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This work illustrates the functionalization of glucose-derived carbon nanoparticles (CNPs) with
ethylenediamine and their possible application in the removal of cadmium from water. A fast microwave
assisted method was used to synthesise the CNPs resulting in good yields and an abundance of
functional groups (carboxyl, hydroxyl groups etc.) which served as anchor sites for modification and
adsorption. The pristine glucose-derived carbon nanoparticles (GCNPs) and functionalized CNPs (EDA-
GCNPs) were characterised using TEM, BET, XRD, FTIR, surface charge and elemental analysis. Batch
adsorption experiments were used to study the effect of factors such as pH, adsorbent dosage and the
initial concentration of the metal ion of interest. From the adsorption studies, kinetics and sorption
equilibrium were also studied, implying that both carbon nanoparticles could effectively remove
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1. Introduction

The release of highly toxic metals often regarded as “heavy” into
surface and ground waters due to acid mine drainage (AMD),
industrialisation and other activities has been known to cause
severe environmental and health related problems. These
metals are particularly of a major concern due to their tendency
to be non-biodegradable in nature and leading to long-term
accumulation in the ecosystem including humans.'* Cadmium
(Cd) a by-product of zinc mining is an example of such toxic
metal ions. Once in the human system, cadmium is known to
build up primarily in the kidneys, throughout life without being
excreted,* ultimately damaging the renal, digestive and even the
nervous systems.®> Thus the maximum tolerable cadmium limit
in drinking water is 3 ug L™ as reported by the World Health
Organization (WHO).

Various remediation technologies have been developed and
reported for the removal of cadmium and other heavy/toxic
metals. These methods include chemical precipitation,®
membrane filtration,” ion-exchange,® electro-coagulation,” and
adsorption.'*™ Each of these methods has its merits and limi-
tations. For example, chemical precipitation involves the use of
expensive materials and often generates a secondary toxic
waste, membranes are subjected to fouling rendering them
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sorption capacities of 10.314 and 18.708 mg g~* for GCNPs and EDA-GCNPs, respectively.

ineffective after a few times of usage and the rest are just
inapplicable for commercial scale.

When water treatment techniques are compared according
to their cost-effectiveness, efficiency, ease of operation and
availability based on a wide range of materials (both natural and
man-made), adsorption is found to be among the top tech-
niques that meet these criteria. Adsorption has been used for
the removal of different pollutants (both inorganic and
organic), with cadmium included [ref]. Some other advantages
of adsorption include ease of waste handling after treatment,
reusability, use of easily accessible or low-cost materials (e.g
activated carbon), portability of facilities and much more. One
of the limitations of adsorption, however, is its limited
commercial application. This limitation can be due to some
factors such as cost, inability to adsorb toxic metals at low
concentration and lack of robustness towards the removal of
wider range of pollutants per adsorbent.” Carbon nano-
materials have been highly researched recently owing to their
unique properties and wide applicability. However, the
production of these materials mostly requires stringent condi-
tions and expensive synthesis tools. Among the different carbon
nanomaterials, carbon nanoparticles (CNPs) are slowly attract-
ing attention owing to their ease of synthesis, fluorescent
nature, relatively low/non-toxicity, high surface area and func-
tionalizability."”>"” These materials are referred to as carbon
nanoparticles because they consist primarily of carbon in the
form of nearly spherical particles that are between 10 and
100 nm in size."®'® Additionally, they usually contain oxygen
and hydrogen which makes them hydrophilic, and dispersible
in aqueous solutions."”

This journal is © The Royal Society of Chemistry 2017
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The modification of CNPs (and other nanocarbons) either by
physical or chemical treatments, is known to induce new
properties or enhance some already existing properties.'**"
Surface modification is best needed to break the strong cohesive
forces that cause aggregation, thus promoting dispersibility and
stability of the particles.”* Functionalization of amide-amine
type is considered as one of the best methods to introduce these
desirable properties,” making CNPs ideal for various applica-
tions including catalysis, and medicine.*®*** Moreover, adding
functional groups such as hydroxyl, carboxylate, sulphate and
amino groups on surfaces (including carbons) is known to
increase their heavy metal affinity (through chelation and
complexation), making them better adsorbents and more
desirable for water treatment.>*?®

Reports on the use of CNPs as adsorbents are scanty with
those tailored towards heavy metal removal are even less
uncommon in the literature. A study conducted by Ruparelia
et al. reported that carbon nanoparticles such as soot had
a potential of removing harmful heavy metals from water.””
However, the method involved in preparing the reported CNPs
was tedious and time-consuming. Thus studies on alternative
synthesis routes (that are low cost and present good yields) and
functionalization of CNPs will be plausible so as to widen the
applicability of this relatively new nanocarbon. Herein, CNPs
were synthesised via a microwave-assisted carbonisation
process from the dehydration of glucose. This approach is very
rapid and gives good yields in contrast to the high-cost and
energy consuming methods typically used to synthesise most
carbon materials. The CNPs prepared were functionalized with
ethylenediamine (EDA) and used for the first time in Cd**
removal (adsorption) from the water. The choice of EDA was
motivated by its nitrogen groups that have lone pairs which can
chelate with most metal ions.

2. Experimental

2.1. Chemicals

Chemicals such as p(+)glucose anhydrous (platinum line, AR),
orthophosphoric acid (85%, platinum line), ethanol absolute
(96%, ACS reagent) were obtained from Associated Chemical
Enterprise (South Africa). Ethylenediamine (=99%, Reagent-
Plus), HATU (97%, 445460), Cd(NO,),-4H,0 (99.997%, trace
metals basis), HNO; (99.999%, trace metals basis) and NH,OH
(28-30%, ACS reagent) were purchased from Sigma-Aldrich
(South Africa).

2.2. Preparation of carbon nanoparticles

Carbon nanoparticles (CNPs) were synthesised by slightly
modifying a synthesis method previously reported by Chandra
and co-workers.”® This was achieved by dissolving 2 g of
glucose in 10 mL of water in a 500 mL beaker. To the dissolved
solution, a 20 mL volume of orthophosphoric acid was added
followed by mixing. The beaker with the mixed contents was
then transferred into a microwave (100 W) for 5 minutes, then
left aside to cool, after which, 100 mL of water was added,
followed by mixing and sonication to further disperse the
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nanoparticles. To isolate the CNPs from the solution, the
mixture was centrifuged at 4000 rpm for 10 min. The precip-
itate was washed several times with deionized water until an
almost neutral pH was obtained from the filtrate. Finally, the
sample was filtered then dried at 40 °C using a vacuum oven.
The synthesis of CNPs was carried out using an LG microwave
operated at 100 W. A yield of 1.29 g, 64.5% (m/m) was
obtained.

2.3. Preparation of ethylenediamine functionalized CNPs

A 200 mg mass of the previously synthesised CNPs was
dispersed in 100 mL DMF by sonication, then stirred at 30 °C for
an hour. To the dispersed solution, 100 mL of ethylenediamine
(EDA) was added followed by stirring for another hour. After-
wards, 10 mg of the coupling agent (HATU) was added, and the
mixture was refluxed at 60 °C for 6 h under stirring to carry out
the amidation step. The product was diluted with 500 mL
ethanol, filtered, then washed a couple of times with ethanol.
The final product was then dried at 50 °C for 12 h, yielding
209.3 mg, 104.65% (m/m).

2.4. Characterizations

2.4.1. TEM analysis. A small portion of the solid sample
was dispersed in ethanol using an ultrasonicator, then a single
drop of the dispersed solution was dropped onto a carbon-
coated copper grid, which was then inserted onto a JEM 2100
transmission electron microscope (JEOL, Japan), operated at
avoltage of 200 kV, to determine the morphology and the size of
the particles.

2.4.2. FT-IR analysis. FT-IR spectra were recorded on
a Perkin-Elmer Spectrum 100 spectrometer (Perkin-Elmer, USA)
at room temperature by the KBr pellet technique, in the region
400-4000 cm ™.

2.4.3. Elemental composition analysis. A Leco CHNS ana-
lyser was used to obtain the carbon, hydrogen, nitrogen and
sulphur composition of the samples (LECO, USA).

2.4.4. Point of zero charge (pH,,.) analysis. The surface
charge/point of zero charge analysis for the adsorbents at hand
was carried out using a Nano-ZS Zetasizer (Malvern, UK).

2.4.5. Surface area and pore volume analysis. The specific
surface area and porosity studies were performed by nitrogen
adsorption and desorption isotherms (BET method) deter-
mined at 77 K using an ASAP2020 surface area and porosity
analyser (Micromeritics Instrument, USA). Prior to the analysis,
each sample was degassed at 100 °C for 3 hours using nitrogen
gas.

2.4.6. XRD analysis. XRD measurements were carried out
using a powder Rigaku miniflex 600 diffractometer, with
a Cu Ko radiation source (wavelength, A = 0.1542 nm)
operated at 40 kV and 30 mA for 26 values from 10°-90°
(Rigaku, Japan).

2.5. Batch adsorption experiments

A standard solution of 1000 mg L~' Cd(u) was prepared by
dissolving cadmium nitrate tetrahydrate in a 1% HNOj; solution
(for standard preservation), from which all other experimental
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solutions of the required mg L' concentrations were prepared
by dilution with MilliQ water. Factors such as pH, temperature,
contact time, and the initial concentrations of the Cd** solution
were investigated, in order to understand the Cd(u)/adsorbent
interaction better. A temperature controlled water bath set at
a constant shaking speed (200 rpm) was used in all batch
experiments conducted. The effect of pH on the removal of
cadmium was studied over a pH ranging 3-8 using a known
volume of Cd(u) (10 mg L™'). The pH adjustments were done
using a portable digital pH meter (Ohaus, USA) by adding 0.1 M
HNO; and 0.1 M NH,OH. To study the effect of adsorbent
dosage a specified dose (ranging from 5-100 mg) was added to
constant volumes of Cd(u) solutions, agitated at 200 rpm at
25 °C for 120 min. The effect of contact time and the kinetics
were investigated by agitating and withdrawing aliquots at an
interval of 5 to 210 min to determine metal ion concentration,
whilst all other parameters are constant. Similarly, adsorption
isotherm studies were carried out by varying Cd(u) ion
concentration from 5 to 50 mg L' at an optimum pH of 6.
Finally, thermodynamics studies were conducted by varying the
temperature from 20-35 °C (293-308 K), whilst all other
parameters were fixed. All reaction mixtures after adsorption
were passed through a 0.22 um PVDF filter, and the superna-
tants analysed for residual Cd(u) ions concentration using an
ICP-OES.

To ensure accuracy and reliability of the data collected, blank
tests were conducted, these tests were performed by adding the
adsorbate (Cd**) solution onto a plastic container, and sub-
jecting it to agitation for a specific time at a specific tempera-
ture, without the adsorbent present (the same way all other
batch adsorption experiments were conducted). The fact that
there was no significant changes in Cd(u) concentration from
those diluted from the standard/stock and the blanks prepared
indicated that concentration changes observed in the real
adsorption studies were due to adsorption by the adsorbents
only and that the plastic vessel/container used in all experi-
ments had negligible effect. All adsorption experiments were
carried out in triplicate, and the results reported were averaged
from the sets. A water bath shaker (207, Rochelle lab equip-
ment, SA) was used for dispersion of the samples during batch
adsorption experiments. The cadmium ion concentrations
(before and after adsorption) were measured using an ARCOS
ICP-OES, equipped with a Cetac ASX-520 auto-sampler (Spectro,
USA).

2.5.1. Removal rate and removal capacity. The %Cd(u)
removed as well as the adsorption capacities of the adsorbents
were calculated using the equations reported below;

%Cd(u) removed = M x 100% 6))]
C—C)V
o.- &)V @

where C, and C; are the initial and final Cd*" concentrations
respectively in mg L. V is the volume of Cd(u) solution in litres
(L) and M is the mass of the adsorbent in grams (g).
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3. Results and discussion

3.1. Characterizations

3.1.1. TEM analysis. Fig. 1a and b show TEM images of
glucose-derived carbon nanoparticles (GCNPs) and the ethyl-
enediamine modified carbon nanoparticles. From these
images, a spherical shape is observed in both materials, as well
as a higher degree of aggregation seen on GCNPs in comparison
to the EDA-GCNPs. Such chain-like aggregations were also re-
ported by Trostova et al.>* and Chandra et al.®® The decreased
aggregation of the EDA-GCNPs is believed to be as a result of
the sonication step as well as the incorporation of the amine
groups which broke the cohesive forces which held the particles
together during the functionalization step. From the TEM
distribution plots (Fig. 1c and d), the average particle size of the
GCNPs was found to be 38.01 nm and upon modification, with
EDA the particle decreased to 29.78 nm. This decrease in size is
believed to be as a result of the introduction of ethylenediamine
groups which has been previously reported to reduce agglom-
eration. Furthermore, the sonication step involved in this
process might have further dispersed the particulates that were
agglomerated resulting in smaller particles. There were no
significant differences in the structures of the carbon nano-
particles before and after functionalization.

3.1.2. FT-IR analysis. FTIR spectroscopy (Fig. 2a) was used
to verify the present functional groups before and after func-
tionalization. The broad absorption peak at around 3350 cm™*
can be assigned to O-H and N-H stretching vibrations expected
before and after functionalization, respectively.**® The fact that
the bands at 2848 and 2917 cm™ ' are greatly strengthened on
the EDA-GCNPs spectrum serves as evidence for the introduc-
tion of methylene groups (C-H bonds from ethylenediamine)
onto the surface of the carbon nanoparticles. The C=O0
stretching peak that originally appeared at 1710 cm ™" on the
spectrum of the GCNPs, completely disappears or shifts to
a lower position in the spectra of EDA-GCNPs, or coincides with
the C=C band at 1610 cm™'; whilst the C-O (initially at 1019
em™ ") stretching shifts to 1087 cm ™" on the EDA-GCNPs, due to
the N-H stretching of amine groups. In the EDA-GCNPs spec-
trum distinct peaks appearing at 1476, 1370 and 1306 cm ™' can
be attributed to the anti-symmetric C-N stretching vibrations
coupled with the out-of-plane NH, and NH modes.***

3.1.3. Elemental composition analysis. A CHNS micro-
analyzer was used to determine the elemental composition of
the glucose-derived carbon nanoparticles (GCNPs) as well as the
composition after functionalization (EDA-GCNPs). The carbon,
hydrogen and nitrogen content detected from this analysis are
provided in Table 1. The presence of nitrogen, as well as an
increase in hydrogen content in the EDA-GCNPs, served as an
indication of amine groups being introduced after the func-
tionalization step. The oxygen content can be obtained by
a mass difference supposing that the remaining element is
oxygen.*> The decrease in oxygen content upon EDA function-
alization can suggest that most of the carboxylic groups that
were present on the GCNPs surface were converted to amide
groups indicating a successful grafting.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Shows; (a) and (b) TEM images, as well as (c) and (d) distribution curves for GCNPs and EDA-GCNPs, respectively.

3.1.4. Point of zero charge analysis. Zeta potential studies
(Fig. 2b) were conducted from pH 2-12, and the point of zero
charges (pHpc) of the two materials was recorded as 2.4 and 3.5
for the GCNPs and EDA-GCNPs, respectively. This, therefore,
meant that below these pH values, the adsorbent’s surface is
positively charged, favouring anionic adsorption. Above the
recorded pHpcyzs the materials exhibit a negative surface charge,
favouring cationic adsorption via an electrostatic interaction
between the negative surface (from carboxyl/amine groups
present) of the adsorbent and the positive metal ion. This,

——GCNPs

—— EDA-GCNPs
60+
504

40

% Transmittance (a.u)

2848 N
1710 1610

4
3350

30 4 v
2917

T
3000

T T 1
4000 2000 1000 0

Wavenumber (cm")

a)

Fig. 2
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therefore, meant that these materials showed potential as
adsorbents for metal removal, and particularly positively
charged metals, as long as pH was above 3.5. Thus this elec-
trostatic attraction was exploited for metal ion adsorption in
this research.

3.1.5. Surface area and pore volume analysis. From the
adsorption isotherms (Fig. 3a and b), it is clearly seen that both
the synthesised materials exhibit a type (IV) nature. Character-
istic features of the type IV isotherm are its hysteresis loop,
which is associated with capillary condensation taking place in

—=— GCNPs
—e— EDA-GCNPs|
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(a) FTIR spectra, and (b) surface charge analysis results for GCNPs and EDA-GCNPs.
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Table 1 CHNS composition of the GCNPs and EDA-GCNPs

Atomic compositions of elements (atomic %)

Sample C H N S o
GCNPs 65.88 4.22 — — 29.90
EDA-GCNPs 59.50 5.35 12.14 — 23.90

mesoporous materials (materials with pore diameters ranging
from 2-50 nm) and the limiting uptake over a range of high P/
P,. Another characteristic of this type of isotherm is the slight
bend that is observed in low pressures, these characteristics are
observed clearly in these materials. An H3 type hysteresis loop is
observed in both isotherms. The hysteresis type is displayed in
cases where the isotherm does not exhibit any limiting
adsorption at high P/P, and is also normal with aggregates of
plate-like particles giving rise to slit-shaped pores. The differ-
ence in the sizes of the loops seen in this case might be because
of the large difference in surface area. The GCNPs have a higher
surface area thus they have a bigger hysteresis loop, this is
common in high surface area material.** The introduction of
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the bulky ethylenediamine groups onto the surface of the
GCNPs leads to a drastic decrease in both the surface area from
340.68 to 16 m> g~ " and the total pore volume from 0.16 to 0.033
ecm® g7'. The decrease in surface area and pore size upon
modification may be due to amide functional groups being
adsorbed and filling the pores of the carbon nanoparticles.*

3.1.6. XRD analysis. The XRD patterns of the GCNPs and
EDA-GCNPs as presented in Fig. 3¢, show that XRD pattern of the
EDA functionalized carbon nanoparticles was very similar to that
of the unmodified carbon nanoparticles, implying that the func-
tionalization process did not damage the novel structure of the
normal CNPs. A broad peak centred at 26 = 21.41° can be seen in
both materials and can be attributed to highly disordered carbon
atoms that are amorphous in nature as in most carbons and
CNPs. The XRD pattern of both GCNPs and EDA-GCNPs showed
no additional peaks, thus, we considered the crystal structure of
the EDA-GCNPs was the same as that of the normal GCNPs.

3.2. Adsorption capacity

3.2.1. Effect of pH. Studies on the effect of pH (Fig. 4a)
show that increasing pH leads to an increase adsorption with
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Fig. 3 BET adsorption—desorption isotherms for (a) GCNPs and (b) EDA-GCNPs, as well as (c) XRD diffraction patterns for GCNPs and EDA-

GCNPs.
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EDA-GCNPs exhibiting a better adsorption capacity. This result
strongly agrees with the zeta potential analysis. In a strongly acidic
medium (below pH 3) the concentration of H" ions on the surface
of the adsorbent is high. Therefore, Cd*>" must compete with H"
for active sites on the adsorbent, thus resulting in very little Cd**
adsorption. The EDA-GCNPs have better adsorption capability
because the protonation degree of its amino groups weakens, and
the coordination and the chelating ability of these amino groups
towards metal ions strengthens resulting in better adsorption. A
similar trend was reported by Zhang et al.*>* Although an increase
in pH resulted in better Cd** removal, pH 6 was used in all
experiments to avoid the precipitation of cadmium as hydroxides.

3.2.2. Effect of adsorbent dose. After evaluating the effect
of mass using 5-100 mg of the adsorbent, it was concluded that
20 mg was enough to carry out all the adsorption studies, as it
gave a higher adsorption capacity at pH 6, in 10 mg L *
cadmium solution. This was further evidenced by the
percentage diagram fitted inside Fig. 4b, which shows that the
Cd** removal efficiency increases with increasing adsorbent
dose up to the dosage of 20 mg, after which the adsorption
efficiency remained constant at around 88% for the GCNPs and
around 99% in the EDA-GCNPs. An increase adsorbent mass
means more sites for the adsorbate to bind onto the adsorbent
will be available. However, if more of the adsorbent is used with
less of the adsorbate (Cd**) present, the adsorption capacity
decreases as seen from Fig. 4b, because there will be nothing to
attach to those sites thus a lower adsorption capacity is seen as
mass is increased and the volume and concentration of the
adsorbent are kept constant.

3.3. Adsorption kinetics and isotherm analysis

To study the effect of contact time, 20 mg of the adsorbents and
10 mg L' were agitated at different time intervals as seen in
Fig. 5a. Increasing contact time sharply increases the adsorp-
tion at a short period of contact time and slowed gradually as
equilibrium was approached. This is due to the availability of an
initial large number of vacant surface active sites on the two
adsorbents. The higher adsorption capacities experienced by
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the EDA functionalized adsorbent, can still be attributed to the
amine functional groups present on its surface, which better
chelate to some metal ions better than carboxyl groups con-
tained by the GCNPs. Equilibrium was reached in just 120 min.

The adsorption mechanism of Cd** onto the two adsorbents
was studied by fitting the linearized pseudo-first-order (eqn (3))
and pseudo-second-order (eqn (4)) kinetic models.

In(ge — ¢)) = Ing. — kit (3)

LA S )
4 kgl g

where g. (mg g ') represents the equilibrium adsorption
capacity and ¢, (mg g~ ') is the adsorption capacity at a given
moment of time, ¢ is the time in minutes, &, (min~—") and k, (g
mg ' min~") are the pseudo-first order and second-order rate
constants, respectively. From eqn (3) and (4), the pseudo-first-
order (Fig. 5b) and pseudo-second-order (Fig. 5c¢) adsorption
model plots were derived. As shown (Table 2), the experimental
data best fitted the pseudo-second-order model, as indicated by
the higher correlation coefficients (R” = 0.9967 and 0.9994, for
the GCNPs and EDA-GCNP, respectively). Based on the pseudo-
second-order model, the adsorption of Cd onto the two adsor-
bents is largely influenced by the functional groups present,
hence chemisorption is the driving mechanism in the adsorp-
tion processes as deduced from the kinetics data.

To understand the adsorbate-adsorbent interactions (which
are vital when designing adsorption systems), and to obtain the
maximum adsorption capacity for EDA-GCNPs, the linearized
Langmuir (eqn (5)) and Freundlich (eqn (6)) equations were
used.

GC_ 1 .G 5
qe b Gm
1
Ing. =In Kg +—1n C, (6)
n

where C. (mg L") is the final concentration. gy, is the saturated
adsorption capacity (mg g~ '), b is adsorption constant (L mg™ "),
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Effect of (a) pH and (b) adsorbent dosage on the adsorption of Cd(i) by GCNPs and EDA-GCNPs.
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Fig. 5 Rate and equilibrium studies; (a) effect of contact time, linearized (b) pseudo-first-order, and (c) pseudo-second-order kinetic models, (d)
Langmuir, and (e) Freundlich adsorption isotherms.

compared to the Freundlich adsorption model (Fig. 5e),
implying that the Langmuir adsorption model best describes
the adsorption data and a monolayer adsorption occurred. The

Ky (mg g~ ") and n are Freundlich constants. The Langmuir plots
depicted in Fig. 5d, was linear in the concentration range of 5-
50 mg L~ with higher correlation coefficients (Table 3) when

34232 | RSC Adv., 2017, 7, 34226-34235 This journal is © The Royal Society of Chemistry 2017
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Table 2 Parameters for pseudo-first-order and pseudo-second-order kinetic models

Experimental Pseudo-first-order Pseudo-second-order
Adsorbent ge Ge(cal) ky R Ge(ca ky R
GCNPs 6.714 1.458 0.0129 0.8637 6.374 0.181 0.9967
EDA-GCNPs 8.207 2.155 0.0265 0.9462 8.301 0.0502 0.9999

EDA-GCNPs (18.707 mg g~ ') had a greater adsorption capacity
than the GCNPs (10.3135 mg g '), meaning the functionaliza-
tion greatly improved the adsorption of Cd** onto the carbon
nanoparticles.

3.3.1. Comparison of cadmium removal onto GCNPs and
EDA-GCNPs. The removal efficiencies and kinetics of Cd** onto
GCNPs and EDA-GCNPs were compared using several param-
eters such as the initial Cd** concentration of 5-50 mg L™,
20 mg adsorbent and pH of 6, at 25 °C as well as varying time
from 5-220 min. The results are shown in Tables 2 and 3, from
these results it can be inferred that modifying the GCNPs with
EDA greatly enhances the removal capacity and that the func-
tional groups introduced onto the surface of the carbon nano-
particles were behind the adsorption process (chemisorption).

3.3.2. Comparison of cadmium adsorption against various
adsorbents. Table 3 lists the values of the maximum adsorption
capacities for Cd** adsorption on different adsorbents which
included the adsorbent of this work and several adsorbents
reported in literature. Due to the differences in experimental
conditions, a direct comparison between the EDA-GCNPs and
the other adsorbents is difficult. However, it can be found that
the maximum adsorption capacity of the modified material was
high as compared with most adsorbents presented in Table 4.

3.4. Thermodynamics

The adsorption parameters such as standard Gibbs free energy
(AG®), enthalpy change (AH°) and entropy change (AS°) were
calculated using the data obtained from the effect of tempera-
ture through the Van't Hoff equations.

InK = AS _AH 7)
R RT
AG=-RTInK (8)

The value of K was obtained from the ratio of adsorbate
particles attached to the surface of the adsorbent to that of the
adsorbate particles in the aqueous solution. R is gas constant

Table 3 Parameters for the Langmuir and Freundlich adsorption
models

Langmuir model Freundlich model

Adsorbent m B R? n Ky R?
GCNPs 10.314 0.884 0.9988 5.6 1.74 0.9553
EDA-GCNPs 18.708 0.0265 0.9529 4.6 1.24 0.9022

This journal is © The Royal Society of Chemistry 2017

(8.314 J K™ ' mol™"), T is the temperature (kelvin). Eqn (7), is
a plot of In Kvs. 1/T, and yields a straight line from which AS°
and AH° can be calculated from the intercept and slope
respectively.*® The plot of In K vs. 1/T for the GCNPs and EDA-
GCNPs is expressed in Fig. 6, and the parameters are tabled as
follows (Table 5).

The positive nature of the AH° values for the two materials
implies that the adsorption process is endothermic as adsorp-
tion of the Cd*" increased upon an increment of temperature.
The higher magnitude of AH° may support the earlier argument
that the chelation (a chemical bonding) play a role in the
adsorption process. This bonding may be the reason for the
increase in enthalpy. A positive value AS° value shows the
enhanced randomness at the adsorbent/solution interface
during the Cd*>" adsorption on the active sites of the adsorbent,

Table 4 Adsorption capacities for Cd?* onto EDA-GCNPs and various

Adsorption capacity

Adsorbent (mgg™) Reference
O-MWCNTSs 10.86 35
Activated carbon 4.29 36 and 37
Cystine modified biomass 11.63 38
Cellu/cys-bent 18.52 39
nanocomposite
EDA-GCNPS 18.71 This work
= GCNPs
® EDA-GCNPs
= s
B R'= 0.9805
| —— R’=0.9250
3.5
3.0
< 2.5
£ J
2.0
1.5+
1.0 T
T T T T
0.00325 0.00330 0.00335 0.00340
1T (K™

Fig. 6 Van't Hoff linear plot of In K versus 1/T for Cd®* on GCNPs and
EDA-GCNPs.
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Table 5 Thermodynamic parameters of adsorbents for adsorption of
Cd2+a

Adsorbent AH° AS° AG°

GCNPs 26.11 0.097 —2.32@293 K
—3.08@298 K
—3.46@303 K
—3.81@308 K
—2.82@293 K
—5.07@298 K
—6.85@303 K

—-9.92@308 K

EDA-GCNPs 132.29 0.46

@ AH® & AG° = k] mol™*, AS® = k] mol * K.

and finally, the negative AG°® values obtained at various
temperatures portray the spontaneous nature of the adsorption
process when the two materials are applied.

4. Conclusion

Carbon nanoparticles were successfully synthesised from
glucose and modified with ethylenediamine, using HATU as the
coupling agent. The characterization after ethylenediamine
confirmed the amidation step which enhanced the adsorption
process. The carbon nanoparticles synthesised in this manner
show promise in the field of adsorption, as they are cheap to
make, reusable and easy to functionalize, thus creating possi-
bilities in the removal of many pollutants (both organic and
inorganic).
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