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New amino group functionalized porous carbon for
strong chelation ability towards toxic heavy
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Fakir, ©22° Mohamed Zbair, ©2 ¢ Hassan Ait Ahsaine, @29 Amane Jada*®®

and Noureddine El Alem?

Herein, ethylenediamine functionalized porous carbon (PC-ED/1.5) was synthesized, then characterized by
various methods and finally used as a functional material for Cu() and Pb(i) ion removal from water. XPS

revealed the presence of numerous functionalities within the surface of PC including —NH and C-N-C
groups. Furthermore, Sger, RS, XRD and FTIR analyses confirmed the changes implemented on the PC
surface. Thereafter, a systematic study was implemented to analyze the interactions of the PC-ED/1.5 surface
with Cu(i) and Pb(i) heavy metal ions. Hence, adsorption experiments showed that the PC-ED/1.5 exhibits
maximum adsorption capacities of 123.45 mg g~ and 140.84 mg g~ * for Culi) and Pb(i), respectively.

Moreover, in situ electrostatic interactions occurring between the divalent cation and the PC-ED/L15
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functional groups was investigated. The mechanism involves chelation processes, electrostatic interactions

and mechanical trapping of the metal ions in the adsorbent pores. Interestingly, a synergistic effect of the
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1. Introduction

Because they are persistent, bio accumulative and very toxic,
heavy metal ions in aqueous solution have always been major
concerns of the scientific community." For example, excessive
doses of Cu(u) can cause serious problems to humans such as
anemia, hypoglycemia, stomach and intestinal distress, and
even kidney damage and eventual death.> In addition, Pb(u)
ions even at very low amounts (ppb) can directly or indirectly
cause harm to humans (the limit set by the World Health
Organization (WHO) for Pb(u) ions in surface and potable water
is less than 0.01 mg 1').* Therefore, heavy metal ion bio-
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pores and surface active sites was observed. Finally, by using alginate bio-polymer we prepared membrane
films of PC-ED/1.5 which showed long-term stability, regeneration capabilities and high mass recovery.

accumulation and concentration throughout the food chain
can cause not only health problems in both humans and
animals, but also environmental problems and complications.*
With the rapid development of industry, in the past 20 years
substantial research has been conducted on the removal of
these metal ions from aqueous solution.>® Thus, it is necessary
to develop and design effective methods and/or materials suited
for heavy metal ion removal from polluted water. Recently,
adsorption processes have been widely used to treat these
problems, due to the fact that adsorption is a promising tech-
nology with easy handling operation and high efficiency.”® It
should be noted that heavy metal ion removal efficiency based
on the adsorption process depends mainly on the nature of the
material and its adsorption properties.’

Thus, different variety of materials ranging from organic,
inorganic, polymer and composites have been used extensively
to remove harmful heavy metal ions."® However, these materials
might have some drawbacks affecting hence the physical
interactions occurring on their surfaces with the pollutants in
the aqueous medium. For instance, the low reusability and the
chemical stability can hinder the adsorption efficiency of
a given material. Therefore, designing adsorbents having good
chemical stability, high functionalities and superior reusability,
are highly desired for adsorptive removal of heavy metal ions.
Owing to their tunable pore structure and high specific surface
area," porous carbon, as a branch of emerging meso/micro-
porous materials, have shown excellent potential in the field
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of gas and liquid adsorption.” Specifically, porous carbon have
been employed as remarkable adsorbents for removal of heavy
metal ions in recent years.">** Sorption using porous carbon is
mainly governed by physisorption derived from the adsorption
potential of the pore structure and abundant oxygen-containing
groups on the surface.” The functionalized carbon-based
adsorbents (e.g. grafting organic species with specific func-
tional groups containing nitrogen on porous carbon surface)
have become more relevant due to several advantages, such as
higher adsorption capacities and lower energy requirements
during the regeneration process.

Functionalization with chelating agents of amine groups can
lead to a better selectivity of heavy metal ions having cationic nature,
as this has been recently demonstrated for the elimination of toxic
heavy metal ions.” Despite these extensive attempts in carbon-based
adsorbents surface modification, many obstacles remain that
hinder their large-scale application and commercial use. Thus,
despite the fact that these methods have many benefits, they mostly
suffer from numerous shortcomings such as: (1) multiple steps
requirement, (2) the use of large amounts of organic solvents, (3)
low productivity of functionalized carbon-based adsorbents, and (4)
the need of toxic and non-sustainable reagents. Today, all the
research projects are increasingly focusing on materials that emerge
from green technologies using safe chemical reagents. As a result, it
is crucial to propose promising and cost-effective alternatives to the
above-mentioned approaches to prepare surface modified carbon-
based adsorbents such as organic solvent-free reactions. Yet, the
challenge is to carry the procedure that allows only surface modi-
fication of the carbon-based adsorbent, while preserving its intrinsic
morphology (Scheme 1).

Aside from the porous carbon functionalization by amino-
groups to design advanced adsorbents with high adsorption
capacity, selectivity and regeneration, the elucidation of the
involved adsorption mechanism and the surface/interface
reactions can be a challenge. Therefore, many efforts have
been devoted to design amine-functionalized adsorbents with
excellent functionality for metal ions removal. However,
unveiling the adsorption mechanism onto these materials
remains a great challenge due to the lack of information at the
in situ level. Considering that the adsorption of a given element
modifies the size of the particles and its surface charge,* the
study of the solid/liquid interface can be the best solution to
solve this problem. Accordingly, powerful surface and interface
characterization techniques in aqueous dispersions must be
used. In this regard, the assessment of the Streaming Induced
Potential (SIP) and the size of the adsorbent particle’s variation
with the adsorbate concentration in aqueous dispersions can be
used to unravel the interface/surface phenomena. The SIP can
be measured using a potential measuring device (PCD, Miiteck
instrument) by monitoring the titration curve of adsorbate-
adsorbent, which allows the adsorbent surface potential
measurements.’®"” In addition, the adsorbent particle size in
aqueous solution can be measured by Dynamic Light Scattering
(DLS). According to this method, the average particle size is
calculated from the measurement of the sample diffusion
coefficient by photon correlation spectroscopy.'®
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The overall aim of the present work is to design new porous
carbon adsorbent functionalized with ethylenediamine, and to
use it as a potential adsorbent for Cu(i) and Pb(u) removal from
contaminated water. Structural characterizations of the
designed adsorbent were then performed to elucidate the
structure-to-property relation. The metal ions removal perfor-
mance from water of the prepared materials has been optimized
by using statistical analysis based on the response surface
methodology coupled with composite design. Finally, by gath-
ering several experimental tests, the mechanism at the solid-
liquid interface has been unraveled using in situ electrostatic
interaction and dynamic light scattering.

2. Methods and materials

2.1. Protocol of preparation of PC-ED/1.5

In this work, easy and effective functionalization approach for
grafting ethylenediamine on porous carbon (PC) surface has
been adapted (Scheme 2). The modification of PC by ethyl-
enediamine was done under very mild temperature conditions (4
h/40 °C). Briefly, a suspension of the PC was prepared: 300 mg of
the PC were dispersed by sonication in 50 ml of distilled water for
1.5 h at 25 °C. Then, ethylenediamine was added dropwise to the
suspension of the PC under sonication. The reaction lasted 2
hours at temperature of 40 °C. The resulting mixture was sepa-
rated by vacuum filtration using Buchner funnel filter paper with
porosity of 0.45 um and thoroughly washed with a 1 : 1 mixture of
ethanol and water. The obtained solid was then dried in
a vacuum oven at 25 °C for 12 h. The ethylenediamine func-
tionalized PC was labelled as PC-ED/x, where x represented the
amount (in ml) of ethylenediamine when preparing the PC-ED
sample. Note that x = 1.5 ml was chosen to be the optimal
volume used to functionalize the PC surface (Fig. S11), based on
the adsorption rate of Cu(u) and Pb(u).

2.2. Batch adsorption experiments

The adsorption of Cu(u) and Pb(u) were performed using batch
system. Thus, 100 ml of Cu(u) or Pb(u) aqueous solutions were
adsorbed onto a known mass of PC-ED/1.5, under various experi-
mental parameters such as pH (2-10), contact time (0-120 min),
temperature (25-45 °C) and initial adsorbate concentration (10-
140 mg 1), After a suitable time, a sample portion was withdrawn
from the beakers and filtered. The impacts of competing cations on
Pb(u) and Cu(u) adsorption were evaluated in the presence of NaCl,
KCl, CaCl,, and MgCl, at certain concentrations. The concentration
of Cu(n) and Pb(u) were determined using absorption atomic spec-
troscopy (AAS 7000 Shimadzu) equipped with furnace detection at
PH 2 using HNO;. Table S1,T highlights the mathematical models
used in this work to fit the data.

3. Results and discussions
3.1. Characterization of PC-ED/1.5

FTIR spectra of pure PC and PC-ED/1.5 samples are shown in
Fig. 1a. As can be seen in this figure, the FTIR spectra show
centered bands in the range of 3450 cm ™" which are attributed

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 NH functions in situ grafted into COOH porous carbon groups for strong chelation ability towards toxic ions metals pollutants. New

generation of wastewater treatment processes.

to O-H stretching vibration groups for both samples (PC and
PC-ED/1.5). In the case of PC, a band around 1630 cm™" is
observed and attributed to C=0 elongation and/or C=0 and
C=C aromatic."* The band around 1099 cm ' attributed to
the C-O and/or C-O-H vibrations of the stretching in carboxylic
groups.”?® For PC-ED/1.5 sample, a dramatic decrease in the
intensities of some peaks are observed as compared with pure
PC. Besides, a new peak at 1327 cm™ ' (C-N stretching vibra-
tions) appeared in this sample indicated the formation of PC-
ED/1.5.*

The XRD patterns of the PC and PC-ED/1.5 are presented in
Fig. 1b, the XRD data in Fig. 1b highlights the presence of tow

This journal is © The Royal Society of Chemistry 2020

broad peaks around 22° and 43°, attributed, respectively, to the
reticular planes (002) and (100) of typical disordered carbon.>>**
The peak observed at ~29° is attributed to the most intense
peak of calcium carbonate diffractogram (29.32°) or to the
phenomenon of the disintegration of organic matter (OM)
during the process of pretreatment with sulfuric acid and the
formation of graphitic crystals and oxide layers.*** Other
observed peaks in Fig. 1b may be attributed to the impurities
coming from different agents used such as H,SO,, NaOH and
HCI or to the nature of the raw material. This result is very
interesting, which clearly demonstrates the formation of
amorphous carbon after the biological, chemical and thermal

RSC Adv, 2020, 10, 31087-31100 | 31089
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Scheme 2 Protocol of PC-ED/1.5 preparation.

treatments. Therefore, the comparison between PC and PC-ED/
1.5 shows that the (002) peak shifts to lower diffraction angle
(~22, 92°) after the grafting of ethylenediamine on PC surface.
Moreover, the XRD data indicate that the average interlayer
spacing dyg, increases after the functionalization reaction.
Hence, the calculated d,,, values are 0.375 and 0.389 nm, for
the PC and the PC-ED/1.5, respectively. Such dy,, increase can
be ascribed to the grafting of ethylenediamine into the PC
graphitic layers. In addition, XRD data was used for the esti-
mation of the average lateral length (L,) and thickness (L) of the
graphite-like segments (Fig. 1b). The results show that the
number (N) of the graphene sheets stacked (N = L./dyo,) Was
essentially depending on the carbon structure. Therefore, the N
number was very important in the case where the PC was not
modified by ethylenediamine.
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Fig.1 (a) FTIR, (b) XRD and (c) RS of PC and PC-ED/1.5.
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Raman spectroscopy is an appropriate tool to identify the key
changes during the chemical functionalization of PC by ED
molecules. According to Fig. 1c, the two samples exhibited
similar Raman spectrum in terms of shape and position of
Raman peaks. The first peak located at around 1355 cm ™" was
attributed to the extent of disorder in graphitic domains (D
mode).”® Such disorder results from the breathing mode of «-
point photons of A;; symmetry, while the second peak observed
at about 1604 cm ™" was assigned to the symmetric stretching of
the graphitic sp> carbon (G mode), due to the first order scat-
tering of the E,, phonon of sp® carbon atoms.>** The ordering
degree (Ig/Ip) and the ratio of defects along the graphene sheets
(In/Ip + Is) were used to describe the structural changes occur-
ring in the PC based samples. The significant increase in the
ratio of defects (Ip/Ip + Ig) upon chemical modification by ED
molecules (from 0.45 to 0.48) indicates an increase in the
concentration of defects following the grafting process. More-
over, the decrease in the ordering degree (Ig/Ip) from 1.19 for PC
to 1.06 for PC-ED/1.5 gave further supports about the lower level
of regularity and the high defect of ED functionalized PC
compared to the neat PC.

The morphological characteristics of the sample PC-ED/1.5
were assessed by using SEM analysis (Fig. 2a and b). The
surface of PC-ED/1.5 was very smooth, graphitic (Fig. 2), with
porous structure (Fig. 2b). This additional analysis shows that
the PC-ED/1.5 sample consists mainly of carbon, which is
compatible with the other results. Besides, the EDS mapping
(Fig. 2c) shows the coexistence of C, O, N and other elements,
evidencing the formation of carbon-based material. The pres-
ence of some impurities on PC-ED/1.5 was also observed as
resulting from the nature of the raw material and the chemical
compounds used during the synthesis process.

The TEM was used to further characterize the microstructure
of PC and PC-ED/1.5 based materials and to highlight the
differences observed in XRD and Raman spectroscopies (Fig. 3).
The TEM images revealed that both adsorbents displayed a 2D

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a and b) TEM images of PC and (c and d) TEM images of PC-
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Fig. 2 (a and b) SEM images of PC-ED/1.5 and (c) EDS mapping analysis of PC-ED/1.5.

nanosheets structure with wrinkled and folded morphology.
Moreover, they showed a rippled, fluffy and transparent
appearance. HRTEM was executed to further explore the
microstructure of PC and PC-ED/1.5.*° The observations
revealed the thicknesses of PC and PC-ED/1.5 flakes ranging
from 2 to 4 nm suggesting a monolayer to a multilayer structure
as reported in XRD analysis. Therefore, the visible lattice fringes
with interlayer distances of 0.373 and 0.387 nm match well to
the (002) of graphitic planes for PC and PC-ED/1.5, respectively
(Fig. 3b and d).*® The graphitized interlayer distance of PC-ED/
1.5 was higher than PC due to the functionalization process
resulting in the grafting of amino-functionalized groups in the
surface of PC, which allows creating defects and increasing this
interlayer distance. These defects can play a very important role
in the creation of micro-porosity and act as the adsorption sites
of pollutants. Additionally, BET analysis confirms the surface
area increase of the PC after the functionalization reaction by
ED (Fig. S21).

RSC Adv, 2020, 10, 31087-31100 | 31091
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The elemental composition of PC-ED/1.5 and the introduc-
tion of nitrogen into the carbon frameworks was confirmed by
XPS analysis (Fig. 4). It is found that the concentration of N was
equal 2.67%, which confirm that N was successfully doped into
carbon networks. XPS analyses were carried out on the synthe-
sized PC and PC-ED/1.5 sample, and presented in Fig. 4a.
Typically, the strong peak located at 284.85 €V can be allocated
to the sp® bonded carbon atoms (C-C/C=C), and the broad
peaks at 286.50 and 290.20 eV to C-O and C=O0 bonds, which
shows the considerable presentation of oxygen-containing
functional groups on the PC (Fig. 4b).*® In the case of PC-ED/
1.5, the deconvoluted XPS peaks of C 1s showed some oxygen-
containing functional groups with the apparition of C-N at
285.68 eV (Fig. 4c).** The appearance of these peak confirm that
the ED functionalization of PC was achieved via reaction with
oxygen groups to form C-N bond (Fig. 4¢).*> The N 1s can be
fitted into two curves with binding energies located at 398.90
and 400.22 eV, which are assigned to -NH and -C-N-C,
respectively (Fig. 4d). The appearance of these two peaks
confirmed that the ED functionalization of PC was achieved via
an amidation reaction between the amine groups (-NH,) of ED
and carboxyl groups (-COOH) of PC to form C-N bond.
However, we presume that not all the ED molecules were
covalently attached to PC via an amidation reaction. We believe
that ED molecules can interact with PC surface functional
groups by two more possibilities: (1) hydrogen bonding and (2)

&
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electrostatic attraction between the oxygen containing func-
tionalities (hydroxyl and carboxyl groups) and the protonated
amine moieties via the weak acidic sites of the PC layers. So far,
combining the results of FTIR, XRD, RS, TEM and XPS analysis,
we can confirm that amide groups have been successfully
grafted on to the surface PC specially on the -COOH groups.

3.2. Adsorption of Cu(u) and Pb(u) onto PC-ED/1.5

In order to study the effect of the adsorbent dose on the
adsorption capacity of Cu(u) and Pb(u), 5 to 30 mg of PC-ED/1.5
were added to 100 ml of Cu(u) and Pb(u) solutions. As can be
seen in Fig. 5a, upon increasing the adsorbent dosage, the Cu(i)
and Pb(u) removal (%) increased. This suggested that an
increase in the amount of adsorbent provided more adsorption
sites.®® To ensure the prudent use of materials, the optimal
adsorbents dose was determined to be 20 mg.

It is well-established that pH is the dominant parameter
controlling the adsorption of metal ions.** In this study, the
ability of the PC-ED/1.5 on the adsorption of Pb(un) and Cu(u)
was influenced by pH solution. Therefore, pH values ranging
from pH = 2 to pH = 8 were investigated (Fig. 5b). It was found
that the adsorption is a highly pH-dependent process and
a sharp increase of heavy metal ions removal efficiency was
observed when the pH value increased from pH = 2 to pH = 6.
Such pH increase has led to removal efficiencies increases from
about 14% to about 85%, and from about 10% to about 73% in
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(a) XPS spectra of PC and PC-ED/1.5 (b) C 1s of PC (c) C 1s of PC-ED/1.5 and (d) N 1s of PC-ED/1.5.
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Fig. 5 (a) Effect of adsorbent dose on the adsorption of Cu(i) and Pb(i) onto PC-ED/1.5, (b) Effect of pH on the adsorption of Cu(i) and Pb(i) onto

PC-ED/1.5, (c) potential zeta of PC-ED/1.5, (d) Surface reaction during adsorption process of heavy metals (Cu(i) and Pb(i)) at acidic pH (pH < 6).
The effects of ionic species on the adsorption of (e) Cu(i) onto PC-ED/1.5 and (f) Pb(i) onto PC-ED/1.5.

the case of Cu(u) and Pb(u) adsorption onto PC-ED/1.5 and F-PC-
ED/1.5, respectively. It is obvious from the above results that the
extent of Cu(u) and Pb(u) adsorption onto PC-ED/1.5 at pH < 5.0
was less than that at pH = 6. These results could be attributed to
H;0" ions competing with Cu(u) and Pb(u) for exchange sites on
the adsorbent at lower pH.** To support these explanations, we
carried out zeta-potential analysis of PC-ED/1.5 and the data are
displayed in Fig. 5c. As can be observed in Fig. 5c, the PC-ED/1.5
surface is more negatively charged at pH > 6 and the pHp,.
(point of zero charge) is approximately 5.8. These results show
that the surface of the PC-ED/1.5 adsorbent is able to adsorb
metal ions at pH > 6 by electrostatic attraction occurring
between the positives metal ions and the negatives adsorbent
active sites. However, the opposite was observed, a decrease in
removal efficiency after pH 6 values has been detected in both
systems, which was explained by other phenomena involved in
the adsorption of metal ions not only electrostatic interaction,
but also precipitation (effect of the distribution of metal ions
species in solution). The changes in the solution pH at higher
values can affect the distribution of Pb(u) or Cu(u) species in
solution. Thus, at pH > 7, Pb(u) species are present as Pb(i),
Pb(OH)", Pb(OH),, and Pb(OH); ", and at pH < 7, the main
species is Pb(u) and the dissociation of functional groups,

This journal is © The Royal Society of Chemistry 2020

promoting or suppressing the adsorption of metal ions
surfaces.*® So, at pH > 6 the removal of Pb(u) and Cu(u) not
mainly accomplished by adsorption but also via a precipitation
process. Considering that before AAS measurements the pH of
solution of adsorbed Cu(u) and Pb(u) was adjusted to 2 by using
some drops of HNO; (4 N). This pH allows detection of the
adsorbed part of Pb(u) and Cu(n) as resulting from precipitation
process. In the other side, at pH < 6 the removal of Pb(u) and
Cu(n), is mainly accomplished by adsorption.* Also, at higher
pH the precipitation of metal ions hydroxide as resulting from
the low metal ions ion solubility.***” Note that the pH values of
the metal ions test solutions were measured during the
adsorption process. The final pH was higher than the initial pH
for all systems, which confirm the attraction between active
sites and positive metal ions ion charges (i.e., electrostatic
interaction). In addition, the higher pH after adsorption of
Cu(n) and Pb(n) indicated an increased activity of OH™ and the
formation of Cu(OH), and Pb(OH),.** To avoid precipitation of
the metal ions, all adsorption experiments were conducted at
PH 6. Previous studies have shown that Cu(u) and Pb(u) start to
precipitate (as Pb(OH), and Cu(OH),) when the solution pH is
beyond 6.%¢3%
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The functionalization of PC using ED has a very important
role in the adsorption process at acidic pH (pH < 6). Therefore,
nitrogen atoms exhibit substantial proprieties for the adsorp-
tion of Cu(u) and Pb(u) due to the presence of lone pair(s) of
electrons responsible for binding of proton/metal ions ion for
the formation of metal ions complex.’” These properties have
already been reported in other works.*” After addition of metal
ions solution, electrons were shared between nitrogen and
metal ions and formed metal ions complex (Rxs. 1 and 2 from
Fig. 5d). Then, at low pH, protonation of -NH, groups has been
achieved (Rx. 3 from Fig. 5d). Considering the fact that the
binding between metal ions and nitrogen atom is stronger in
comparison to the binding occurring between H' and the
nitrogen from protonated amine groups, selective removal of
metal ions can then be achieved (Rxs. 4 and 5 from Fig. 5d).

Generally, cations (i.e., Na(1), K(1), Ca(u), and Mg(u)) can
inhibit the adsorption process of heavy metal ions by competing
with the active adsorption sites.*® Therefore, the adsorption
behaviors of Pb(u) and Cu(u) onto PC-ED/1.5 in presence of
Na(1), K(1), Ca(u), and Mg(u) cations were studieds (Fig. 5e and f).
In various studied systems we notice a slight decrease in the
adsorption capacity and the adsorption performance is more
likely to be inhibited by divalent cations compared to that of
monovalent cations.** The results indicate that PC-ED/1.5
shows great antication interference ability for the adsorption
of Pb(u) and Cu(u), which makes it applicable for use in real-
water treatment processes.

Linear regression models of pseudo-first-order and pseudo-
second-order kinetic have been applied to analyze the experi-
mental data of Cu(u) and Pb(u) adsorption onto PC-ED/1.5 at
25 °C (Fig. S31).>>* The data showed that the values of the rate
constants k, and the regression coefficient (R*) of the pseudo-
second order kinetic model, represent the adsorption of Cu(u)
and Pb(u) onto PC-ED/1.5. Moreover, the experimental adsorp-
tion capacity of Cu(u) and Pb(ur) were very close to the calculated
values by the pseudo-second order model. These results indi-
cate that PC-ED/1.5 contains a heterogeneous surface during
the adsorption processes of Pb(un) and Cu(u).>

To reach the equilibrium adsorbed amount of Cu(u) and
Pb(u) onto PC-ED/1.5, the initial concentrations of Cu(u) and
Pb(u) were varied as depicted in Fig. S4.1 The adsorbed amounts
of Cu(u) and Pb(u) onto PC-ED/1.5 increase with increasing the
equilibrium concentration of Cu(u) and Pb(u) up to plateau
values. The strong gradient of Cu(u) and Pb(u) concentrations
and the lack of active sites in PC-ED/1.5 make the mass transfer
between the material and the liquid phase difficult.* The
temperature effect on the removal of Cu() and Pb(i) onto PC-
ED/1.5, was investigated from 25 °C to 45 °C (Fig. 4St). As
shown in Fig. S4,f the Cu(u) and Pb(u) removal amounts
increase with increasing temperature, indicating hence an
endothermic process related to the Cu(u) and Pb(u) species
solubilities. As temperature increases, the interaction forces
occurring between the Cu(u) and Pb(u) species and PC-ED/1.5
become stronger. Therefore, the higher temperature favors the
adsorption of Cu(u) and Pb(u) onto the PC-ED/1.5.

Linear regression models of Langmuir and Freundlich were
used in this work to investigate the equilibrium data of Cu(u)
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and Pb(u) adsorption onto PC-ED/1.5 at 25, 35 and 45 °C
(Fig. S57).* The Langmuir model indicates the achievement of
homogeneous adsorbed monolayer whereas the Freundlich
model shows the heterogeneity of the surface with a multilayer
adsorption.**** Fig. S5t shows the linear shapes of both models
and the different parameters calculated. The results indicate
a homogeneous distribution of active sites on the PC-ED/1.5
surface and the Langmuir isotherm model were the best
model describing the adsorption of Cu(u) and Pb(u) from water
onto the PC-ED/1.5 adsorbent. Therefore, the correlation coef-
ficient shows a good fit in the case of Langmuir compared to the
Freundlich model. In addition, the values of Freundlich
constant 1/n were smaller than 1, confirming hence that the
adsorption of Cu(u) and Pb(u) onto PC-ED/1.5 was favorable.*®
Further, the maximum adsorption capacities Q. of Cu(u) and
Pb(m) onto PC-ED/1.5 were equal to 123.45 mg g ' and
140.84 mg g ', respectively.

Moreover, plotting In(g./cc) as a function of 1/T gives
a straight line with slope and intercept equal to —AH/R and AS/
R, respectively (Fig. S61).*> The related thermodynamic param-
eters were also calculated and are shown in Tables S2.7 There-
fore, the negative values of AG (Table S2t) suggest the
spontaneous nature of the adsorption process at 25, 35 and
45 °C.*” AG is negative and AH is positive at a given temperature,
the adsorption process is a spontaneous endothermic reaction
and the adsorption process could be improved by an appro-
priate increase in the temperature. Besides, AS > 0 indicating an
increase in the disorder degree of the adsorbed layer at the
solid/solution interface. In this study, the heat of Cu(u) and
Pb(1) adsorption were less than 40 k] mol ™", showing that the
process was predominantly a physical adsorption.

3.3.
1.5

Optimization of Cu(u) and Pb(u) adsorption onto PC-ED/

In the present work, the optimization of Cu(u) and Pb(u)
adsorption onto PC-ED/1.5 was investigated using the response
surface methodology (RSM), which allows the establishment of
relationships between independent variables and in the
responses using a polynomial equation.***® Firstly, the ranges of
variables were obtained from preliminary screening experi-
ments of kinetics and isotherm studies at pH 6 and 25 °C (Table
S31). Then, Central Composite Design (CCD) was chosen to
investigate the linear, quadratic and interaction effects of three
independent variables (Table S47). For more information about
the optimization process of Cu(u) and Pb(u) adsorption onto PC-
ED/1.5 see ESL ¥

3.4. Adsorption mechanism of Cu(u) and Pb(u) onto PC-ED/
1.5

To toll about the adsorption mechanism of Cu(u) and Pb(i1) onto
PC-ED/1.5 many parameters should be taken into account,
especially the electrostatic behavior of our system and the
adsorption of these ions in the pores of PC. Firstly, FTIR anal-
ysis before and after adsorption of Cu(u) and Pb(u) onto PC-ED/
1.5 was investigated (Fig. S8t). This analysis shows that the
peaks of -OH groups, C-O, C=0 vibration, and C-N groups
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were shifted from their position. In addition, FT-IR spectra
show that the typical absorption band of C-N at 1327 cm™"
cannot be observed in the spectrum of Pb(u) and Cu(u) PC-ED/
1.5 with the same intensity, suggesting that Pb(u) and Cu(m)
have been adsorbed on PC-ED/1.5 surface through interaction
with valence electrons (non-bonding pair) of amino-
functionalized groups. These results confirm that the mecha-
nism of adsorption referred to the formation of hydrogen
bonding, electrostatic attraction with C-O and C=O groups
and/or the interaction between Cu(u) and Pb(u) and amino-
functionalized groups. Despite the performance of FTIR tech-
nique to determining behavior change, but it remains able to
explain all of the phenomena, especially when the metal ions
matrix was used as the adsorbate. So, to evaluate the surface
charge nature of PC and PC-ED/1.5 in interaction with Pb(r) and
Cu(u), standard induced potential (SIP) was used (Fig. 6a and b).
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Fig. 6a and b presents the normalized surface potential
variation as a function of the Pb(u) and Cu(u) amount added in
a medium of PC or PC-ED/1.5. This variation described mainly
the interaction between the surface of adsorbent and heavy
metal ions. The Miiteck PCD 02 apparatus was used to get the
standard induced potential (SIP) as a function of Pb(u) and
Cu(n) amount (mmol) by using a cylindrical chamber and
a piston made of poly (tetrafluoroethylene).*® Therefore, 10 ml
of PC or PC-ED/1.5 aqueous suspension was placed in the space
(0.5 mm) between the cylindrical chamber wall and the piston.
Then, at each minute, an amount of Pb(u) and Cu(u) was added
and the potential was measured between both electrodes placed
at the opposite ends of the enclosure. The results showed that
when a small amount of haevy metal ions has been added to the
PC solution, the surface charged was saturated. The adsorbed
quantities has been measured at these points and equals to
9.72 mg g ' and 6.02 mg g ' for Cu(u) and Pb(u) adsorption
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onto PC, respectively. These results show that the Cu(u) and
Pb(u1) occupy some active negatives sites on the surface of PC
(—OH, C-0 and C=0) which decrease the negative charge of PC
and gives us a plateau. In the other side, a large plateau was
determined in the case of Cu(u) and Pb(u) adsorption onto PC-
ED/1.5. This results shows the strong interaction between
Cu(u)/Pb(n) and PC-ED/1.5 surface, considering that the foreign
element is the amino-functionalized groups compared to the
first case. The equilibrium of 0 mV (iso electric point) was
detected and adsorbed quantities were determined. The calcu-
lated adsorbed quantities were 119.42 mg g ' and 134.92 mg
g~ ' for Cu(u) and Pb(u), respectively. These results are practi-
cally in agreement with the maximum adsorbed quantity found
in the isotherm study.

To fully explain this electrostatic behavior, the particle size of
PC-ED/1.5 in dispersed medium in function of Pb(u) and Cu(xu)
amount was carried out at different temperatures using the DLS
method. The measurements of PC-ED/1.5 particle sizes in
aqueous dispersion was performed using Coulter Model N4S
(Coultronics) apparatus which operates with a laser 4 mwW
helium-neon (wavelength = 632.8 nm), and an optical system to
detect at 90° angle the light scattered by the sample, as
described elsewhere.'®**’

DLS analysis showed that there is a positive effect of T°C on
the size of the particles when the temperature increases the size
decreases (Fig. 6¢c and d). However, the most important infor-
mation is the influence of Pb(u) and Cu(u) amount on the size
particles (agglomeration phenomena). We show that for both
systems the curve Pb(u) and Cu(u) amount as a function of the
size of particles was divided into three parts:

e Zone 1, noted Z, (Fig. 6e): the amount of Cu(u) and Pb(m)
was not sufficient to saturate the PC-ED/1.5 surface, which
makes the agglomeration of particles and increases the size.

e Zone 2, noted Z, (Fig. 6f): the zone of equilibrium (0 mV) in
which the surface PC-ED/1.5 was practically neutral which
makes the electrostatic interaction between the particles itself
weak and given the lower size of the particles. These results are
in agreement with the SIP measurement.

e Zone 3, noted Z; (Fig. 6i): in this zone, the Cu(u) and Pb(u)
ions have already saturated the surface of PC-ED/1.5 and they
stay in excess in the medium. This can cause the formation of
other chemical compounds and the agglomeration of particles
again, but weakly compared with the first zone.

DLS analysis confirms that the size of PC-ED/1.5 was very
sensitive to Pb(u) and Cu(u) amount variation and the size
particles were diminished according to the amount of ions
increase until the isoelectric point. Therefore, the Fig. 7 shows
a correlation between particle size and surface charge when the
amount of heavy metal ions was varied and gives practical
information on electrostatic behavior of the our system. These
results allow us to confirm that the amino-functionalized
groups played a very important role in the adsorption of Cu(u)
and Pb(u) compared to other groups. The adsorption mecha-
nism of Pb(u) and Cu(n) onto PC-ED/1.5 can be outlined in
Fig. 8. In addition, the fixation of Pb(un) and Cu(u) pollutants
molecules on the surface of PC-ED/1.5 was not only the deter-
mined step of process adsorption. The first step is generally
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Fig. 8 (a) Schematic mechanism of aqueous adsorption of Pb(i) and
Cu(i) ions by PC-ED/1.5 surface and (b) general surface reaction during
adsorption process of heavy metals (Cu(i) and Pb(i)).
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attributed to the fixation of the pollutant molecule inside the
adsorbent pores, especially in porous materials like carbon. For
this reason, the BET analysis before and after adsorption of
Pb(u) and Cu(u) pollutants onto PC-ED/1.5 was performed
(Fig. S21). As presented in Fig. S21 the nitrogen adsorption/
desorption isotherms of the pristine PC, PC-ED/1.5, PC-ED/1.5
loaded Cu(u) and PC-ED/1.5 loaded Pb(u) are practically
similar in the shape of the hysteresis loop with a little

o
O OH
-0
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difference, which can be attributed to the adsorption of these
ions inside the pores of PC-ED/1.5. Although heavy metal ions
are not absorbed very well in our material, considering the
small decrease in the specific surface and the low adsorption
amount of Cu(ur) and Pb(u) onto PC alone compared with PC-ED/
1.5. These results show that (i) a small amount of Cu(u) and
Pb(u) was fixed in the pores actives sites; (ii) another amount of
Cu(n) and Pb(u) was fixed in active sites from the PC-ED/1.5

<, Alginate (1%)

o‘.
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surface and (iii) a very large amount has been fixed by amino-
functionalized active sites from the PC-ED/1.5 surface by
chelation or via electrostatic interaction process. The same
results were reported in others works.*”*** The schematic
mechanism of aqueous adsorption of Pb(u) and Cu(u) ions by
PC-ED/1.5 surface was presented in Fig. 8a. Therefore, aqueous
Pb(u) and Cu(u) ions adsorption by PC-ED/1.5 can be accom-
plished by below reactions (Fig. 8b):

o Rxs. 1 and 2 from Fig. 8b: through coordination complex by
electron pair sharing of ethylediamine.

e Rxs. 4 and 5 from Fig. 8b: through ions exchange between
H* and M>" species.

e Rxs. 6 and 7 from Fig. 8b: through the C, interactions to
form the C.-Pb and C.-Cu complexes.

e Rxs. 8 and 9 from Fig. 8b: through surface reactions with
surface hydroxyl groups of PC.

e Rxs. 10 and 11 from Fig. 8b: through surface reactions with
surface carboxyl groups no reagent with ethylediamine of PC.

e Rxs. 12 and 13 from Fig. 8b: through chelation process.

3.5. Regeneration study and mass recovery of PC-ED/1.5 and
F-PC-ED/1.5

After the adsorbents characterization, their effective adsorption
of heavy metal ions, the optimization of adsorption process and
the proposed adsorption mechanism, the regeneration effi-
ciency and recovery mass of PC-ED/1.5 were evaluated for the
PC-ED/1.5 and their three-dimensional networks as prepared in
the optimum conditions. The three-dimensional networks of
PC-ED/1.5 were used to reduce the mass loss of PC-ED/1.5.
Therefore, 1 g of alginate powder and 1 g of PC-ED/1.5 sample
were mixed and stirred for 4 hours followed by sonication of 10
minutes (Sonimasse 150 TS, 20 kHz, 160 W) in 100 ml of
distilled water. Then, 10 ml of this suspension (PC-
ED@Alginate) was transferred to a glass Petri dish and dried
for 48 hours at room temperature. In the last step, 10 ml of the
CacCl, solution (0.1 M) was added to the Petri dish, for the cross-
linking of the alginate molecules by the calcium ions, leading
hence to the formation of a three-dimensional network (Fig. 9a).
The prepared films were washed several times with water and
ethanol in order to use them later as adsorbents for Cu(u) and
Pb(u) heavy metal ions, under similar conditions carried out
with the PC-ED/1.5 adsorbent. The ethylenediamine function-
alized PC film was labelled as F-PC-ED/1.5. Three-dimensional
networks of PC-ED/1.5, like PC-ED/1.5 showed very high effi-
ciency. Therefore, the effects of the alginate/Ca matrix on the
adsorption properties of Cu(u) and Pb(u), were carried out and
presented in Fig. S9.f Experimental results show that the
participation of the alginate/Ca matrix in the adsorption
process does not exceed 15%. These results could be explained
by the interactions occurring between the free carboxylic groups
of alginates and the Cu(u) and Pb(u) ions. Fig. S71 shows also
the influence of ethylenediamine functionalization on the
adsorption of Cu(u) and Pb(u) by using optimal mass of F-PC-
ED/1.5. However, after functionalization, a favorable increase
of removal rate was observed, nearly by more than 70%.
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Fig. 9b shows that the removal from water of Cu(u) and Pb(i)
decreases as the number of regeneration cycles increases. After
6 cycles, the renewability and durability of PC-ED/1.5 and F-PC-
ED/1.5 adsorbents were still achieved. 92.1% — 83.6%, 96,7%
— 86.8%, 91.1% — 81.8% and 92.2% — 82% for Cu(u)
adsorption onto PC-ED/1.5, Pb(u) adsorption onto PC-ED/1.5,
Cu adsorption onto F-PC-ED/1.5, and Cu(u) adsorption onto F-
PC-ED/1.5, respectively. The sorption regeneration test
revealed that the PC-ED/1.5 and F- PC-ED/1.5 could be effec-
tively used as a promising adsorbent. In addition, the durability
was also tested by the study of the mass recovery of PC-ED/1.5
and F- PC-ED/1.5 (Fig. 9c). After 6 filtration cycles of liquid-
(adsorbate)/solid-(adsorbent) phases, the recovered mass was
determined. In the case of PC-ED/1.5, 76% of the mass has been
lost during adsorption of Cu and 71% lost during adsorption of
Pb(u). On the other hand, the mass of F-PC-ED/1.5 has not
decreased during the adsorption of Cu and Pb and 100% of
adsorbent mass has been recovered.

4. Conclusion

In summary, through both characterization techniques and the
experimental ways, we can successfully fulfill the missions that
we proposed. (1) in our case, we adopted a simple, eco-friendly
ultrasound grafting approach using ethylenediamine as chem-
ical modifier under very mild temperature conditions (40 °C).
(2) How much we ensure the fixation of the ethylenediamine on
the porous carbon surface? By using XPS analysis we confirm
that the adsorbent surface functionalities include the -NH and
C-N-C groups. In addition, other techniques (e.g. BET, XRD,
TEM and FTIR) have confirmed the changes implemented on
the porous carbon surface, mainly, the interlayer spacing doo,
and the defects ratio along the whole graphene sheets. (3) What
will be the role of amino-groups functionalization for metal ions
removal? The amino-groups were found to simultaneously
improve the metal ions removal from water and recycling
stability. Therefore, the PC-ED/1.5 adsorbent exhibited
a maximum adsorption capacities of 123.45 mg g ' and
140.84 mg ¢~ for Cu(n) and Pb(u), respectively, compared to:
6.02 mg g " and 9.72 mg ¢~ * for Cu(n) and Pb(u), respectively,
when the non-modified PC was used as adsorbent. These results
shows the importance of integration of ED molecules in the
surface of PC to improve adsorption capacities, which was
observed and confirmed in other works (Table S71). (4) How can
we confirm that other species (e.g., Na(1), K(1), Ca(u), and Mg(u))
can not inhibit the adsorption process of heavy metal ions by
competing with the active adsorption sites ? In this work we
confirmed that the adsorption performance is not affected by
divalent or monovalent cations, which makes it applicable for
use in real-water treatment processes. The adsorption capacities
has not changed despite the presence of these species. (5) Has
the optimization by the RSM-CCD method been well applied in
the present system? Yes, it is based on statistical results, the
ANOVA of proposed models have p-values < 0.5 indicating their
significant. In addition, the precision of optimum removal was
confirmed by using adsorption experiments and the results
show that the proposed model used in this study is a suitable
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and usable to describe the aqueous adsorption of Cu(u) and
Pb(u) adsorption onto PC-ED/1.5. (6) In terms of regeneration
and mass recovery, can we say that this material is effective for
real wastewater treatment? Yes, the results show that the
renewability and durability of PC-ED/1.5, were still achieved
after 6 cycles. In addition, three-dimensional networks of PC-
ED/1.5 by using alginate biopolymer was prepared and
showed long-term stability and regeneration capabilities. On
the other hand, the mass of F-PC-ED/1.5 has not decrease
during the adsorption of Cu and Pb and 100% of the adsorbent
mass has been recovered. (7) Was the adsorption mechanism
well explained in a more real way? Practically yes, because,
powerful surface and interface techniques in aqueous disper-
sions were used. Therefore, in situ electrostatic interaction study
by using surface charge detection and Dynamic Light Scaniing
(DLS) at different temperatures, have confirmed that the
mechanism of Cu(u) and Pb(u) removal from water onto PC-ED/
1.5, was controlled by the amino-functionalized active sites
present on the PC-ED/1.5 surface. The overall data indicate that
the amino groups have the strong chelation ability towards
metal ions.
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