm−1 which correspond to the
stretching of the C–C and C–OH groups, respectively [60]. In addition, the presence of the
characteristic peaks of the ZnO nanoparticles is observed below 1000 cm−1 [57]. In this
case, the signals at 745 and 435 cm−1 are clearly distinguished [60]. These results indicate
that the decoration of GO with ZnO was effective and that the formation of the GO/ZnO
nanocomposite occurs.

3.1.2. Brunauer–Emmett–Teller (BET) Analysis

The Brunauer–Emmett–Teller (BET) surface areas of the GO and GO/ZnO nanocom-
posites were estimated by using N2 adsorption–desorption isotherms. The BET surface
areas measured were 25.06 and 4.19 m2/g, for GO and GO/ZnO, respectively, which shows
a reduction in surface area after decoration with ZnO nanoparticles. This smaller surface
area may be a consequence of the lower dispersibility in water of the GO nanosheets com-
pared to the smaller ZnO nanoparticles. Furthermore, the presence of the ZnO nanoparticles
can block some of the GO pores, reducing the surface area [61]. This can also be observed
by the reduction in pore volume that decreases from 0.07 cm3/g in the Go nanosheets
to 0.01 cm3/g in the GO/ZnO nanocomposites. The pore density (15.06 nm for GO and
7.21 nm for GO/ZnO) also decreases with the decoration of ZnO nanoparticles. Despite
this, the adsorption processes could be improved by the presence of ZnO nanoparticles
in the GO nanosheets, independent of the reduction in the BET area, since the adsorption
process also depends on other parameters.

3.1.3. Scanning Electron Microscopy (SEM)

Representative scanning electron microscopy (SEM) images of each nanoadsorbent are
shown in Figure 2. GO layers (Figure 2a) differ from the typical straight sheets of graphite;
this occurs by acid treatment using the Hummers method. Furthermore, Figure 2b shows
the ZnO nanoparticles (<100 nm), which are shown to be aggregated into larger particles.
Figure 2c shows that the ZnO nanoparticles (arrows) are scattered across the surface
of graphene layers, in some cases with a characteristic aggregation of the interactions
between ZnO particles. The decoration process with ZnO nanoparticles is characteristic
of a crosslinking mechanism [41], and the morphology of GO/ZnO nanocomposites is
uniform and defined.
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Figure 1. FT-IR spectrum of GO (a), ZnO (b) and GO/ZnO (c) nanocomposites before Mn(II) adsorption.

EDX analysis was performed to determine the surface chemical composition of each
nanoadsorbent. The results show that the GO nanosheets are mainly composed of carbon
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(58.7% wt) and oxygen (40% wt) with a low percentage of impurities (Figure 2d), while
the ZnO nanoparticles are mainly composed of zinc (56.2% wt) and oxygen (43.5% wt)
(Figure 2e). As expected, the EDX spectrum of the GO/ZnO nanocomposite shows the
significant presence of carbon (53.3% wt), oxygen (37.8% wt) and zinc (8.9% wt) elements
(Figure 2f). These results indicate that there is a lower proportion of ZnO nanoparticles
compared to GO nanosheets in the nanocomposite, which is consistent with other studies
that have shown a similar distribution of elements in the decoration of GO with ZnO
nanoparticles [60].
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Figure 2. Scanning electron micrographs of GO (a), ZnO (b) and GO/ZnO nanocomposites (arrows show ZnO nanopar-
ticles on GO nanosheets) (c). Elemental mapping of representative EDX spectrum of GO (d), ZnO (e) and GO/ZnO
nanocomposites (f). For EDS analysis of ZnO nanoparticles, point scan mode was used in several points of the sample
(Figure 2e).

3.2. Adsorption Experiments

Mn(II) adsorption experiments with nanoadsorbents (GO and GO/ZnO) were per-
formed under two different pH conditions (pH1 = 5.0 and pH2 = 4.0) to determine the
impact of acidic conditions on Mn(II) removal efficiency. Both conditions are typical
of AMD waters in Northern Chile and represent two probable treatment scenarios for
Mn(II)-enriched waters. To assess the impact of this parameter on the Mn(II) removal rates,
the pHPZC was calculated for each nanoadsorbent and compared with the prevailing pH
conditions in the adsorption experiments. To assess the impact of this parameter on the
Mn removal rates, the pHPZC for each nanoadsorbent was calculated, comparing these
with the prevailing pH conditions in the adsorption experiments. Figure 3 shows the pH
values used in each experimental condition and the pHPZC values of the materials used as
nanoadsorbents in this study.
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Figure 3. The pH values for Mn(II) solutions for experiments under pH1 and pH2 conditions. The
blue line indicates the pHPZC for GO and the red line for GO/ZnO nanocomposites.

For pH1 condition (pH1 = 5), it is observed that this value is lower than the pHPZC of the
GO/ZnO nanocomposites (pHPZC = 5.57) and higher than the pHPZC of GO (pHPZC = 3.98)
while under pH2 condition (pH2 = 4.0), it is observed that both GO and the GO/ZnO
nanocomposites have a pHPZC higher than the pH of the aqueous solutions.

pH is a factor that can affect the adsorption rates of different ions. Thus, the pHPZC
indicates at which pH value the surface charge is neutral. pH values higher than the
pHPZC determine that the surface charge of the adsorbate is negative, and consequently,
positively charged ions can be more efficiently adsorbed [62]. The inverse effect is observed
at pH < pHPZC, where the surface is positively charged and there is a greater repulsion
effect with metal ions. The pHPZC values for GO and GO/ZnO reported in this study are in
the range observed by other investigations for GO (3.1–4.0) and GO/ZnO nanocomposites
(6.0) [63–65]. Therefore, it was expected that the absorption of Mn(II) would not be theo-
retically efficient under two pH conditions (pH < pHPZC). Indeed, in both pH conditions,
the adsorption of Mn(II) ions with GO is favored, and not with GO/ZnO nancomposites.
Nevertheless, in the case of GO/ZnO nanocomposites, surface adsorption depends on
other variables, such as the degree of functionalization, the impurities present and the
efficiency of decoration with ZnO nanoparticles. In addition, the adsorption process of
metallic ions such as Mn(II) does not depend solely on these factors but also depends
on other variables, such as surface area of nanoadsorbents, surface chemical reactivity,
porosity, the chemistry of the aqueous solution and the presence of competitors.

3.3. Adsorption Experiments under Different pH Conditions

Experimental results of Mn(II) adsorption are shown in Figure 4. Under two pH con-
ditions (pH1 = 5.0 and pH2 = 4.0), the pH value of Mn(II) solutions could more efficiently
favor the adsorption of Mn(II) on GO compared with GO/ZnO, according to the surface
charge of the nanoadsorbents (pHPZC). However, the results do not show significant differ-
ences between the adsorption of Mn(II) with GO and GO/ZnO nanocomposites at pH = 5.0
(Figure 5a). On the contrary, under the pH2 condition (pH = 4.0), it is observed that the
Mn(II) removal rates are more efficient with GO/ZnO than GO (Figure 5b), which suggests
that the adsorption process is relatively independent of the pHPZC of the nanoadsorbents.
Yan et al. [66] previously showed that there were no marked differences in the removal of
Mn(II) ions with GO between pHs 4 and 5. However, we observed differences in Mn(II)
adsorption with GO/ZnO between both pHs. Thus, our results show that the removal of
Mn(II) ions is more efficient using these nanocomposites compared to GO, which may be
a consequence of the decoration with ZnO nanoparticles. Previously, our research group
observed similar results for the removal of Cu(II) and Al(III) ions from acidic waters, where
GO/ZnO showed better adsorption rates compared to GO [44].
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The fit to the experimental data shows that the Langmuir and Freundlich isotherm
models have the best fit in both pH conditions (Table 2). The determination coefficients
(R2) of the linear forms for the Langmuir and Freundlich models were both high compared
to a worse fit of the Tempkin model. In the case of the Langmuir model, it is assumed
that the adsorption mechanism occurs in a monolayer and, therefore, a finite number
of ions will be adsorbed on the surface [46], while in the Freundlich model, reversible
heterogeneous adsorption is described without restricting the adsorption process of the
formation of a monolayer [47]. For this reason, the Freundlich isotherm predicts that the
adsorbate concentration on the adsorbent will increase without saturation according to
how the adsorbate concentration increases in the aqueous solution [67]. The similar fit of
both models suggests that both mechanisms are involved in the removal of Mn(II) with
GO and GO/ZnO nanocomposites.
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Table 2. Parameters for the Langmuir, Freundlich and Tempkin isotherm models for Mn(II) adsorption performed under
two pH conditions.

Langmuir Freundlich Tempkin

pH
Condition Nanoadsorbent qm (mg/g) KL (L/mg) R2 KF (L/g) n R2 KT (L/g) BT (mg/L) R2

5.0
GO 3.2 × 101 1.7 × 10−2 9.4 × 10−1 1.0 × 100 1.7 × 100 9.7 × 10−1 1.0 × 100 1.6 × 100 9.7 × 10−1

GO/ZnO 2.3 × 101 2.0 × 10−2 8.9 × 10−1 1.0 x100 2.0 × 100 8.8 × 10−1 1.0 × 100 1.4 × 100 8.9 × 10−1

4.0
GO 1.8 × 102 6.0 × 10−3 7.1 × 10−1 1.1 × 100 1.1 × 100 7.6 × 10−1 1.1 × 100 3.5 × 100 5.7 × 10−1

GO/ZnO 2.6 × 102 9.0 × 10−3 9.1 × 10−1 1.3 × 100 7.4 × 10−1 8.8 × 10−1 1.0 × 100 6.7 × 100 8.6 × 10−1

The adsorption of Mn(II) ions can occur by the formation of a monolayer on the
surface of the nanoadsorbents independent of the pH value and followed the Langmuir
model. However, the heterogeneity of functional groups on the surface of GO can also
favor different interactions between adsorbate and adsorbent, resulting in a Freundlich
model adsorption mechanism. Yan et al. [66] obtained similar adjustments for Mn removal
from micropolluted water using magnetic GO. They obtained good fits for Langmuir
(R2 = 0.9480) and for Freundlich (R2 = 0.9722). On the other hand, the high surface area
of ZnO nanoparticles given by their nanometric scale makes them good candidates for
adsorbing positive metal ions from aqueous solutions [68–71].

The qm values of the Langmuir model for the pH1 condition (pH = 5.0) are 3.2 × 101 mg/g
and 2.3 × 101 mg/g for the adsorption with GO and GO/ZnO nanocomposites, respectively.
On the other hand, for the pH2 condition (pH = 4.0), the qm values are higher, reaching
values of 1.8 × 102 mg/g and 2.6 × 102 mg/g for GO and GO/ZnO, respectively, which
strongly reflects the better Mn(II) removal performance of GO/ZnO nanocomposites at
pH = 4.0 (Table 2). For the fit with the Freundlich model, the Kf values are similar between
GO and GO/ZnO nanocomposites, although these values are also slightly higher for the
pH2 condition (pH = 4.0), supporting the behavior observed in the experimental data
(Figure 4).

Figure 5 shows the removal rates of Mn(II) ions for each adsorbent under two pH
conditions. As in the adsorption isotherms, a higher removal rate is observed under the
pH2 condition (pH2 = 4.0) for both nanoadsorbents, reaching maximum removal rates of
61.2% for GO/ZnO nanocomposites (C0 = 10.3 mg/L) and 53.5% for GO (C0 = 12.6 mg/L).
In this case (pH2 = 4.0), both nanoadsorbents have a lower pHPZC than the pH of the
solution, so it was expected that the removal would be more efficient, which is confirmed
by comparing the removal of Mn(II) in both conditions. Furthermore, the effect of pH is
also evident when comparing the increase in Mn(II) removal with GO between pH1 = 5.0
and pH2 = 4.0. It is observed the removal was greater at pH = 4.0, which was expected,
since this pH < pHPZC and, therefore, the effect of attraction of positive ions is greater
when the surface is negatively charged; the inverse effect is seen at pH = 5.0, where the
surface is positively charged. On the other hand, the higher removal efficiency of Mn(II)
ions with GO/ZnO nanocomposites under the pH1 condition (pH = 4.0) (Figure 5a) can
also be sustained by a higher amount of negative charges on the surface of the nanocom-
posite compared to the pH1 condition (pH1 = 5.0). Thus, the efficiency of attraction of
Mn(II) ions by this surface is much higher and could explain the differences in removal
rates between GO and GO/ZnO observed at this pH, which are not evident under the
pH1 condition (pH1 = 5) (Figure 5a). Although there are few studies evaluating Mn(II)
removal with GO/ZnO nanocomposites, the Mn(II) removal rates reported in this study
were similar to some removal rates reported with similar nanomaterials. For example,
Yang et al. [39] found that between pH 4.0 and 7.0, the adsorption efficiency of Mn(II) by
Sodium Alginate/GO Composite remains almost unchanged and reaches removal rates
of ~55%. Additionally, Xu et al. [40] reported that poly (sodium acrylate)-graphene ox-
ide (PSA-GO) double network hydrogel adsorbent achieves Mn(II) removal rates of 84%
when the pH value is above 3.0. This supports and confirms our results. Le et al. [70]
found that the removal of Mn(II) ions from aqueous solutions by ZnO nanoparticles is
mainly mediated by mechanisms of absorption of Mn(II) ions onto the negatively charged
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surface of ZnO particles rather than by photocatalytic reaction of ZnO under UV irradia-
tion. They indicate that under visible light conditions, the reduction potential standard
of Mn2+/Mn (E0 = −1.18 V vs. NHE) turns out to be more negative than the e–CB level
of ZnO particles [45], and, therefore, the oxidation pathway of Mn(II) to Mn(IV) would
be the most viable alternative for the removal of Mn(II) ions. However, the results of
Mn(II) removal under the pH2 condition (pH = 4.0) suggests that the combined surface
adsorption mechanisms between ZnO nanoparticles and the interaction with functional
groups on the surface of GO are more likely to explain the Mn(II) removal rates observed
for GO/ZnO nanocomposites. Thus, from these data, it is possible to infer that the pH = 4
increases the efficiency of the removal of Mn(II) ions by both nanoadsorbents, but this is
much better with GO/ZnO nanocomposites. However, the differences in the removal rates,
as mentioned above, may also depend on other factors, such as the type of adsorbent used,
the surface functional groups, the surface properties, the pHPZC values, the decoration
efficiency and availability of ZnO nanoparticules on the surface of GO.

On the other hand, along with the adsorption capacity, the desorption process is also
important because the reusability and regeneration of the adsorbent have a direct impact
on the operating costs of the technologies based on these processes. For most adsorbents,
the adsorption properties are not recoverable after the adsorption process [72]. Although
the use of nanomaterials can improve the adsorption capacity of various pollutants, it is
important to develop new reusable nanoadsorbents. Wang et al. [72] found that reduced
GO/ZnO composite shows a high cycling performance for Rhodamine B with adsorption
up to 99% over four cycles. Likewise, Qiao et al. [73] demonstrated that magnetic GO/ZnO
nanocomposites maintain more than 80% of the initial adsorption capacity of tetracycline
contaminants after four cycles of regeneration. These studies support the idea that GO/ZnO
nanocomposites have high potential as a recyclable adsorbent for water treatment, which
can reduce operating costs in practical applications.

3.4. Kinetic Studies of the Adsorption

Contact time is a critical parameter for the adsorption process; therefore, it is necessary
to determine the kinetics of the adsorption of GO and GO/ZnO nanocomposites. The
removal of Mn(II) ions by GO and GO/ZnO nanocomposites was investigated at an
initial concentration of Mn of 28.4 mg/L, pH = 4.0 and a constant ZnO and GO/ZnO
dosage for different time intervals. Figure 6 shows the variation in the adsorption capacity
trends versus contact time. A removal of 40% for GO and 25% for GO/ZnO is observed
at 2 h, which indicates that the initial removal with GO is faster than with GO/ZnO
nanocomposites. However, at 18 h, the removal of Mn by GO increases by 55% and 48%
for GO/ZnO, while at 24 h the percentage is similar (~70%) for both nanoadsorbents.
Thus, after 18h, the adsorption capacity gradually reaches equilibrium. Yang et al. [39]
showed that the removal of Mn(II) by Sodium Alginate/Graphene Oxide Composite
reaches equilibrium after 210 min, showing faster reaction kinetics compared to our results.
Meanwhile, Yan et al. [66] showed that magnetic GO had a shorter equilibrium time
during the adsorption of both Fe and Mn, reached in 15 min, which supports that these
nanomaterials have a rapid adsorption efficiency. Kinetic studies performed with ZnO
nanoparticles for the removal of metals, such as lead, cadmium or copper, have shown
equilibrium times of 100 min or less [74,75]. In our case, the kinetics were slower for both
GO and GO/ZnO, which is possibly influenced by the initial concentration of Mn(II) and
the inherent properties of the nanoadsorbents used.
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To examine the adsorption mechanisms involved in the removal of Mn(II), pseudo-first
and pseudo-second-order kinetic models were applied to the experimental data. Table 3
shows the kinetic adsorption parameters for both models. From the analysis, it appears
that the R2 for the PSO model fits better to the experimental data with values of 0.9606
and 0.9382 for GO and GO/ZnO, respectively. Likewise, the values of qe2 were greater
than the values of qe1, confirming that this model presents a better fit compared with the
PFO model. These results are supported by the literature, where it has been shown that
the pseudo-second-order kinetic model represents better data on the adsorption kinetics of
heavy metals [32,51,76–79]. The diffusion-based mechanisms mainly explain the adsorption
process described by the PSO model [51,76]. In addition, this model adequately explains
the different affinities between adsorbent and adsorbate derived from the properties of
the ZnO nanoparticles and the functional groups present in the GO nanosheets. Therefore,
the results of the adsorption kinetics are consistent and support the results of the Mn(II)
adsorption isotherms.

Table 3. Kinetic adsorption parameters for pseudo-first-order and pseudo-second-order models.

Nanoadsorbent qexp
e (mg/g)

Pseudo-First-Order Pseudo-Second-Order

k1 (1/min) qe1 (mg/g) R2 k2 (g/mg min) qe2 (mg/g) R2

GO 4.0 × 101 1.2 × 10−3 2.8 × 101 7.1 × 10−1 1.0 × 10−4 4.3 × 101 9.6 × 10−1

GO/ZnO 4.0 × 101 9.2 × 10−4 3.2 × 101 8.7 × 10−1 1.2 × 10−4 4.0 × 101 9.4 × 10−1

Additionally, to determine if the Mn(II) adsorption process occurs by chemical or
physical adsorption, the Mn(II) adsorption rates were compared with the changes in the
specific surface area of the nanoadsorbents [80]. It can be seen that the BET surface area
decreases with the decoration with ZnO nanoparticles. Indeed, a decrease in the BET
surface 83% (25.06 and 4.19 m2/g for GO/ZnO) is observed. In contrast, Mn(II) removal
rates at pH2 = 4.0 increase for GO/ZnO nanocomposites compared to non-functionalized
GO, which indicates that the adsorption of Mn(II) is primarily a chemical adsorption
process. This is also supported by the comparison with the pHPZC value at pH2 = 4.0,
where electrostatic attraction is a key factor for Mn(II) removal and significantly influences
adsorption capacity.

To complement the analysis of the kinetic models, the approaching equilibrium factor
(Rw) was calculated for each kinetic study. This factor is useful to describe the type of
kinetic curve and the proximity to the equilibrium of the studied system. In this way,
with this analysis, it is possible to determine the efficiency of the adsorption process [51].
Thus, the characteristic adsorption curve is called approaching equilibrium if the range
is in 1 > Rw > 0.1, which can be observed for both nanoadsorbents (GO and GO/ZnO).
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The parameters of the Rw factor in the PSO kinetic model are shown in Table 4. From the
analysis, it appears that the curves for both GO and GO/ZnO are very close to equilibrium
for the evaluated period (24h), which supports a good performance and the reliability of
the results in the equilibrium time used for the adhesion isotherms (20 h).

Table 4. The approaching equilibrium factor (Rw) in the pseudo-second-order kinetic model.

Nanoadsorbent qe (mg/g) k2 (g/mg min) tref (min) Rw
Type of Kinetic

Curve
Approaching

Equilibrium Level

GO 4.3 × 101 1.0 × 10−4 1440 1.3 × 10−1 Slightly curved Approaching equilibrium
GO/ZnO 4.0 × 101 1.2 × 10−4 1440 1.3 × 10−1 Slightly curved Approaching equilibrium

4. Conclusions

The results of this study show that GO decorated with ZnO nanoparticles shows a higher
removal efficiency of Mn(II) ions from acidic waters compared with non-functionalized GO.
ZnO nanoparticles were observed on the surface of GO nanosheets through SEM-EDX
analysis. Furthermore, FTIR results show that the decoration process was effective. The
pHPZC of GO/ZnO nanocomposites was 5.57, which is quite high for acidic water treat-
ment. On the contrary, non-functionalized GO has a lower pHPZC (3.98), which makes
it theoretically more efficient for the removal of heavy metals. However, the results
showed that the removal rates of Mn(II) were similar for both nanoadsorbents (GO and
GO/ZnO) at pH = 5.0 and significantly higher for GO/ZnO nanocomposites at pH = 4.0.
This indicates that the functionalization with ZnO nanoparticles considerably improves
the adsorption capacity of Mn(II), which, even under acidic conditions, is theoretically
less favorable. The presence of ZnO nanoparticles on the surface of GO improves the
adsorption of Mn(II) under more acidic conditions, which is also evidenced by the fact
that the removal rate of Mn(II) ions with GO does not change between both pH conditions
(pH1 = 5.0 and pH2 = 4.0), while the decoration with ZnO favors the removal at more acidic
pH (pH2 = 4.0) with GO/ZnO nanocomposites. On the other hand, the pH 2 condition
(pH2 = 4.0) is very close to the pHPZC of non-functionalized GO (3.98), which suggests that
the removal efficiency of Mn(II) ions is related to this value, and consequently, the pH can
be a critical factor in increasing the adsorption rates of GO/ZnO nanocomposites. The
Mn(II) adsorption process fits both with Langmuir and Freundlich models, suggesting
that both mechanisms are involved in the removal of Mn(II) ions with GO and GO/ZnO
nanocomposites. Thus, adsorption of Mn(II) ions can occur by the formation of a monolayer
on the surface of the nanoadsorbents and by interactions with functional groups on the sur-
face of GO and ZnO nanoparticles, resulting in a Freundlich model adsorption mechanism.
Additionally, adsorption isotherms were efficiently modeled with the pseudo-second-order
kinetic model.

These findings contribute to understanding the adsorption mechanisms of Mn(II)
in GO/ZnO nanocomposites and how functionalization with ZnO nanoparticles can sig-
nificantly improve the adsorption under acidic conditions. Furthermore, this research is
the first to study the application of GO/ZnO nanocomposites for the treatment of Mn(II)-
enriched AMD waters. However, future efforts are necessary to determine other critical
variables of the adsorption process with GO/ZnO nanocomposites under more complex
and realistic conditions, such as multimetallic waters and with the presence of competitors.
Furthermore, given the complexity of the nanomaterials used, it is necessary to study the
recovery of the materials in order to evaluate their potential for scaling up to real acid
water treatment systems.

Author Contributions: The manuscript was written by E.L., but all the authors contributed to its
preparation and review. Experiments were performed by C.T.; data analyses were carried out by
C.R. and C.T. in discussion with E.L. All authors have read and agreed to the published version of
the manuscript.



Molecules 2021, 26, 2713 15 of 18

Funding: This research received funding from FIC-R Fondo de Innovación para la Competitividad
Gore Coquimbo BIP nos. 30485965-0, CORFO-L2 L2 ISV93456 and FONDECYT Iniciación 11191154
(2019–2022) grants.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Thanks are also extended to the reviewers for their corrections and suggestions,
who contributed significantly to improving the quality of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. World Economic Forum. Global Risks, 10th ed.; World Economic Forum: Geneva, Switzerland, 2015.
2. Van Vliet, M.T.H.; Florke, M.; Wada, Y. Quality matters for water scarcity. Nat. Geosci. 2017, 10, 800–802. [CrossRef]
3. Gude, V.G. Desalination and water reuse to address global water scarcity. Rev. Environ. Sci. Biotechnol. 2017, 16, 591–609.

[CrossRef]
4. Naidu, G.; Ryu, S.; Thiruvenkatachari, R.; Choi, Y.; Jeong, S.; Vigneswaran, S. A critical review on remediation, reuse, and resource

recovery from acid mine drainage. Environ. Pollut. 2019, 247, 1110–1124. [CrossRef] [PubMed]
5. Kumar, V.; Parihar, R.D.; Sharma, A.; Bakshi, P.; Sidhu, G.P.S.; Bali, A.S.; Karaouzas, I.; Bhardwaj, R.; Kumar Thukral, A.;

Gyasi-Agyei, Y.; et al. Global evaluation of heavy metal content in surface water bodies: A meta-analysis using heavy metal
pollution indices and multivariate statistical analyses. Chemosphere 2019, 236, 124364. [CrossRef]

6. Kefeni, K.K.; Msagati, T.A.; Mamba, B.B. Acid mine drainage: Prevention, treatment options, and resource recovery: A review. J.
Clean. Prod. 2017, 151, 475–493. [CrossRef]

7. Rodríguez, C.; Leiva-Aravena, E.; Serrano, J.; Leiva, E. Occurrence and Removal of Copper and Aluminum in a Stream Confluence
Affected by Acid Mine Drainage. Water 2018, 10, 516. [CrossRef]

8. Blowes, D.W.; Jambor, J.L. The pore-water geochemistry and the mineralogy of the vadose zone of sulfide tailings. Waite Amulet,
Quebec, Canada. Appl. Geochem. 1990, 5, 327–346. [CrossRef]

9. Nordstrom, D.K.; Alpers, C.N. Negative pH, efflorescent mineralogy, and consequences for environmental restoration at the Iron
Mountain Superfund Site, California. Proc. Natl. Acad. Sci. USA 1999, 96, 3455–3462. [CrossRef] [PubMed]

10. Patil, D.S.; Chavan, S.M.; Oubagaranadin, J.U.K. A review of technologies for manganese removal from wastewaters. J. Environ.
Chem. Eng. 2016, 4, 468–487. [CrossRef]

11. Ahmaruzzaman, M. Industrial wastes as low-cost potential adsorbents for the treatment of wastewater laden with heavy metals.
Adv. Colloid Interface Sci. 2011, 166, 36–59. [CrossRef]

12. Grygo-Szymanko, E.; Tobiasz, A.; Walas, S. Speciation analysis and fractionation of manganese: A review. TrAC Trends Anal.
Chem. 2016, 80, 112–124. [CrossRef]

13. Khobragade, M.U.; Pal, A. Investigation on the adsorption of Mn (II) on surfactant-modified alumina: Batch and column studies.
J. Environ. Chem. Eng. 2014, 2, 2295–2305. [CrossRef]

14. Vieira, M.C.; Torronteras, R.; Córdoba, F.; Canalejo, A. Acute toxicity of manganese in goldfish Carassius auratus is associated
with oxidative stress and organ specific antioxidant responses. Ecotoxicol. Environ. Saf. 2012, 78, 212–217. [CrossRef] [PubMed]

15. Bolisetty, S.; Peydayesh, M.; Mezzenga, R. Sustainable technologies for water purification from heavy metals: Review and
analysis. Chem. Soc. Rev. 2019, 48, 463–487. [CrossRef] [PubMed]

16. Lizama-Allende, K.; Jaque, I.; Ayala, J.; Montes-Atenas, G.; Leiva, E. Arsenic Removal Using Horizontal Subsurface Flow
Constructed Wetlands: A Sustainable Alternative for Arsenic-Rich Acidic Waters. Water 2018, 10, 1447. [CrossRef]

17. Leiva, E.; Leiva-Aravena, E.; Rodríguez, C.; Serrano, J.; Vargas, I. Arsenic removal mediated by acidic pH neutralization and iron
precipitation in microbial fuel cells. Sci. Total Environ. 2018, 645, 471–481. [CrossRef]

18. Abdullah, N.; Yusof, N.; Lau, W.J.; Jaafar, J.; Ismail, A.F. Recent trends of heavy metal removal from water/wastewater by
membrane technologies. J. Ind. Eng. Chem. 2019, 76, 17–38. [CrossRef]

19. Fu, F.; Wang, Q. Removal of heavy metal ions from wastewaters: A review. J. Environ. Manag. 2011, 92, 407–418. [CrossRef]
20. Leiva, E.; Leiva-Aravena, E.; Vargas, I. Acid Water Neutralization Using Microbial Fuel Cells: An Alternative for Acid Mine

Drainage Treatment. Water 2016, 8, 536. [CrossRef]
21. Leiva-Aravena, E.; Leiva, E.; Zamorano, V.; Rojas, C.; Regan, J.M.; Vargas, I.T. Organotrophic acid-tolerant microorganisms

enriched from an acid mine drainage affected environment as inoculum for microbial fuel cells. Sci. Total Environ. 2019, 678,
639–646. [CrossRef]

22. Serrano, J.; Leiva, E. Removal of Arsenic Using Acid-Metal Tolerant Sulfate Reducing Bacteria: A New Approach for Bioremedia-
tion of High-Arsenic Acid Mine Waters. Water 2017, 9, 994. [CrossRef]

http://doi.org/10.1038/ngeo3047
http://doi.org/10.1007/s11157-017-9449-7
http://doi.org/10.1016/j.envpol.2019.01.085
http://www.ncbi.nlm.nih.gov/pubmed/30823340
http://doi.org/10.1016/j.chemosphere.2019.124364
http://doi.org/10.1016/j.jclepro.2017.03.082
http://doi.org/10.3390/w10040516
http://doi.org/10.1016/0883-2927(90)90008-S
http://doi.org/10.1073/pnas.96.7.3455
http://www.ncbi.nlm.nih.gov/pubmed/10097057
http://doi.org/10.1016/j.jece.2015.11.028
http://doi.org/10.1016/j.cis.2011.04.005
http://doi.org/10.1016/j.trac.2015.09.010
http://doi.org/10.1016/j.jece.2014.10.008
http://doi.org/10.1016/j.ecoenv.2011.11.015
http://www.ncbi.nlm.nih.gov/pubmed/22154142
http://doi.org/10.1039/C8CS00493E
http://www.ncbi.nlm.nih.gov/pubmed/30603760
http://doi.org/10.3390/w10101447
http://doi.org/10.1016/j.scitotenv.2018.06.378
http://doi.org/10.1016/j.jiec.2019.03.029
http://doi.org/10.1016/j.jenvman.2010.11.011
http://doi.org/10.3390/w8110536
http://doi.org/10.1016/j.scitotenv.2019.05.003
http://doi.org/10.3390/w9120994


Molecules 2021, 26, 2713 16 of 18

23. Li, H.; Li, W.; Liu, X.; Ren, C.; Miao, X.; Li, X. Engineering of Gd/Er/Lu-triple-doped Bi2MoO6 to synergistically boost the
photocatalytic performance in three different aspects: Oxidizability, light absorption and charge separation. Appl. Surf. Sci. 2019,
463, 556–565. [CrossRef]

24. Koe, W.S.; Lee, J.W.; Chong, W.C.; Pang, Y.L.; Sim, L.C. An overview of photocatalytic degradation: Photocatalysts, mechanisms,
and development of photocatalytic membrane. Environ. Sci. Pollut. Res. 2020, 27, 2522–2565. [CrossRef] [PubMed]

25. Zhao, C.; Wang, Z.; Li, X.; Yi, X.; Chu, H.; Chen, X.; Wang, C.C. Facile fabrication of BUC-21/Bi24O31Br10 composites for
enhanced photocatalytic Cr (VI) reduction under white light. Chem. Eng. J. 2020, 389, 123431. [CrossRef]

26. Keng, P.S.; Lee, S.L.; Ha, S.T.; Hung, Y.T.; Ong, S.T. Removal of hazardous heavy metals from aqueous environment by low-cost
adsorption materials. Environ. Chem. Lett. 2014, 12, 15–25. [CrossRef]

27. Ates, N.; Basak, A. Selective removal of aluminum, nickel and chromium ions by polymeric resins and natural zeolite from
anodic plating wastewater. Int. J. Environ. Health Res. 2019, 31, 102–119. [CrossRef]

28. Goher, M.E.; Hassan, A.M.; Abdel-Moniem, I.A.; Fahmy, A.H.; Abdo, M.H.; El-sayed, S.M. Removal of aluminum, iron and
manganese ions from industrial wastes using granular activated carbon and Amberlite IR-120H. Egypt. J. Aquat. Res. 2015, 41,
155–164. [CrossRef]

29. Rajan, Y.C.; Inbaraj, B.S.; Chen, B.H. In vitro adsorption of aluminum by an edible biopolymer poly (γ-glutamic acid). J. Agric.
Food Chem. 2014, 62, 4803–4811. [CrossRef]

30. Gomaa, H.; Shenashen, M.A.; Yamaguchi, H.; Alamoudi, A.S.; Abdelmottaleb, M.; Cheira, M.F.; Seaf El-Naser, T.A.; El-Safty, S.A.
Highly-efficient removal of AsV, Pb2+, Fe3+, and Al3+ pollutants from water using hierarchical, microscopic TiO2 and TiOF2
adsorbents through batch and fixed-bed columnar techniques. J. Clean. Prod. 2018, 182, 910–925. [CrossRef]

31. Gu, S.; Kang, X.; Wang, L.; Lichtfouse, E.; Wang, C. Clay mineral adsorbents for heavy metal removal from wastewater: A review.
Environ. Chem. Lett. 2019, 17, 629–654. [CrossRef]

32. Rodríguez, C.; Leiva, E. Enhanced Heavy Metal Removal from Acid Mine Drainage Wastewater Using Double-Oxidized
Multiwalled Carbon Nanotubes. Molecules 2019, 25, 111. [CrossRef]

33. Rodríguez, C.; Briano, S.; Leiva, E. Increased Adsorption of Heavy Metal Ions in Multi-Walled Carbon Nanotubes with Improved
Dispersion Stability. Molecules 2020, 25, 3106. [CrossRef]

34. Dave, P.N.; Chopda, L.V. Application of iron oxide nanomaterials for the removal of heavy metals. J. Nanotechnol. 2014,
2014, 398569. [CrossRef]

35. Parvin, F.; Rikta, S.Y.; Tareq, S.M. Application of Nanomaterials for the Removal of Heavy Metal from Wastewater. In Nanotechnol-
ogy in Water and Wastewater Treatment; Elsevier: Amsterdam, The Netherlands, 2014; pp. 137–157.

36. Liu, X.; Ma, R.; Wang, X.; Ma, Y.; Yang, Y.; Zhuang, L.; Zhang, S.; Jehan, R.; Chen, J.; Wang, X. Graphene oxide-based materials for
efficient removal of heavy metal ions from aqueous solution: A review. Environ. Pollut. 2019, 252, 62–73. [CrossRef]

37. Lim, J.Y.; Mubarak, N.M.; Abdullah, E.C.; Nizamuddin, S.; Khalid, M. Recent trends in the synthesis of graphene and graphene
oxide based nanomaterials for removal of heavy metals—A review. J. Ind. Eng. Chem. 2018, 66, 29–44. [CrossRef]

38. Sarma, G.K.; Sen Gupta, S.; Bhattacharyya, K.G. Nanomaterials as versatile adsorbents for heavy metal ions in water: A review.
Environ. Sci. Pollut. Res. 2019, 26, 6245–6278. [CrossRef]

39. Yang, X.; Zhou, T.; Ren, B.; Hursthouse, A.; Zhang, Y. Removal of Mn (II) by sodium alginate/graphene oxide composite
double-network hydrogel beads from aqueous solutions. Sci. Rep. 2018, 8, 1–16. [CrossRef]

40. Xu, R.; Zhou, G.; Tang, Y.; Chu, L.; Liu, C.; Zeng, Z.; Luo, S. New double network hydrogel adsorbent: Highly efficient removal of
Cd (II) and Mn (II) ions in aqueous solution. Chem. Eng. J. 2015, 275, 179–188. [CrossRef]

41. Abdel-Mottaleb, M.M.; Khalil, A.; Osman, T.A.; Khattab, A. Removal of hexavalent chromium by electrospun PAN/GO decorated
ZnO. J. Mech. Behav. Biomed. Mater. 2019, 98, 205–212. [CrossRef]

42. Gohel, V.D.; Rajput, A.; Gahlot, S.; Kulshrestha, V. Removal of Toxic Metal Ions From Potable Water by Graphene Oxide
Composites. Macromol. Symp. 2017, 376, 1700050. [CrossRef]

43. Ranjith, K.S.; Manivel, P.; Rajendrakumar, R.T.; Uyar, T. Multifunctional ZnO nanorod-reduced graphene oxide hybrids nanocom-
posites for effective water remediation: Effective sunlight driven degradation of organic dyes and rapid heavy metal adsorption.
Chem. Eng. J. 2017, 325, 588–600. [CrossRef]

44. Rodríguez, C.; Tapia, C.; Leiva-Aravena, E.; Leiva, E. Graphene Oxide–ZnO Nanocomposites for Removal of Aluminum and
Copper Ions from Acid Mine Drainage Wastewater. Int. J. Environ. Res. Public Health 2020, 17, 6911. [CrossRef]

45. Marcano, D.C.; Kosynkin, D.V.; Berlin, J.M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, J.M. Improved
synthesis of graphene oxide. ACS Nano 2010, 4, 4806–4814. [CrossRef]

46. Langmuir, I. The constitution and fundamental properties of solids and liquids. J. Am. Chem. Soc. 1916, 38, 2221–2295. [CrossRef]
47. Freundlich, H.M.F. Over the adsorption in solution. J. Phys. Chem. 1906, 57, 385–471.
48. Tempkin, M.I.; Pyzhev, V. Kinetics of ammonia synthesis on promoted iron catalyst. Acta Phys. Chim. USSR 1940, 12, 327–356.
49. Ding, P.; Huang, K.L.; Li, G.Y.; Zeng, W.W. Mechanisms and kinetics of chelating reaction between novel chitosan derivatives and

Zn (II). J. Hazard. Mater. 2007, 146, 58–64. [CrossRef]
50. Ho, Y.S.; McKay, G. Comparative sorption kinetic studies of dye and aromatic compounds onto fly ash. J. Environ. Sci. Health A

1999, 34, 1179–1204. [CrossRef]
51. Wu, F.C.; Tseng, R.L.; Huang, S.C.; Juang, R.S. Characteristics of pseudo-second-order kinetic model for liquid-phase adsorption:

A mini-review. Chem. Eng. J. 2009, 151, 1–9. [CrossRef]

http://doi.org/10.1016/j.apsusc.2018.08.254
http://doi.org/10.1007/s11356-019-07193-5
http://www.ncbi.nlm.nih.gov/pubmed/31865580
http://doi.org/10.1016/j.cej.2019.123431
http://doi.org/10.1007/s10311-013-0427-1
http://doi.org/10.1080/09603123.2019.1631263
http://doi.org/10.1016/j.ejar.2015.04.002
http://doi.org/10.1021/jf5011484
http://doi.org/10.1016/j.jclepro.2018.02.063
http://doi.org/10.1007/s10311-018-0813-9
http://doi.org/10.3390/molecules25010111
http://doi.org/10.3390/molecules25143106
http://doi.org/10.1155/2014/398569
http://doi.org/10.1016/j.envpol.2019.05.050
http://doi.org/10.1016/j.jiec.2018.05.028
http://doi.org/10.1007/s11356-018-04093-y
http://doi.org/10.1038/s41598-018-29133-y
http://doi.org/10.1016/j.cej.2015.04.040
http://doi.org/10.1016/j.jmbbm.2019.06.025
http://doi.org/10.1002/masy.201700050
http://doi.org/10.1016/j.cej.2017.05.105
http://doi.org/10.3390/ijerph17186911
http://doi.org/10.1021/nn1006368
http://doi.org/10.1021/ja02268a002
http://doi.org/10.1016/j.jhazmat.2006.11.061
http://doi.org/10.1080/10934529909376889
http://doi.org/10.1016/j.cej.2009.02.024


Molecules 2021, 26, 2713 17 of 18

52. Razavi, N.; Es’haghi, Z. Curcumin loaded magnetic graphene oxide solid-phase extraction for the determination of parabens in
toothpaste and mouthwash coupled with high performance liquid chromatography. Microchem. J. 2019, 148, 616–625. [CrossRef]

53. Pandey, K.K.; Pitman, A.J. FTIR studies of the changes in wood chemistry following decay by brown-rot and white-rot fungi. Int.
Biodeterior. Biodegrad. 2003, 52, 151–160. [CrossRef]

54. Kazemzadeh, H.; Ataie, A.; Rashchi, F. Synthesis of Magnetite Nano-Particles by Reverse Co-Precipitation. In Proceedings of the
International Journal of Modern Physics: Conference Series; World Scientific: Singapore, 2012; Volume 5, pp. 160–167. Available
online: https://www.worldscientific.com/doi/pdf/10.1142/S2010194512001973 (accessed on 15 January 2021).

55. Barrios, V.A.E.; Méndez, J.R.R.; Aguilar, N.V.P.; Espinosa, G.A.; Rodríguez, J.L.D. Materials. In Infrared Spectroscopy–Materials
Science, Engineering and Technology; InTech: Vienna, Austria, 2012.

56. Kannusamy, P.; Sivalingam, T. Synthesis of porous chitosan–polyaniline/ZnO hybrid composite and application for removal of
reactive orange 16 dye. Colloids Surf. B Biointerfaces 2013, 108, 229–238. [CrossRef] [PubMed]

57. Singh, N.; Singh, P.K.; Shukla, A.; Singh, S.; Tandon, P. Synthesis and Characterization of Nanostructured Magnesium Oxide:
Insight from Solid-State Density Functional Theory Calculations. J. Inorg. Organomet. Polym. Mater. 2016, 26, 1413–1420.
[CrossRef]

58. Onsten, A.; Stoltz, D.; Palmgren, P.; Yu, S.; Gothelid, M.; Karlsson, U.O. Water adsorption on ZnO (0001): Transition from
triangular surface structures to a disordered hydroxyl terminated phase. J. Phys. Chem. C 2010, 114, 11157–11161. [CrossRef]

59. Abd El-Hamid, A.M.; Zahran, M.A.; Ahmed, Y.M.Z.; El-Sheikh, S.M. Separation of Heavy Metal Ions from Petroleum Ash Liquor
Using Organic Resins and FT-IR Study of the Process. Radiochemistry 2020, 62, 243–250. [CrossRef]

60. Hadadian, M.; Goharshadi, E.K.; Fard, M.M.; Ahmadzadeh, H. Synergistic effect of graphene nanosheets and zinc oxide
nanoparticles for effective adsorption of Ni (II) ions from aqueous solutions. Appl. Phys. A 2018, 124, 239. [CrossRef]

61. Ossonon, B.D.; Bélanger, D. Synthesis and characterization of sulfophenyl-functionalized reduced graphene oxide sheets. RSC
Adv. 2017, 7, 27224–27234. [CrossRef]

62. Lee, S.; Zhang, Z.; Wang, X.; Pfefferle, L.D.; Haller, G.L. Characterization of multi-walled carbon nanotubes catalyst supports by
point of zero charge. Catal. Today 2011, 164, 68–73. [CrossRef]

63. Bian, Y.; Bian, Z.Y.; Zhang, J.X.; Ding, A.Z.; Liu, S.L.; Wang, H. Effect of the oxygen-containing functional group of graphene
oxide on the aqueous cadmium ions removal. Appl. Surf. Sci. 2015, 329, 269–275. [CrossRef]

64. Heidarizad, M.; ¸Sengör, S.S. Synthesis of graphene oxide/magnesium oxide nanocomposites with high-rate adsorption of
methylene blue. J. Mol. Liq. 2016, 224, 607–617. [CrossRef]

65. Zarrabi, M.; Haghighi, M.; Alizadeh, R. Sonoprecipitation dispersion of ZnO nanoparticles over graphene oxide used in
photocatalytic degradation of methylene blue in aqueous solution: Influence of irradiation time and power. Ultrason. Sonochem.
2018, 48, 370–382. [CrossRef]

66. Yan, H.; Li, H.; Tao, X.; Li, K.; Yang, H.; Li, A.; Xiao, S.; Cheng, R. Rapid removal and separation of iron (II) and manganese (II)
from micropolluted water using magnetic graphene oxide. ACS Appl. Mater. Interfaces 2014, 6, 9871–9880. [CrossRef]

67. Vaghetti, J.C.; Lima, E.C.; Royer, B.; da Cunha, B.M.; Cardoso, N.F.; Brasil, J.L.; Dias, S.L. Pecan nutshell as biosorbent to remove
Cu (II), Mn (II) and Pb (II) from aqueous solutions. J. Hazard. Mater. 2009, 162, 270–280. [CrossRef]

68. Singh, R.P.; Shukla, V.K.; Yadav, R.S.; Sharma, P.K.; Singh, P.K.; Pandey, A.C. Biological approach of zinc oxide nanoparticles
formation and its characterization. Adv. Mater. Lett. 2011, 2, 313–317. [CrossRef]

69. Kyaw, H.H.; Myint, M.T.Z.; Al-Harthi, S.; Al-Abri, M. Removal of heavy metal ions by capacitive deionization: Effect of surface
modification on ions adsorption. J. Hazard. Mater. 2020, 385, 121565. [CrossRef]

70. Le, A.T.; Pung, S.Y.; Sreekantan, S.; Matsuda, A. Mechanisms of removal of heavy metal ions by ZnO particles. Heliyon 2019,
5, e01440. [CrossRef]

71. Wang, H.; Yuan, X.; Wu, Y.; Huang, H.; Zeng, G.; Liu, Y.; Wang, X.; Lin, N.; Qi, Y. Adsorption characteristics and behaviors of
graphene oxide for Zn (II) removal from aqueous solution. Appl. Surf. Sci. 2013, 279, 432–440. [CrossRef]

72. Wang, J.; Tsuzuki, T.; Tang, B.; Hou, X.; Sun, L.; Wang, X. Reduced graphene oxide/ZnO composite: Reusable adsorbent for
pollutant management. ACS Appl. Mater. Interfaces 2012, 4, 3084–3090. [CrossRef]

73. Qiao, D.; Li, Z.; Duan, J.; He, X. Adsorption and photocatalytic degradation mechanism of magnetic graphene oxide/ZnO
nanocomposites for tetracycline contaminants. Chem. Eng. J. 2020, 400, 125952. [CrossRef]

74. Ghiloufi, I.; El Ghoul, J.; Modwi, A.; El Mir, L. Ga-doped ZnO for adsorption of heavy metals from aqueous solution. Mater. Sci.
Semicond. Process. 2016, 42, 102–106. [CrossRef]

75. Sharma, M.; Singh, J.; Hazra, S.; Basu, S. Adsorption of heavy metal ions by mesoporous ZnO and TiO2@ ZnO monoliths:
Adsorption and kinetic studies. Microchem. J. 2019, 145, 105–112. [CrossRef]

76. Hubbe, M.A.; Azizian, S.; Douven, S. Implications of apparent pseudo-second-order adsorption kinetics onto cellulosic materials:
A review. BioResources 2019, 14, 7582–7626. [CrossRef]

77. Robati, D. Pseudo-second-order kinetic equations for modeling adsorption systems for removal of lead ions using multi-walled
carbon nanotube. J. Nanostructure Chem. 2013, 3, 1–6. [CrossRef]

78. Zhang, C.; Sui, J.; Li, J.; Tang, Y.; Cai, W. Efficient removal of heavy metal ions by thiol-functionalized superparamagnetic carbon
nanotubes. Chem. Eng. J. 2012, 210, 45–52. [CrossRef]

http://doi.org/10.1016/j.microc.2019.04.057
http://doi.org/10.1016/S0964-8305(03)00052-0
https://www.worldscientific.com/doi/pdf/10.1142/S2010194512001973
http://doi.org/10.1016/j.colsurfb.2013.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23563288
http://doi.org/10.1007/s10904-016-0411-x
http://doi.org/10.1021/jp1004677
http://doi.org/10.1134/S1066362220020125
http://doi.org/10.1007/s00339-018-1664-8
http://doi.org/10.1039/C6RA28311J
http://doi.org/10.1016/j.cattod.2010.10.031
http://doi.org/10.1016/j.apsusc.2014.12.090
http://doi.org/10.1016/j.molliq.2016.09.049
http://doi.org/10.1016/j.ultsonch.2018.05.034
http://doi.org/10.1021/am502377n
http://doi.org/10.1016/j.jhazmat.2008.05.039
http://doi.org/10.5185/amlett.indias.204
http://doi.org/10.1016/j.jhazmat.2019.121565
http://doi.org/10.1016/j.heliyon.2019.e01440
http://doi.org/10.1016/j.apsusc.2013.04.133
http://doi.org/10.1021/am300445f
http://doi.org/10.1016/j.cej.2020.125952
http://doi.org/10.1016/j.mssp.2015.08.047
http://doi.org/10.1016/j.microc.2018.10.026
http://doi.org/10.15376/biores.14.3.7582-7626
http://doi.org/10.1186/2193-8865-3-55
http://doi.org/10.1016/j.cej.2012.08.062


Molecules 2021, 26, 2713 18 of 18

79. Lim, S.F.; Lee, A.Y.W. Kinetic study on removal of heavy metal ions from aqueous solution by using soil. Environ. Sci. Pollut. Res.
2015, 22, 10144–10158. [CrossRef] [PubMed]

80. Wang, H.; Zhou, A.; Peng, F.; Yu, H.; Yang, J. Mechanism study on adsorption of acidified multiwalled carbon nanotubes to Pb
(II). J. Colloid Interface Sci. 2007, 316, 277–283. [CrossRef]

http://doi.org/10.1007/s11356-015-4203-6
http://www.ncbi.nlm.nih.gov/pubmed/25854202
http://doi.org/10.1016/j.jcis.2007.07.075

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of GO and GO/ZnO Nanocomposites 
	Characterization Techniques 
	Equilibrium Adsorption Study 
	Adsorption Isotherms 
	Adsorption Kinetics 
	Chemical Analyses 
	Quality Assurance/Quality Control (QA/QC) 

	Results 
	Adsorbent Characterization 
	Fourier Transform Infrared (FT-IR) Spectroscopy 
	Brunauer–Emmett–Teller (BET) Analysis 
	Scanning Electron Microscopy (SEM) 

	Adsorption Experiments 
	Adsorption Experiments under Different pH Conditions 
	Kinetic Studies of the Adsorption 

	Conclusions 
	References

