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ABSTRACT: Increased use of nanomaterials in commercial products
will lead to environmental contamination in the near future. So far,
limited adsorbents are available for the removal of such emerging
pollutants from water. The objective of this work was to synthesize
functionalized carbon nanospheres (C-spheres) for the removal of
emerging nanopollutants from water and to study the mechanisms
involved. C-spheres were prepared using hydrothermal carbonization of
glucose. Post-modification with polyethylenimine (PEI) generated
amine-coated C-spheres, followed by protonation using diluted acid
solution. The surface functional groups and morphologies of the C-
spheres were characterized using infrared spectroscopy and field
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emission scanning electron microscopy, respectively. The C-spheres were used for the extraction of citrate-capped gold and
silver nanoparticles from water. The equilibrium adsorption data was interpreted using Langmuir and Freundlich isotherms, and
the adsorption mechanism was investigated using kinetic studies. Our data suggest that the adsorption of nanoparticles on
modified C-spheres followed pseudo-second-order kinetics, and adsorption can be best explained by the Langmuir adsorption
model. The observed results suggest that the developed material shows enhanced extraction capacities (102 mg/g for AuNPs and
135 mg/g for AgNPs). Further, the NP-adsorbed C-spheres were evaluated for the catalytic reduction of p-nitrophenol to

demonstrate the activity of adsorbed NPs.
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Bl INTRODUCTION

Engineered nanoparticles are interesting due to their unique
electro-optical, antimicrobial, magnetic, and catalytic propertles,
and they have found many applications in blosensmg and
antimicrobial products,” some of which in water treatment.® As
the number of consumer products incorporated with nanoma-
terials increase, there is a growing concern regarding environ-
mental contamination, followed by the adverse impact on living
organisms.* "' Even though, there are many reports on in vitro
and in vivo studies of toxicity induced by nanoparticles, a
detailed mechanism of such toxicity is not fully under-
stood.'>™'* Hence, engineered nanoparticles are considered as
an emerging class of contaminant with a potentially wide
distribution and end up in the water through various
pathways.">'® Thus, it is important to address the issue of
environmental remediation of nanoparticles to prevent health
hazards from long-term exposure to nanoparticles.

Many purification technologies have been developed to
remove pollutants from water; however, only a few reports exist
on studies related to the removal of nanoparticles, which
includes coagulation, membrane filtration, and aggrega-
tion.'” " The current water treatment methods are not
efficient for the removal of nanoparticles owing to small size
and high stability. Different adsorbents including polymers,
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metal oxides, activated carbon, and hybrid materials were used
for the removal of nanoparticles, which showed different
adsorption capacities based on various factors.”*">* The
hydrothermal carbonization technique generates interesting
carbon materials, which can be used for the removal of cationic,
anionic, and organic pollutants w1th encouragmg results owing
to high stability and low toxicity.”> > However, use of these
carbon materials for the removal of nanoparticles from water
has not been evaluated. Synthesis, functionalization, and
adsorption properties of C-spheres prepared from hydro-
thermal carbonization of saccharides, glucose in particular, has
been well documented.”>*° The adsorption of nanoparticles
using carbon derived from natural sources can be considered as
an eco-friendly and cost-effective alternative for the wastewater
treatment process.

Previously, the authors reported novel adsorbent materials
for water remediation cazpable of removing a range of pollutants
including nanoparticles.”***"*> The general aim of this work
is to develop an easy and scalable process to develop functional
materials for the removal of nanoparticles from water. The
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specific goals herein include synthesis of C-spheres using
hydrothermal carbonization of glucose and its post-modifica-
tion with polyethylenimine (PEI) for the removal of negatively
charged AgNPs and Au NPs and to demonstrate the retention
of catalytic activity of nanoparticles after adsorption on
modified C-spheres, which is summarized in Scheme 1.

Scheme 1. Extraction of NPs by C-spheres and Catalytic
Conversion of p-NP to p-AP by NPs Adsorbed on Carbon
Material

p-AP@H,0

C- spheres

C- spheres

H,0 p-NP@H,0

B MATERIALS AND METHODS

Materials. Stock solutions of AuCit and AgCit were prepared
according to a modified procedure (Cit is used as abbreviation for
citrate throughout the manuscript).>>** All chemicals and reagents
used were AR grade and purchased from Sigma-Aldrich.

Synthesis of C-spheres. Glucose was carbonized under hydro-
thermal conditions to obtain the C-spheres. Typically, S g of glucose
was suspended in 50 mL of water in an autoclave and heated at 200 °C

for 12 h. The black suspension obtained was washed with methanol
(100 mL) and water (100 mL) until the filtrate becomes colorless. The
C-spheres were dried under vacuum, characterized, and used for
surface functionalization with polyethylenimine (PEI).

Surface Functionalization of C-spheres. The C-spheres (1.2 g)
were suspended in water (100 mL), and PEI (5.0 g) was added to the
solution. The mixture was stirred at 60 °C for 12 h, followed by
filtration and washing the residue with ethanol (100 mL) and water
(50 mL) to yield PEI-coated C-spheres (C-PEI 1.0 g), which were
suspended in water (90 mL) and mixed with glutaraldehyde (9 mL,
50% v/v H,0) for cross-linking the PEL The mixture was stirred
overnight, filtered, washed with ethanol (100 mL) amd water (50 mL),
and dried to get glutaraldehyde cross-linked material (C-PEI-Glu).
Finally, the isolated C-PEI-Glu was suspended in 20 mL of 1 M HC],
stirred for 15 h, filtered, and washed with water (200 mL) until the
filtrate became neutral. The protonated material was dried under
vacuum for 4 h, which afforded 1.0 g of material (C-PEI-GluH") and
used for the nanoparticle adsorption studies in subsequent experi-
ments.

Synthesis of Nanoparticles. AgNO; (0.1 M, 1.25 mL) and tribasic
sodium citrate (0.05 g) were dissolved in water (195 mL). A fresh
solution of NaBH, (0.01 g) in water (2 mL) was added dropwise into
the above solution. Immediately, the color of the solution turned gray,
which indicated the formation of nanoparticles. The solution was
stirred for 24 h and diluted to 200 mL with distilled water. Similarly,
KAuCl, (0.1 M, 0.5 mL) was used for the synthesis of AuCit
nanoparticles keeping all other steps the same, and the red color
solution obtained was diluted to 200 mL with distilled water. Both
nanoparticle solutions were used for extraction experiments by diluting
the stock solution with water to get the desired concentrations. The
absorption spectra were recorded at 520 and 390 nm for AuCit NP
and AgCit NP, respectively, which is consistent with the earlier
reports.>>73*

Characterization of Materials. Field emission scanning electron
microscopy (JEOL JSM-6701F) in conjunction with energy dispersive
X-ray spectroscopy (EDS) was used to probe the morphology and
chemical composition of the material, respectively. The IR spectra
were recorded on a Bruker ALPHA FTIR spectrophotometer using a
standard KBr pellet. Quantitative analysis of the materials was
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Figure 1. TEM image of (a) AuCit and (b) AgCit NPs (inset shows the size distribution). (c) UV—vis spectra of nanoparticle solution (AgCit
solution was diluted eight times before taking the spectra. Size distribution of AuCit (d) and AgCit (e) nanoparticles (corresponding inset shows zeta

potential of NPs).
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performed using a dual view optima 5300DV ICP—OES system. The
CHN analysis was done using an Elementar Vario Micro Cube
elemental analyzer. The morphologies of NPs were observed using
JEOL 2010-F field emission transmission electron microscope
(FETEM). Size and zeta potential measurements of synthesized NPs
were done using a Malvern Zetasizer Nano-ZS90. The software use
non-negative least-squares (NNLS) analysis for size distribution data
and Henry’s Function F for zeta potential measurements. Complete
analysis of size and zeta potentials of all materials (adsorbates and
adsorbent) are given in the Supporting Information. We used
ultrapure water as the dispersant in both size and z-potential
measurements. The pH of the solutions used was 6.5. We did not
use any salt to study the role of ionic strength on adsorption as these
salts tend to destabilize the nanoparticles. We maintained pH 6—7 for
all adsorption experiments in consideration with the NP stability. The
quantitative measurement of NP concentration was done by
comparing the absorption maxima with the standard solutions on a
UV—vis spectrophotometer (Shimadzu —1601 PC spectrophotom-
eter).

Kinetic and Isotherm Studies. Appropriate amounts of
adsorbent (0.02 g) were added to the NP solutions (9 mL) of
specific concentrations. All adsorption experiments were carried out at
room temperature (25 °C) using an orbital shaker at 300 rpm for 6 h.
In case of time dependent studies, the residual NP concentrations were
analyzed after a predetermined time intervals, and the amount of NP
adsorbed at equilibrium Q, (mg/g) was calculated using eq 1.3¢

\4
(:Z'e = ( (:jO - (:; ) o

M (1)

where Cy and C, (mg L") are initial and equilibrium concentrations of
adsorbates, respectively, V is the volume of the solution, and M is the
weight of the adsorbent used. The concentrations of NP solutions
used for the extractions were in the range of 5—60 mg/L.

B RESULTS AND DISCUSSION

The adsorbent material (C-spheres) was synthesized using
hydrothermal carbonization, which was modified as described
in the Materials and Methods section. The silver and gold
nanoparticles were synthesized, fully characterized, and used for
adsorption experiments. The NPs were observed under TEM
to determine the size (Figure 1a and b), and all NPs showed a
size range of 5—25 nm. In the UV—vis spectra, the absorption
maxima (A,,,,) of the NPs were observed at 520 and 390 nm for
AuCit NP and AgCit NP, respectively (Figure 1c), which is
consistent with the literature reports.”> > Further character-
ization of NPs was done using a Zetasizer instrument where the
size and zeta potential of the NPs were measured. The average
hydrodynamic size in water was 26.4 &+ 0.4 nm for AuCit NPs
and 26.6 + 0.4 nm for AgCit NPs (Figure 1d and e). The zeta
potential values were —30.0 + 0.2 and —29.1 + 0.2 mV for
AuCit and AgCit NPs, respectively (Figure 1d and e).

After hydrothermal carbonization, the C-spheres were
isolated by filtration and dried. The surface functional groups
on the C-spheres were identified using FT-IR spectra recorded
in the range of 4000—400 cm™" (Figure 2). The spectra before
and after functionalization of C-spheres are almost similar
without significant changes. The broad band in the range of
3200—3600 cm ™" for C-spheres can be attributed to the O—H
stretching vibrations of the hydroxyl groups and/or the
carboxyl groups. In the case of the functionalized C-spheres,
a broad peak observed around 3443 cm™" could be attributed to
the presence of —NH groups of the PEI polymer along with the
—OH groups.””*® The small intensity peaks at 2922 and 2929
cm™" belong to the C—H stretching vibrations indicating the
presence of C—H bonds from the surface adsorbed PEL The
sharp peak near 1700 cm™" corresponds to >C=0 stretching.
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Figure 2. FT-IR spectra of C-spheres before and after modification for
comparison.

The peak near 1620 cm™ can be attributed to the —OH and
—NH bending vibrations.” The peak at around 1400 cm™
could be attributed to the presence of carboxylate groups
—COO- at the surface of carbon spheres, which can get
deprotonated after interaction with PEI. The appearance of a
distinctive peak at 1300 cm™" can be attributed to C—N stretch.
The adsorption peak at 1025 and 1022 cm™" can be assigned to
the C—O stretching of alcohols or carboxylic acids.

The elemental analysis data of all materials used in this study
are given in Table 1 for comparison. After the hydrothermal
treatment, the percentage of carbon was increased considerably
from 40% to 60.67% with simultaneous reduction in H content
from 6.71% to 4.81%, which indicate significant carbonization
of glucose.”* >

After coating the spheres with PEI, a significant amount of
nitrogen (3.44%) was detected in the material. Presence of Cl
(1.4%) after washing with 1 M HCI shows that only part of the
imine nitrogen (18%) were protonated in the functionalized C
-spheres.

A small amount of the carbonized materials was dispersed in
water and deposited on a glass slide to investigate the
morphology using SEM, which revealed the formation of C-
spheres within the size range of 200—300 nm, as shown in
Figure 3. After functionalization, there were no significant
morphological changes in the material, and the spherical shape
was retained indicating the robust nature of the C-spheres
(Figure 3 and Figure S2, Supporting Information). The coating
of PEJ, followed by cross-linking with glutaraldehyde, stabilizes
the PEI on the surface of C-spheres. After washing with 1 M
HCI followed by water, the adsorbent was dried and used for
the nanoparticle adsorption studies without further processing.
The hydrodynamic radius, measured using a Zetasizer, was
340.0 + 0.2 nm, whereas the zeta potential value was 25 + §
mV at normal pH (Figure S1, Supporting Information).

The pH of the medium is important for understanding the
adsorption process as it influences the electrostatic interactions
between the adsorbate and adsorbent.** To evaluate a favorable
pH for the adsorption of NPs and to deduce the maximum
adsorption capacity, NP solutions at different pH values were
prepared. Ag and Au nanoparticle solutions were unstable at
either acidic or basic pH (e.g, 2, 4, 10, and 12). Thus, the
successive experiments were carried out at a pH range of 7—8.

Effects of Initial Pollutant Concentration and Contact
Time. The unmodified C-spheres did not show any significant
adsorption of NPs due to lack of favorable functional groups on
the surface, which is shown in Figure S3 of the Supporting
Information where we have used citrate-coated Ag NPs for the
experiment. The adsorption capacity of the modified C-spheres
with adsorption time for the NPs at 30 °C is given in Figure 4.
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Table 1. Elemental Analysis of Modified C-spheres

materials C (wt %) H (wt %) N (wt %) O (wt %) H/C o/C Cl (wt %)
glucose 40.00 6.71 - 53.29 0.168 133 -
C-sphere 64.67 4.81 <0.50 30.52 0.074 0.472 -
C-sphere_PEIL 61.64 5.59 3.44 29.33 0.090 0.476 -
C-sphere_PEI Glu 6243 5.25 3.08 29.24 0.084 0.468 -
C-sphere_PEI_Glu_HCl 59.68 4.86 3.07 30.99 0.081 0.519 1.40

Figure 3. (a) Low- and (b) high-magnification FESEM images of
functionalized C-spheres.
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Figure 4. Variation of adsorption capacity of C-spheres with time for
NPs at room temperature. (Conditions used: adsorbent = 2 mg; NP
concentration = 50 ppm (AuNP) and 67 ppm (AgNP); volume = 9
mL). The concentration of nanoparticles in solution was determined
using UV—vis spectroscopy measurements.

It is shown that the amount of NP adsorbed (mg/g)
increased with time and reached an equilibrium. The
adsorption of citrate-capped Ag NPs was higher compared to
the AuCit NPs probably due to the favorable interaction of
surface functional groups with AgNPs. The adsorption of NPs
was monitored for 6 h to quantify the equilibrium adsorption
capacity for each NP. The observed Q, values of 134.5 and 102
mg/g for AgCit and AuCit NPs, respectively, are high
compared to the reported values.””* These results suggest
that the protonated PEI-coated C-spheres (C-PEIH-Glu), with
zeta potential of 21.3 + 0.2 mV, serve as an excellent adsorbent
for the removal of negatively charged NPs from water. TEM
analysis of C-spheres (Figure 7) was done after adsorption of
NPs to demonstrate the presence of NPs on the surface of C-
spheres.

Adsorption Kinetics. Various kinetic models have been
proposed in the literature addressing the adsorption of
pollutants on adsorbent surface.* ~* These models are crucial
for the development of improved adsorbent materials and also
give an insight into the adsorption mechanism. We have
investigated the adsorption phenomenon of our functionalized
C-spheres using different kinetic models, and pseudo-first-order
(eq 2) and pseudo-second-order eqs (eq 3) are given below.
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where Q, and Q, indicate the amount of NPs adsorbed (mg/g)
at equilibrium and at time t, respectively. The corresponding
rate constants for the present adsorption are denoted by k;
(min™") and k, (g mg™' min). As shown in eq 2, a plot of
log(Q. — Q.) vs t gave the first-order rate constants k, (slope)
and experimental adsorption capacity Q, (intercept), whereas a
plot of t/(Q,) vs t from eq 3 gave the second-order rate
constant k, (intercept) and experimental adsorption capacity Q,
(slope). Both time-dependent plots are given in Figure S, and
the corresponding values of various constants are listed in
Table 2.

= AuCit

0 60 120 180 240 300 360
Time (min)

g 0.8 = AuCit
o AgCit

0 60 120 180 240 300 360
Time (min)

Figure 5. Pseudo-first-order kinetics (a) and pseudo-second-order
kinetics (b) for the adsorption of nanoparticles by surface function-
alized C-spheres.

The comparison of observed adsorption capacity with that of
experimentally calculated values gives a clear idea about the
adsorption mechanism. The adsorption mechanism of NPs can
be best explained by pseudo-second-order kinetics as the
correlation coefficients (R?) for AuCit (0.999) and AgCit
(0.9994) fits well with the experimental data compared to the
pseudo-first-order kinetics where the R> values for AuCit
(0.9446) and AgCit (0.6417) NPs deviates significantly from
unity (Table 2). Further, the calculated adsorption capacities of
103 mg/g (AuNPs) and 137 mg/g (AgNPs) from the second-
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Table 2. Pseudo-First-Order and Pseudo-Second-Order Constants and Correlation Coeflicients for Adsorption of Different NPs

on Functionalized C-spheres

pseudo-first-order kinetics

pseudo-second-order kinetics

Q. (mg g™") (experimental) Q. (mgg™) ky (min™") R Q (mgg™") k* (g mg™" min) R
AgCit 135 53 1.08 X 1072 0.9643 137 9.6 x 107 0.9994
AuCit 102 32 9.4 x 107 0.9446 103 126 x 1072 0.999
order kinetics are in good agreement with the observed 04, A

adsorption capacity of 102 (AuNPs) and 135 mg/g (AgNPs).
The first-order adsorption capacity values are 32 mg/g
(AuNPs) and 53 mg/g (AgNPs) (Table 2), which are much
smaller than the calculated values. All these data indicated that
the adsorption process followed the second-order adsorption
kinetics. The extraction of NPs by adsorption process is not
well understood. The purpose of using kinetic models is to
understand different factors affecting the extraction efficiency.
The NPs adsorption on PEI-modified C-spheres might involve
one or a combination of electrostatic attraction, chemisorption,
ion exchange, and complexation. It is not appropriate to
conclude that the adsorption mechanism is based on two
kinetic models. A proper mechanism can be explained only
after complete understanding of adsorbent and adsorbate. This
needs more theoretical and experimental analysis of NPs and
adsorbent surfaces. We used conventional kinetic models to
prove that the adsorption is not only due to diffusion but also
due to chemisorption.

Adsorption Isotherm Studies. The adsorption isotherm
studies were carried out for NP adsorption by the function-
alized C-spheres to get a better understanding of the adsorption
process. The adsorption of NPs was studied as a function of
different concentration with time, and the data were used to
determine the adsorption isotherm. The frequently studied
Langmuir adsorption isotherm*® and the Freundlich adsorption
isotherm®” were employed. The mathematical representations
of Langmuir (eq 4) and Freundlich (eq 5) adsorption isotherm
are given below:

(i
Q. \K)™ Q,

anezanF+llnCe
n

4)

()

In the above equations, K and K represent the Langmuir and
Freundlich constants, respectively, Q. (mg g”') is the amount
of NPs per unit gram, and C, (mg L") is the equilibrium
concentration of NP in solution, whereas Q,, represents the
theoretical monolayer adsorption capacity. A value of 1/n is
also significant as its value below one indicates a normal
Langmuir isotherm, while above one is indicative of cooperative
adsorption.

The data obtained from the adsorption experiments are
plotted in Figure 6. The Langmuir and Freundlich adsorption
isotherm constants along with their correction coefficients are
reported in Table 3. The linear graphical relationship indicate
the applicability of Langmuir isotherm for the adsorption
process as can be seen by the R? values for AuCit (0.9808) and
AgCit (0.9928), which are close to unity as compared to the
Freundlich isotherm (Table 3). Further, the value of 1/n
(0.150S for AuCit and 0.1801 for AgCit) is in accordance with
the above observation.
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Figure 6. Langumir (a) and Freundlich isotherms (b) for the
adsorption of AgCit NPS and AuCit NPS.

Another essential constant for Langmuir isotherm is known
as separation factor (R ), which is defined by eq 6.

1

"1+ KC)

(6)
This parameter dictates the shape of the isotherm depending
on the following characteristics: Ry > 1 is unfavorable
adsorption; Ry = 1 corresponds to a linear isotherm; 0 < RL
< 1 is favorable and R;= 0 is irreversible. The Ry values for the
adsorption of AuCit (0.0151) and AgCit (0.012) on the C-
spheres indicate a favorable adsorption process (Table 3).

It is understood that the coating of PEI onto the C-spheres
occurred through the adsorption process, and leaching of PEI
from the surface into the extraction medium was prevented by
cross-linking with glutaraldehyde to reduce the solubility of PEI
in water. The adsorption of NPs on PEI-modified C-spheres
was facilitated by the electrostatic interaction between the
negatively charged nanoparticles and positively charged C-
spheres. The observed extraction efliciency for AgNPs was
much higher than AuNPs. The free amino groups also provide
favorable binding interaction through coordination to the
nanoparticle surface.

Characterization of Adsorbent Surface after Extrac-
tion. The modified C-spheres after the NP adsorption were
analyzed using SEM, which showed the presence of Au and Ag
NPs on the surface, which is also identified by the EDS analysis
(Figure 7). The homogeneous dispersion of NPs on the surface
with no significant morphological changes of the C-spheres
after adsorption of NPs demonstrate the stability of the C-
spheres and affinity toward negatively charged NPs. In order to
check that NPs possess the known catalytic activity after
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Table 3. Langmuir and Freundlich Isotherm Constants and Correlation Coeflicients for Adsorption of Nanoparticles on

Functionalized C-spheres

Langmuir Constants

Freundlich Constants

Q. (mg/g) K (Lg™) Ry R Ki (mgg™') (Lg')" 1/n R
AgCit 116 12286 0.0120 0.9928 64.845 0.1801 0.9474
AuCit 83 13011 0.0151 0.9808 50.978 0.1557 0.935
F After 24 h |Within 10 min

| % | Mass%
Clc ¢ Tostan d C ¢ 304202
' O 24.0+1.9 800 0 15919
o 12007 Au5827 [ 2 aao] Ag 53.6+2.1
= i | |
3 99 3 480 A
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Figure 7. TEM images of C-spheres after adsorption of (a) AuCit and
(b) AgCit NPs and corresponding EDS data of functionalized C-
spheres after adsorption of (c) AuCit and (d) AgCit NPs.

adsorption and to find potential applications of nanoparticles
adsorbed on C-spheres, a few catalytic reactions have been
carried out.

p-Nitrophenol Reduction. Catalytic activities of AuNPs
and AgNPs have been reported by many research groups. To
check the activity of metal nanoparticles adsorbed on the C-
sphere surface, a well-studied reduction of the p-nitrophenol (p-
NP) reaction was selected.**™>° Small quantities of Au NPs or
Ag NPs adsorbed on C-spheres (0.02 g) obtained from the
extraction experiment were suspended in an aqueous solution
of p-NP/NaBH, (2.0 mL — [NaBH,] = 0.1 M and [p-NP] =
1.0 X 107* M) and stirred, and the progress of the reaction was
monitored using a UV—vis spectrophotometer. The reducing
agent, NaBH,, is not capable of reducing p-NP even after 24 h,
whereas after the addition of AgCit/C or AuCit/C as a catalyst,
the reaction was completed within 10 min as indicated by the
absence of a yellow color (Figure 8a). The UV—vis spectra also
showed the disappearance of a peak at 400 nm (/,,,.), which is
associated with p-NP with the generation of a new peak at 300
nm associated with p-amino phenol, the reduced product
(Figure 8b).

A few control experiments such as p-nitrophenol reduction
under different conditions such as stirring with NaBH, alone or
with C-spheres and NaBH4 with no NPs led to no detectable
product formation in the reaction mixture. The small decrease
in the intensity could be attributed to the adsorption of p-NP
on C-spheres rather than reduction (Figure 8b). Both the
reducing agent and the nanoparticles on the C-spheres are
needed for the successful reduction of —NO, groups to —NH,
groups. The catalytic nature of p-NP reduction was established
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Figure 8. (a) Images showing the reduction of p-NP by Au and Ag
NPs adsorbed on C-spheres in the presence of NaBH,. (b)
Corresponding UV—vis spectra for p-NP reduction ([NaBH,] = 0.1
M and [p-NP] = 1.0 X 10~* M; 1 = p-NP/NaBH,; 2 = p-NP/NaBH,/
C-sphere; 3 = p-NP/NaBH,/AgCit@C-sphere; 4 = p-NP/NaBH,/
AuCit@C-sphere. UV—vis spectra of 1 and 2 were recorded after
diluting the solution four times compared to the UV—vis spectra of 3
and 4, which were used as such).

by using the same material (NP@C-spheres) for three
successive reductions (data not shown). In summary, the
PEI-coated C-spheres are excellent adsorbents for metal NPs,
and C-spheres with NPs on the surface can be used as catalysts
for chemical transformations.

H CONCLUSION

A low-temperature hydrothermal carbonization route was
applied to generate C-spheres from glucose. The post-
modification of the C-sphere surface includes adsorption of
PE], cross-linking with glutaraldehyde, and protonation with
dilute acid. Surface-modified C-spheres were used for the
extraction of citrate-capped Au and Ag NPs. The synthesized
material showed excellent adsorption capacity of 102 mg/g
(AuNPs) and 135 mg/g (AgNPs). Among the isotherm models
tested, Langmuir adsorption fits well with the adsorption data
as indicated by the R* values, 0.9928 and 0.9808 for Ag and
AuCit NPs, respectively. Kinetic studies showed that the
adsorption for both the NPs followed the pseudo-second-order
model as the calculated Q, values (103 and 137 mg/g for Ag
and AuCit NPs, respectively) were close to the experimental
values, and the R? values were close to unity (0.9994 and 0.999
for Ag and AuCit NPs, respectively). Various factors such as
size, surface charge, and interaction of functional groups on the
adsorbent surface are responsible for the different extraction
capacities. Ligand—metal interactions based on the hard—soft
acid—base (HSAB) theory along with electrostatic interactions
could be the possible explanation for the higher extraction
capacity of Ag NPs. Catalytic activity of adsorbed NPs was
examined for the reduction of p-nitrophenol, which showed fast
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reduction within 10 min to form p-aminophenol. The synthesis
and use of such carbonized materials are simple and cost
effective and offers an efficient method for water treatment. It is
conceivable that the material developed here can offer an
environmentally friendly and cheaper way of removing
nanoparticles from the water supply.
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