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erial-based aerogels for improved
removal of copper(II), zinc(II), and lead(II) ions from
water

Darren M. Smith, Badri Hamwi and Reginald E. Rogers, Jr. *

Access to clean water continues to be an issue throughout the world. Carbon nanomaterials that were

integrated into 2-D hybrid papers have previously shown the ability to adsorb metal ions, such as

copper(II), and polyaromatics. The use of single-wall carbon nanotube–graphene nanoplatelet (SWCNT–

GnP) aerogels with a 3-D architecture has led to increased adsorption of polyaromatic compounds.

Herein we demonstrate their increased ability to adsorb copper(II), lead(II), and zinc(II) ions. Compared to

SWCNT–GnP hybrid papers and activated carbon (AC), carbon nanomaterial (CNM)-based aerogels have

an adsorption capacity, q, that is up to 5-fold, 7-fold, and 48-fold larger for copper, lead, and zinc,

respectively.
Environmental signicance

Supplies of freshwater have been decreasing due to population growth, natural disasters, and pollution. Advanced carbon-based technologies have allowed for
opportunities with the advancement of efficient and cost-effective materials to quickly and easily remove contaminants from high demand drinking water areas.
This work highlights the advantages of using carbon-based aerogels for removing metal ions, specically copper, lead, and zinc, from water supplies.
1. Introduction

The continued exposure to transition and heavy metals, espe-
cially in developing countries, has the likelihood of becoming
a critical problem due to the potential of these metals to be
stored in the body and later distributed to vital organs.1,2 Metals
can contaminate water streams through multiple sources such
as storm-water run-off, industrial, agricultural, and mining
activities, and natural sources.3–7 The development of public
puried water systems has led to the need for regulation, given
the impending impact on public health. In 1974, the United
States Congress passed the Safe Drinking Water Act (SDWA),
which allowed the Environmental Protection Agency (EPA) to set
national health-based standards. In 1991, the Lead and Copper
Rule (LCR) was created to reduce copper levels to <1.3 ppm;
however, these regulations failed to prevent high levels of
copper and lead contamination, such as in Detroit, MI public
school drinking water in 2018.8

The need for puried drinking water has led to the devel-
opment of techniques such as membrane ltration, reverse
osmosis, and electrochemical methods;9–12 however, the speed
and cost of large scale purication is still an issue.13 Adsorption-
based technologies are considered to be low-cost and highly
efficient pathways that are both promising and robust for the
d Chemical Engineering, University of

gers@missouri.edu

–215
purication of aqueous solutions.14 Adsorption techniques are
sought aer because of the ease of implementation and the
capacity to remove contaminants, even at extraordinarily low
concentrations.15 Adsorption can be a versatile method to
remove a broad variety of organic and inorganic compounds,
thus generating a point-of-use water purication with highly
pure effluents. The mechanism of adsorption is a transient
process where the undesired compounds move from a uid
phase to the surface of the adsorbent. The limiting factor in
physisorption purication processes is the capacity of the
adsorbent. In this process, the adsorbate will attach to the
adsorbent through noncovalent interactions, such as van der
Waals forces or p–p interaction.16 A stronger binding affinity
between the adsorbate and the adsorbent allows for more layers
of adsorbate to bind to the adsorbent. In order to increase the
adsorption capabilities of adsorbents, the adsorbent must be
able to be regenerated or have increased uptake.17

The unique properties of carbon nanomaterials (CNMs),
such as nanotubes (CNTs) or graphene, have been studied as
adsorbent additives for wastewater treatment.18–23 Activated
carbon (AC) is the most widespread adsorbent; however, pos-
sessing open pore structures, high surface area, delocalized p

electrons, and a hydrophobic surface allows CNTs to exhibit
comparable or better adsorption capabilities.24–27 The prepara-
tion of nanohybrid materials, materials containing both gra-
phene and CNTs, provides an efficient pathway toward superior
adsorption nanostructures.28 Recently, 2-dimensional
© 2022 The Author(s). Published by the Royal Society of Chemistry
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freestanding papers produced from CNTs and graphene nano-
platelets (GnPs) have shown higher adsorption uptake of Cu(II)
than granular AC.24 The combination of CNT–GnP hybrid
papers has also shown enhanced adsorption of poly-
aromatics29,30 and pesticides17 with up to 39-fold increase
compared to each component, or AC, alone. CNTs and CNT–GO
hybrid materials have also demonstrated the ability to remove
metal ions, such as Cu(II), from aqueous solutions.31–33 Recently,
CNM-based aerogels have shown high binding affinity, almost
double that of AC, for polyaromatics (2,4-dichlorophenoxyacetic
acid and 1-pyrenebutyric acid).29 The 3-D architecture of the
aerogel has shown increased adsorption capacity, q, for poly-
aromatic compounds when compared to its 2-D counterpart.29,30

Utilizing a 3-dimensional construct, these aerogels function in
a similar manner to a sponge resulting in rapid uptake of these
organic contaminants from solution. The utility of these CNM-
based aerogels towards the removal of heavy metal ions from
aqueous systems has not been demonstrated up to this point.
Showing a high binding affinity for metal ions would show the
robustness of these types of aerogels for water purication.

Here, the use of CNM-based aerogels for the removal of Cu(II),
Pb(II), and Zn(II), using 3-D architecture structured aerogels
integrated with GnPs and single-wall CNTs (SWCNTs), and how
they functionally compare to SWCNT–GnP hybrid papers along
Scheme 1 Preparation process for carbon nanomaterial-based aerogels

© 2022 The Author(s). Published by the Royal Society of Chemistry
with AC, is demonstrated. The amorphous carbon aerogels
contained CNM loadings of 0.2 and 2.0 wt%. The kinetic and
equilibrium behavior of the aerogels towards the removal of
metal ions was determined by batch adsorption experiments
using UV-visible spectroscopy. CNM aerogels are shown to have
a larger affinity towards the removal of metal ions from aqueous
solutions than SWCNT–GnP hybrid papers and activated carbon.
2. Materials and methods
2.1 Preparation of carbon nanomaterial (CNM)-based
aerogels

The preparation of carbon nanomaterial (CNM)-based aerogels
was completed analogous to previous work.29 Scheme 1 shows
the CNM aerogel preparation, in which approximately 2.5 grams
of sucrose (certied A.C.S., Fisher Chemical) was dissolved in
5 mL of deionized (DI) water (1.5 mS) in a 20 mL scintillation vial
labeled “A”. The solution was ultrasonicated at room tempera-
ture for 60 minutes to aid in dissolution. Aer initial sonication,
gum arabic (Pure Supplements Co., USA) was then added to vial
“A” and a different 20 mL scintillation vial, labeled “B”, based on
Table 1. Gum arabic has been shown to aid in non-aggregation of
the carbon materials in aqueous solutions.34 The scintillation
vials were then sonicated for 30 min at room temperature to
.
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Table 1 Mass contents of gum arabic (mg) and carbon nanomaterials (mg) used for aerogel preparation

Weight%
loading

Scintillation vial A Scintillation vial B

Gum arabic Carbon nanomaterial Gum arabic Carbon nanomaterial

0 17 0 33 0
0.2 17 1.7 33 3.4
2 34 17 66 34
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unwind the gum arabic chains. Carbon nanomaterials were
added to both of the scintillation vials based on the desired
carbon nanomaterial loading listed in Table 1. Single-wall carbon
nanotubes (SWCNTs, 90%, Carbon Solutions, Inc., length: 0.5–3
mm and diameter: 0.8–1.6 mm) and graphene nanoplatelets
(GnPs, 96%, Global Graphene Group, length: 7 mm and thick-
ness: 30–50 nm) had previously been soaked in concentrated
hydrochloric acid (HCl, 37.5% Sigma-Aldrich) for 17 hours, to
remove metal particles, then vacuum ltered through a 47 mm,
0.22 mm lter and thoroughly washed with DI water. The GnPs
and SWCNTs were dried in a vacuum oven for 20 h at 120 �C, at
ambient pressure, prior to use in aerogel preparation. Aerogels
were prepared with varying mass contents of carbon nano-
material (SWCNTs and GnPs), 0.2 wt% and 2.0 wt%, with
a previously utilized mass ratio of 1 : 1 (SWCNTs : GnPs). This
mass ratio of SWCNTs to GnPs showed themost optimal removal
of contaminants compared to other weight ratios.29 The resulting
solution was dispersed by sonication at room temperature for 60
minutes. Following the nal sonication, vial “A” was poured into
a 150 mL beaker. Vial “B” and 10 mL of sulfuric acid (93% by
weight, Fisher Chemical) were simultaneously poured into the
beaker holding the contents from vial “A”. An exothermic reac-
tion was immediately observed, resulting in the formation of the
aerogel in the beaker. The beaker was allowed to cool for 5
minutes to allow for safe handling prior to removing excess
liquid by transfer pipet. The resulting aerogel was transferred to
a new beaker and soaked in approximately 200 mL of deionized
water for 12 hours. The water was then decanted from the beaker
and the aerogel was dried in a vacuum oven at 120 �C, under
ambient pressure, for 20 hours.
Fig. 1 Illustration demonstrating how the CNM aerogel is removed from
prepared and dried CNM aerogel.

210 | Environ. Sci.: Adv., 2022, 1, 208–215
2.2 Batch adsorption sample preparation process

The cylindrical shaped CNM aerogels were removed and placed
on a platform similarly to their orientation in the beaker. The
aerogel was then cut into three even sections: le, middle, and
right as shown in Fig. 1. The sulfuric acid catalyzed dehydration
of sucrose allowed for the random dispersion of the CNM
throughout the aerogel material. Batch adsorption studies were
performed on three samples from each section to determine the
uniformity of adsorption throughout the entire aerogel. Average
aerogel sample masses used for the solutions were 21.3 � 0.9,
20.8 � 0.5, and 20.5 � 0.7 mg for Cu(II), Zn(II), and Pb(II) nitrate
solutions, respectively.
2.3 Adsorbate solution preparation

Adsorbate solutions were prepared at concentrations of 0.5 mg
mL�1 and 0.1 mg mL�1 by adding the appropriate amount of
cupric nitrate hemi(pentahydrate) (98.9%, Fisher Chemical),
zinc(II) nitrate hexahydrate (98.0%, Acros Organics), and lead(II)
nitrate (>99%, Sigma Aldrich) to a volumetric ask and dis-
solving in deionized water.
2.4 Adsorption measurements

Batch adsorption studies were performed by using three samples
from each of the three layers of every aerogel (le, middle, and
right) and placing them in 20 mL scintillation vials with 10 mL of
the adsorbate solution. These studies were completed on aerogels
containing differing amounts of carbon nanomaterials: 0.2 wt%
and 2.0 wt%. Short-term adsorption studies and measurements
of equilibrium concentrations of the batch systems were
the beaker and sectioned for study. The inset is an image of a fully

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 List of copper(II) solutions for pH study with amounts of 0.1 M
NaOH (mL) added to each solution to obtain the given pH

Sample
0.1 M
NaOH pH

1 10 5.41
2 20 5.61
3 30 5.82
4 40 5.98
5 50 6.12
6 60 6.19
7 100 6.26
8 500 6.66
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performed in 15 min intervals. Absorbance measurements were
taken on a PerkinElmer Lambda 950 UV/Vis/NIR spectrometer by
placing approximately 3 mL of each solution in a quartz cuvette
(Cu(II) l ¼ 635 nm, Zn(II) l ¼ 218 nm, Pb(II) l ¼ 215 nm).35 The
scintillation vials containing the adsorbate solutions and the
aerogel samples were placed on an orbital shaker (Vevor,
B07B3LLJT7) and continuously agitated for 15 min at 120 rpm.
The uptake of the agitated solutions was calculated in 15 min
intervals, for a total of eight intervals (120 min), by measuring the
change in absorption over time. A mass balance on the bulk
solution was used to calculate all adsorption capacities, q (see
Section 3.2 for further explanation on q).
9 550 7.12
10 600 9.12
3. Results and discussion
3.1 CNM aerogel characterization

The inset in Fig. 1 shows an example of a completely prepared
CNM aerogel prior to use. The density of 0.2 wt% and 2.0 wt%
aerogels was estimated to be 0.626 to 0.952 g mL�1, respectively.
We have previously reported a density of 0.414 g mL�1 for
0.0 wt% aerogel.29 This shows that as the wt% of CNM in the
aerogel increases, the density also increases, but at a decreasing
rate. Compared to other aerogel materials, these CNM aerogels
have a much higher density.36,37 The overall structural integrity of
the aerogels does not change signicantly over different periods
of time. In terms of mechanical stability, the variation in the
density of the aerogel due to different weight loadings of CNMs
does not cause the aerogel to collapse. Instead, it is observed that
the aerogel holds its structure even aer application of small
pressures (i.e. holding the aerogel with tweezers or hands). Such
stability is critical for further advancing the use of these aerogels
in applications involving continuous ow systems where pres-
sure forces will need to be taken into account.
3.2 pH measurements of copper(II), zinc(II), and lead(II)
nitrate solutions

In order to compare the performance of the 3-D architecture to
other adsorption media, 0.5 mg mL�1 and 0.1 mg mL�1
Table 2 pH of copper(II) nitrate solutions at given concentrations

Concentration
(mg mL�1) pH

0.1 4.84
0.5 4.71
5.0 4.46
10 4.28
20 4.05

Fig. 2 pH study of 0.5 mg mL�1 copper(II) nitrate. The pH of the solutio

© 2022 The Author(s). Published by the Royal Society of Chemistry
solutions of metal(II) nitrate were prepared. Since precipitation
of metal salts would lead to erroneous conclusions resulting
from higher than actual adsorption calculations, the pH of the
solutions was tested throughout the batch adsorption study
with pH values being as low as 2.18 and 2.28 for the 0.5 mg
mL�1 and 0.1 mg mL�1 copper solutions, respectively.

The starting DI water had a pH of 5.7. Table 2 shows the
decrease in pH of the solution with increasing copper(II) nitrate
concentration from 4.84 (0.1 mg mL�1) to 4.05 (20 mg mL�1).
The starting pH of 0.5 mg mL�1 and 0.1 mg mL�1 copper(II)
nitrate solutions were 4.71 and 4.84, respectively.

Once the aerogel was added to the pH 5.7 DI water, the pH
dropped to 1.99. This is due to residual acid in the aerogel from
preparation. In order to determine the pH at which Cu(II) salts
precipitate, 10 mL of 0.5 mg mL�1 Cu(II) solution was put into
scintillation vials and required amounts of 0.1 M NaOH were
added to achieve the desired pH. Fig. 2 shows an array of cop-
per(II) nitrate solutions with pH given in Table 3, along with the
amounts of 0.1 M NaOH required. While aggregated precipita-
tion was not seen until a pH of 9.12, the solution began turning
blue in color at a pH of 6.19, showing non-aggregated precipi-
tation from solution. Table 4 shows that the pHs of the batch
study remained below a pH of 2.3, which demonstrates that all
the removal of Cu(II) from solution is from uptake into the
adsorbent.

The pH of zinc and lead nitrate solutions was tested at
equivalent concentrations. The starting pH of 0.5 mg mL�1 and
0.1 mg mL�1 zinc(II) nitrate solutions were 4.3 and 5.1, respec-
tively, while the starting pH of 0.5 mg mL�1 and 0.1 mg mL�1

lead(II) nitrate solutions were 4.3 and 4.7, respectively. Table 5
gives a summary of the pHs of all metal ion solutions. Since the
starting pH for zinc(II) nitrate and lead(II) nitrate solutions are
similar to the pH of the copper(II) nitrate solutions, it is
ns ranged from 5.41 to 9.12 (left to right).

Environ. Sci.: Adv., 2022, 1, 208–215 | 211

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00049k


Table 4 pH results from the kinetic test with adsorbent 0.2 wt% and
2.0 wt% aerogels and adsorbate 0.5 mg mL�1 and 0.1 mg mL�1 cop-
per(II) nitrate solutions

Time (min)

pH of 0.5 mg mL�1 pH of 0.1 mg mL�1

0.20 wt% 2.00 wt% 0.20 wt% 2.00 wt%

15 2.18 2.02 2.28 2.06
30 2.18 2.02 2.28 2.06
45 2.18 2.01 2.27 2.06
60 2.17 2.00 2.27 2.04
75 2.16 1.99 2.27 2.04
90 2.17 1.99 2.26 2.04
105 2.17 1.99 2.26 2.04
120 2.16 1.99 2.26 2.04

Table 5 pH data for starting metal ion solutions at list concentration

Cu(II) Zn(II) Pb(II)

0.5 mg mL�1 4.71 4.30 4.30
0.1 mg mL�1 4.84 5.10 4.70
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presumed that the metal ions will precipitate at a similar pH to
that of copper(II) nitrate.
3.3 Batch adsorption studies

The time dependent adsorption of 0.5 mg mL�1 and 0.1 mg
mL�1 copper(II), zinc(II), and lead(II) nitrate solutions can be
observed in Fig. 3–5, respectively. A mass balance on the bulk
solutions was used to calculate all adsorption capacities, q.

q ¼ V(Co � Ct)/Madsorbent (1)

The adsorption capacity is described in eqn (1) where the
concentration (mg mL�1) of the metal ion in solution at a given
time t is Ct (Co, initial concentration). The volume, V, of the
Fig. 3 Time dependent adsorption for removal of adsorbate (Cu(II)) with i
nanomaterial (CNM)-based aerogels of ( ) 2.0 wt% and ( ) 0.2 wt%, (

212 | Environ. Sci.: Adv., 2022, 1, 208–215
solution is held constant at 10 mL, and the mass of the adsor-
bent, Madsorbent, is in grams.

As observed in Fig. 3a, the difference in uptake between the
different systems is clearly visible as the aerogel's sponge-like
structure yields a much more rapid adsorption of the adsor-
bate than the 2-D hybrid paper or AC. The adsorption of Cu(II)
onto the aerogel follows a pseudo-second order kinetic
model,17,38 increasing at a constant rate until approximately 75
minutes, where the adsorption capacity slows and nally rea-
ches equilibrium at around 105 minutes for the 2.0 wt% and 90
minutes for the 0.2 wt% aerogel, while the hybrid paper has
a low linear adsorption and does not reach a maximum during
the 120 min time interval of the experiment and AC had negli-
gible uptake of the Cu(II) ions. The initial increase is due to the
interaction of the open valence of the Cu(II) ions and the p

network of the CNM. The latter stages of the experiment are
where the p network is fully coordinated with Cu(II), saturating
the CNM aerogel, and thus equilibrium is reached. The
adsorption of Cu(II) onto the 3-D structure of the aerogel showed
amuch larger adsorption capacity, q, than the 2-D hybrid papers
and AC. The increased amounts of CNM aerogel allowed for
increased uptake of the Cu(II) ions, shown by the 2.0 wt% aer-
ogel having a q that is �30 mg adsorbate per gram of adsorbent
higher than the 0.2 wt% aerogel. The result of the larger
adsorption capacity of the aerogel, compared to the hybrid
papers, is due to the larger surface area to volume ratio of the
material.29 The sponge-like structure, allowing for a larger
surface area, of the aerogel allows for more adsorption sites for
the copper ions to bind to the CNM. This also allows for a better
distribution of the CNM throughout the adsorbent material.

Fig. 3b shows a time dependent adsorption of the 0.1 mg
mL�1 copper(II) nitrate solution onto 0.2 and 2.0 wt% CNM
aerogels, 2-D hybrid paper, and AC. The adsorption capacity is
linear for the aerogel until 75 minutes where the aerogel begins
to increase. The hybrid papers follow a similar pathway to the
aerogels but the increase from the baseline is delayed until
approximately 105 minutes, compared to 75 minutes for the
aerogels. The 0.2 wt% and 2.0 wt% CNM aerogel has
nitial concentrations of (A) 0.5 mgmL�1 and (B) 0.1 mg mL�1 by carbon
) SWCNT–GnP hybrid paper, and (;) activated carbon.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Time dependent adsorption for removal of adsorbate (Zn(II)) with initial concentrations of (A) 0.5 mg mL�1 and (B) 0.1 mg mL�1 by carbon
nanomaterial (CNM)-based aerogels of ( ) 2.0 wt% and ( ) 0.2 wt%, ( ) SWCNT–GnP paper, and (;) activated carbon.

Fig. 5 Time dependent adsorption for removal of adsorbate (Pb(II)) with initial concentrations of (A) 0.5 mg mL�1 and (B) 0.1 mg mL�1 by carbon
nanomaterial (CNM)-based aerogels of ( ) 2.0 wt% and ( ) 0.2 wt%, ( ) SWCNT–GnP hybrid paper, and (;) activated carbon.
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a maximum q z 18 and 35 mg adsorbate per gram adsorbent,
respectively, while for the hybrid papers q < 10mg adsorbate per
gram adsorbent and AC q is negligible. This shows that the 3-D
structure of the aerogels allows for a more rapid uptake of Cu(II)
ions compared to the 2-D hybrid papers and AC. Unlike the
0.5 mg mL�1 solution, shown in Fig. 3a, none of the samples
reached a plateau in adsorption uptake capacity for the 0.1 mg
mL�1 solution during the 120 min time range. It is believed that
the low concentration of copper ions at 0.1 mg mL�1 has
a slower uptake by the aerogel based on the interaction between
the copper and aerogel. Given the concentration is ve times
less than the initial concentration of 0.5 mg mL�1, there is
a slower ramp up time that can be attributed to the diluted state
of the solution and the slower interaction time between the
copper and the aerogel. To prove this hypothesis the experi-
ments were run for 240 minutes. The 0.1 mg mL�1 Cu(II)
© 2022 The Author(s). Published by the Royal Society of Chemistry
solution reached equilibrium at 120 minutes, 30 minutes aer
the 0.5 mg mL�1 Cu(II) solution reached equilibrium.

In Fig. 4a, Zn(II) is observed to follow a trend similar to the
Cu(II) results. The uptake in both aerogels was signicantly
higher than that of the 2-D hybrid papers and AC. The 2.0 wt%
aerogel had a seemingly larger uptake capacity than the 0.2 wt%
aerogel with amaximum q that is�90mg adsorbate per gram of
adsorbent higher. While neither aerogel seems to have reached
an absolute maximum due to the absence of a clear plateau in
the uptake capacity, the 2.0 wt% aerogel could be considered to
have peaked with regard to the low standard deviation at
120 min as well as an insignicant difference in uptake from
105 min. Further experiments for 240 minutes showed that the
2.0 wt% CNM aerogel with 0.5mgmL�1 Zn(II) solution did reach
saturation at the 120 minute mark. On the other hand, due to
the large difference in uptake of both aerogels compared to that
of the 2-D hybrid paper and AC, the uptake capacity of the 2-D
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Fig. 6 Concentration dependent adsorption for removal of adsorbate ((C) Cu(II), (C) Zn(II), and (C) Pb(II)) at time 120minutes by (A) 2.0 wt% and
(B) 0.2 wt% carbon nanomaterial (CNM)-based aerogels.
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hybrid papers and AC is negligible. Fig. 4b in contrast is more
consistent with its trend to that of the Cu(II) results in Fig. 3a,
specically in terms of following a pseudo-second order kinetic
model17,38 and also reaching certain maxima. The uptake of
both types of aerogels, 2.0 wt% and 0.2 wt%, clearly reaches an
equilibrium aer a maximum q of 70 mg adsorbate per gram of
adsorbent for the 2.0 wt% aerogel at the 90 minute mark and a q
of 40 mg adsorbate per gram of adsorbent for the 0.2 wt%
aerogel at the 75 minute mark. An important point to note is
that the difference between the maximum uptake capacities of
the two aerogels is about 30 mg adsorbate per gram of adsor-
bent, with the 2.0 wt% aerogel having the highest uptake of the
four types of adsorbents used in this study. Moreover, the
uptake capacities of the 2-D hybrid papers and AC in the 0.1 mg
mL�1 Zn(II) solution are below 5 mg adsorbate per gram of
adsorbent which makes them relatively insignicant.

Fig. 5 demonstrates the uptake capacities of the four
adsorbents for Pb(II) ions. With a generally similar trend to the
previous adsorption results of the Cu(II) and Zn(II) metal ions, it
is noticeably lower in average uptake capacity within the 120
minute study window. This is due to Pb(II)'s signicantly larger
molecular weight (MW) and ionic radius (IR) (MW/IR ¼ 207.2/
119 pm) compared to those of Cu(II) and Zn(II) (63.6/73 pm
and 65.4/74 pm, respectively). These factors signicantly affect
the adsorption kinetics due to the direct correlation of uptake
capacity and binding sites, making it harder to adsorb as many
Pb(II) ions as Cu(II) and Zn(II). Fig. 5a shows that the 2.0 wt%
aerogel does not reach amaximum uptake capacity compared to
the 0.2 wt% aerogel and 2-D hybrid paper, which reach their
maxima at the 105 minute mark. However, it is important to
note that the equilibrium uptake capacity for the 2.0 wt% aer-
ogel, which comes at the 120 minute mark, seen in the 240
minute experiment, is about 3 times larger than that of the
0.2 wt% aerogel and almost 10 times larger than that of the 2-D
hybrid paper. Fig. 5b exhibits similar behavior to Fig. 5a with
the exception of the 2.0 wt% aerogel as it reaches a maximum at
214 | Environ. Sci.: Adv., 2022, 1, 208–215
the 90 minute mark with a plateau in adsorption capacity. It is
also closer in its maximum uptake to the 0.2 wt% aerogel, both
being within a �2 mg adsorbate per gram of adsorbent range.
While the 2-D hybrid papers display a slightly higher maximum
uptake, approximately �3 mg adsorbate per gram of adsorbent,
than the previous 2-D hybrid paper results in Fig. 5, activated
carbon remains within the negligible uptake capacity region.
Overall, the 0.1 mg mL�1 Pb(II) solution results in Fig. 5b reveal
lower average uptake capacities due to the lower concentration
of the solution.

Equilibrium isotherms, Fig. 6, were created using the data at
120 minutes for each concentration at 0.1 mg mL�1 intervals
from 0.5 mg mL�1 to 0.1 mg mL�1. As seen in the previous
sections, Pb(II) was observed to have the smallest uptake due to
the much larger atomic radius, although the increased amount
of CNM (2.0 wt%) within the aerogels showed an exponential
increase in uptake capacity over the 0.2 wt% aerogel, which was
rather linear. The adsorption of Zn(II) onto the CNM aerogel
possessed a similar pattern to Pb(II), although Zn(II) was over
three times more active at being adsorbed. The CNM aerogels
showed the greatest ability to adsorb Cu(II) with both the 2.0 and
0.2 wt% aerogels adsorbing Cu(II) in an exponential manner as
the concentration of the metal ion increased. For all three
metals studies, the equilibrium isotherms showed a primarily
linear behavior as opposed to behavior most common of
Langmuir or Freundlich-type models.39
4. Conclusion

In summary, we have presented the preparation and use of
CNM aerogels for Cu(II), Zn(II), and Pb(II) ion removal from
aqueous solutions. We demonstrated that utilizing a 3-D CNM
aerogel increased the adsorption capacity for these metal ions
compared to 2-D hybrid paper and AC by as much as 48-fold,
even though equilibrium was not observed by all of the CNM
aerogels in the 120 min timeframe. The q values of the 2.0 wt%
© 2022 The Author(s). Published by the Royal Society of Chemistry
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aerogel were greater than, or equal to, twice that of the 0.2 wt%
aerogel in both the 0.5 mg mL�1 and 0.1 mg mL�1 solutions.
The only exception to this result was the 0.1 mg mL�1 Pb(II)
solution, where 2.0 wt% and 0.2 wt% aerogels had approxi-
mately similar q values. The pH of the metal(II) ion solutions
were also tested to demonstrate that the removal of metal ions
was solely from adsorbent uptake and not precipitation from
solution, which did not happen until solution pH > 6.19. The 3-
D architecture has previously shown a greater ability to take up
polyaromatics from aqueous solutions than AC.29 Here we have
shown the ability of the aerogels to also remove metal ions from
aqueous solutions. This indicates the future potential of CNM
aerogels to be adsorbents for complete water purication.
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B. J. Mariñas and A. M. Mayes, Nature, 2008, 452, 301.

10 R. I. L. Eggen, J. Hollender, A. Joss, M. Scharer and
C. Stamm, Environ. Sci. Technol., 2014, 48, 7683.

11 M. G. Buonomenna, RSC Adv., 2013, 3, 5694.
12 M. M. Pendergast and E. M. V. A. Hoek, Energy Environ. Sci.,

2011, 4, 1946.
© 2022 The Author(s). Published by the Royal Society of Chemistry
13 A. B. Dichiara, S. J. Weinstein and R. E. Rogers Jr, Ind. Eng.
Chem. Res., 2015, 54, 8579.

14 I. Ali and V. K. Gupta, Nat. Protoc., 2007, 1, 2661.
15 E. L. Cussler, Diffusion: Mass Transfer in Fluid System,

Cambridge University Press, Cambridge, U. K., 2009, p. 436.
16 D. Borodin, I. Rahinov, P. R. Shirhatti, M. Huang,

A. Kandratsenka, D. J. Auerbach, T. Zhong, H. Guo,
D. Schwarzer, T. N. Kitsopoulos and A. M. Wodke, Science,
2020, 369(6510), 1461.

17 A. B. Dichiara, J. Benton-Smith and R. E. Rogers Jr, Environ.
Sci.: Nano, 2014, 1, 113.

18 X. Qu, P. J. J. Alvarez and Q. Li, Water Res., 2013, 47, 3931.
19 M. Khaljeh, S. Laurent and K. Dastaan, Chem. Rev., 2013,

113, 7728.
20 D. V. Kazachkin, Y. Nishimura, S. Irle, X. Feng, R. Vidic and

E. Borguet, Carbon, 2010, 48, 1867.
21 R. E. Rogers Jr, T. I. Bardsley, S. J. Weinstein and B. J. Landi,

Chem. Eng. J., 2011, 173, 486.
22 J. Jin, R. Li, H. Wang, H. Chen, K. Liang and J. Ma, Chem.

Commun., 2007, 4, 386.
23 K. C. Kemp, H. Seema, M. Saleh, N. H. Le, K. Mahesh,

V. Chandra and K. S. Kim, Nanoscale, 2013, 5, 3149.
24 A. B. Dichiara, M. R. Webber, W. R. Gorman and R. E. Rogers

Jr, ACS Appl. Mater. Interfaces, 2015, 7, 15674.
25 C. H. Wu, J. Colloid Interface Sci., 2007, 311, 338.
26 J. Wang, Z. Li, S. Li, W. Qi, P. Liu, F. Liu, Y. Ye, L. Wu,

L. Wang and W. Wu, PLoS One, 2013, 8, e72475.
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