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Abstract: Activated carbons prepared from cashew nut shells and modified by grafting polyethylen-
imine onto the surface were tested for removal of Cr (VI). The removal efficiency of carbons without
and with polyethylenimine decreased with an increase in pH, with maximum efficiency found at
pH 2. The average maximum adsorption capacities of carbons were calculated to be 340 ± 20 mg/g
and 320 ± 20 mg/g for unmodified and modified carbons, respectively. Surface characterization of
carbons revealed that C–O functionalities are actively involved in both polyethylenimine grafting
and Cr (VI) removal. Moreover, lactone groups and amides, formed by polyethylenimine grafting,
seemingly undergo acid hydrolysis with formation of phenol and carboxylic groups. Considering that
Cr (III) is the only form of chromium found on the surface of both carbons, the reduction mechanism
is deduced as the predominant one. Here Cr (VI), majorly present as HCrO4¯, is attracted to the
positively charged carbon surface, reduced to Cr (III) by phenol groups, and adsorbed inside the
pores. The mechanism of Cr (VI) removal appears to be similar for unmodified and modified carbons,
where the smaller adsorption capacity of the latter one can be related to steric hindrance and pore
inaccessibility.

Keywords: activated carbon; adsorption capacity; cashew nut shells; chromium (VI) removal;
polyethylenimine; surface chemistry

1. Introduction

Chromium water pollution is a serious environmental issue and is usually a result of
human activities due to a poor industrial storage and inadequate waste disposal. The forms
of chromium that most commonly occur in natural waters are trivalent chromium, Cr (III),
and hexavalent chromium, Cr (VI). The former one is found in many food products and is
essential in human dietary [1], whereas the latter one occurs naturally in rocks and soil, or
is produced by industrial processes, such as tanning, metal plating, and welding. Cr (VI) is
a more toxic form of chromium, which is non-biodegradable, and classified as a known
carcinogen by the Environmental Protection Agency (EPA). According to Occupational
Safety and Health Administration (OSHA), exposure to Cr (VI) may result in multiple
adverse health effects, including asthma, eye damage, kidney and liver damage, pulmonary
congestion and edema, and respiratory cancer [2]. EPA’s drinking water standard for total
chromium, including Cr (VI), is set to 0.1 ppm or 100 ppb. As stated by Environmental
Working Group (EWG), based on the conducted laboratory tests, tap water of 31 out of 35
U.S. cities contains Cr (VI) [3]. According to EWG, at least 74 million people in nearly 7000
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communities drink tap water polluted with “total chromium,” which includes hexavalent
and other forms of the metal [3].

Most common treatment options for Cr (VI) include ion exchange [4,5], reverse os-
mosis [6], membrane separation process [7–9], reduction-precipitation [5,10], electrochem-
ical processes [11,12], biosorption [13,14], and adsorption with activated carbon [15–30].
Amongst these methods, the advantages of using adsorption with activated carbon include
method simplicity, cost-effectiveness, and ability for regeneration [1,19]. Furthermore,
using activated carbons derived from agricultural waste products and other biomass waste
such as waste palm trunk and mangrove provide an environmentally practical alternative,
and a means of cutting costs while providing a solution for agricultural waste manage-
ment [31–34]. Literature studies have shown that such agricultural waste precursors as
corn straw [15], mango kernel [16], aloe vera waste leaves [19], Tamarind wood [20],
Eichhornia crassipes root [21], peanut shell [22], apple peel [23], chestnut oak shell [24],
longan seed [25], rice bran [26], and Zizibhus jujuba cores [27] can be successfully used
for the production of activated carbons for Cr (VI) removal. Moreover, the modification
of activated carbons by various methods can be employed to enhance their potential for
removal of specific contaminants from aqueous phase [35]. Accordingly, several studies
have shown that increasing the content of heteroatoms on the activated carbon surface
may enhance Cr (VI) removal [36–42]. Thus, modification of activated carbon surface with
long-chained nitrogen-containing polymer– polyethylenimine (PEI)—presents a viable
perspective to improve the removal efficiency of carbon for chromium. Although limited
data are published on Cr (VI) removal on activated carbons with PEI [41,42], the latter
one was suggested to enhance the positive charge density of the carbon surface [36,41],
which in turn can significantly increase the electrostatic affinity of Cr (VI), mostly present
in solution as an anion [14,15,22,23,27–31,37,41,43].

The objectives of this research are to study the removal efficiencies of activated carbons
from cashew nut shells for Cr (VI), and to explore the effect of PEI grafting. The focus of this
study is to understand the role of surface functionality in the removal process, specifically
the nature of participating surface functional groups. A thorough surface characterization
of cashew nut shell based activated carbons before and after PEI grafting is performed in
order to identify the mechanistic pathways of Cr (VI) removal.

2. Materials and Methods
2.1. Preparation of Activated Carbons from Cashew Nut Shells

95% n-hexane was purchased from Sigma-Aldrich®, 85% o-phosphoric acid was
purchased from Fisher Scientific®. Cashew oil was manually extracted from ground nut
shells, by combining 20 g of the shells with 50 mL of hexane solvent, and leaving the
mixture for 48 h. Shells were exposed to ambient air for 4 h and dried at 110 ◦C for 24 h.
Impregnation with H3PO4 solution was done at 3.4:1 (H3PO4: shells) ratio by weight, while
continuously stirring on a hot plate at ~85 ◦C for 2 h, followed by oven drying at 110 ◦C
for 24 h. Carbonization of the impregnated shells was conducted in a horizontal tube
furnace (Lindberg Blue M 1100C). The shells were heated to 400 ◦C at 20 mL/min under
the inert atmosphere of nitrogen gas, and held at the final temperature for 2 h. Samples
were then washed in Soxhlet extractors using 250 mL of deionized water until the pH of
filtrate remained constant, and dried at 110 ◦C for 24 h. Resulting carbons were named as
CNP, where letters stand for cashew, nut, and phosphoric acid.

2.2. Modification of Activated Carbons with PEI

Polyethylenimine (PEI), N-hydroxysuccinimide (NHS), methanol, and 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) were purchased from Sigma-Aldrich® and
Fischer Scientific®. A 200 mg portion of sieved CNP activated carbon was weighed out
and added to a pristine 50 mL round bottom flask containing a magnetic stir bar. To this
flask, 23.875 mL of methanol was added. The reaction mixture was stirred at 180 rpm at
room temperature for several minutes. A 29 mg portion of NHS was dissolved in 700 µL of
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methanol and then added to the reaction mixture. Several minutes later, 12 mg of EDC was
dissolved in 300 µL of methanol and then also added. This mixture was stirred at room
temperature for 30 min, and then 25 µL of 1800 MW PEI and 100 µL of triethylamine were
added. This was stirred and stoppered for 48 h. The flask was then sonicated for 30 min
and filtered by vacuum, followed by thorough washing with three portions of 25 mL of
distilled water. This washing process was repeated for a total of three cycles. The modified
carbon was then dried via vacuum filtration, collected, and weighed. Modified carbon is
designated as CNP PEI.

2.3. Cr(VI) Batch Adsorption Studies

0.1 N hydrochloric acid (HCl) and potassium dichromate (K2Cr2O7) powder were
purchased from Sigma-Aldrich®. To study the effect of pH on the removal efficiency of
Cr (VI), solutions of 10, 40 and 100 mg/L of Cr (VI) were prepared. Each solution was
separated into aliquots, and each aliquot adjusted to a different pH level within the range
of 2 to 5, using 0.1 N HCl. Then, 20 mL of each aliquot was mixed with 12.5 mg of the
activated carbon sample, previously sieved to 250 µm particle size. These mixtures were
shaken for 24 h at 175 rpm on a compact digital mini rotator (Thermo Scientific), and
filtered, using size 12.5 cm filter paper. The absorbance of each filtrate was measured using
direct UV-Vis spectrometry [44] at ~ 350 nm (red shift is observed at a higher pH) with
Olis 8453 UV–Visible Spectrophotometer (Olis Data). The equilibrium concentrations of
the filtrate solutions were calculated from the absorbance values using external standard
calibration (QL = 0.2 ppm and R2 = 1.0000 at 10-100 ppm of Cr (VI)). The removal efficiency
of carbons was calculated as:

Removal efficiency % =
(C0 − Ce)

C0
× 100 (1)

where C0 is the initial concentration of Cr (VI) solution in mg/L, and Ce is the concentration
of Cr (VI) at equilibrium in mg/L.

To calculate the adsorption capacities of carbon samples at different pH levels, the
solutions of Cr (VI) in the concentration range of 10–200 mg/L were prepared. Each
solution was adjusted to pH 2 and mixed with the carbon sample. Here the same procedure
as for the study of the effect of pH was followed. The experimental equilibrium data were
fit to Langmuir (Equation (2)) and Freundlich (Equation (3)) isotherm models.

qe =
QmKLCe

1 + KLCe
(2)

qe = KFCe
1
n (3)

where Qm is the maximum adsorption capacity (mg/g); KL is the Langmuir adsorption
constant (L/mg); KF is the Freundlich adsorption constant ((mg/g)(L/mg)1/n); n is a
constant related to the favorability of adsorption.

The amount of Cr(VI) adsorbed at equilibrium qe (mg/g) was calculated by Equation (4)

qe =
(C0 − Ce)V

m
(4)

where V is the volume of Cr (VI) solution in L and m is the mass of carbon adsorbent in g.

2.4. Fourier Transform Infrared (FT–IR) Spectroscopy

FT–IR spectra were obtained on a Nicolet iS10 FT-IR Spectrometer (Thermo Fisher
Scientific®), using ATR attachment. The spectrum was collected 50 times in the wavenum-
ber range between 4000 and 400 cm−1 and corrected for the background noise.
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2.5. X-Ray Photoelectron Spectroscopy (XPS)

XPS studies were performed on a Physical Electronic spectrometer (PHI Versa Probe
II) using monochromatic Al Kα radiation (52.8 W, 15 kV, 1486.6 eV) and a dual beam
charge neutralizer for analyzing the core-level signals of the elements of interest with a
hemispherical multichannel detector. The activated carbon sample spectra were recorded
with a constant pass energy value at 29.35 eV and a beam diameter of 100 µm. Energy
scale was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7,
368.2, and 83.95 eV, respectively. The X-ray photoelectron spectra obtained were analyzed
using PHI SmartSoft software and processed using MultiPak 9.6.0.15 package. The binding
energy values were referenced to C1s signal at 284.5 eV. Shirley-type background and
Gauss-Lorentz curves were used to determine the binding energies. Atomic concentration
percentages of the characteristic elements were determined considering the corresponding
area sensitivity factor for the different measured spectral regions.

2.6. X-Ray Diffraction (XRD)

Laboratory X-ray powder diffraction (XRPD) patterns were collected on a PANana-
lytical EMPYREAN automated diffractometer. Powder patterns were recorded in Bragg-
Brentano reflection configuration by using the PIXcel 3D detector with a step size of 0.017◦

(2θ). The powder patterns were recorded between 5 and 70 in 2θ with a total measuring
time of 10 min.

2.7. pH of Carbon Surface

Activated carbon powder (0.1 g) was placed in 5 mL of de-ionized water and equili-
brated overnight at 175 rpm. Then pH of the suspension was measured using a Piccolo
ATC pH tester (Hanna Instruments).

3. Results and Discussion

The effect of pH on the removal efficiency of Cr (VI) was studied for CNP and CNP PEI
at three different concentrations of Cr (VI)—10, 40 and 100 mg/L (Figure 1). The results in
the pH range of ~2 to 5 show that with the increase in pH, the removal efficiency of carbons
decreases. Both CNP and CNP PEI display similar behavior based on the average data
collected from multiple batches of carbons (Figure 1). The maximum in removal efficiency
is detected at solution pH of ~2, which is in agreement with the results obtained by other
researchers [16,19,22,28,41]. It is suggested that HCrO4¯, which is the predominant form
of Cr (VI) at pH 2, is electrostatically attracted to the positively charged carbon surface,
causing an increase in its removal by the activated carbon. On the other hand, as the
pH of solution increases, more negatively charged species are present (Cr2O7

2−, CrO4
2−,

OH−), all of which compete for the adsorption sites, causing the electrostatic repulsion
of chromium species from the carbon surface. It is also noticeable from Figure 2 that the
removal efficiencies of carbons are higher at lower concentrations. Thus, at 10 mg/L of
Cr (VI) the maximum removal efficiency is on average observed up to pH 4. At higher
concentrations, the active adsorption sites of carbon are quickly saturated with chromium
species, which results in a faster decrease of removal efficiency of carbons with the increase
in pH.
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Figure 2. Langmuir isotherms for Cr (VI) adsorption on CNP and CNP PEI carbons, measured at pH 2.

The Langmuir and Freundlich adsorption models were applied to the experimental
equilibrium data collected at solution pH of ~2 for 10–200 mg/L of Cr (VI), and the
Langmuir model was found to have a better fit for both CNP and CNP PEI carbons (Table 1
and Figure 2), indicating a homogeneous monolayer adsorption of Cr (VI) on the carbon
surface. Herein the Langmuir model was used to calculate the maximum adsorption
capacity, Qm, and the average Qm values for seven batches of CNP carbon with and
without the PEI are presented in Table 1; shown with their corresponding confidence
intervals at 95% confidence level (CI). In addition, the surface pH values are also given in
Table 1, where the surface pH increases after PEI grafting, due to the introduction of amine
groups onto the carbon surface, and decreases after Cr (VI) removal on both CNP and CNP
PEI, indicating changes in the surface chemistry of carbons.
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Table 1. pH of the carbon surface and isotherm parameters for Cr (VI) adsorption on CNP and CNP
PEI at solution pH of ~ 2.

Sample pH/pH E 1 Langmuir Freundlich

Qm ± CI
(mg/g)

KL
(L/mg) R2 KF

(mg/g)(L/mg)1/n 1/n R2

CNP 2.9/2.5 340 ± 20 0.19 0.9981 97.3 0.27 0.9481
CNP PEI 3.5/2.8 320 ± 20 0.17 0.9991 98.4 0.34 0.9810

1 “E” stands for exhausted carbon—after chromium removal at solution pH ~2 and 100 mg/L.

In general, the capacity values for Cr (VI) on both CNP and CNP PEI carbons in
Table 1 are at a higher range of those reported for similar materials in literature. Only a
few capacity values reported were found to exceed the ones in this work, i.e., 401.5 mg/g
for PEI aerobic granules [45], 435.7 mg/g for PEI-alkali biochar [46], 539.53 mg/g for PEI-
graphene oxide [47]; these values however were obtained at a higher concentration range
(>100 mg/g) of Cr (VI).

The results in Table 1 show that the adsorption capacity of CNP is somewhat higher
than that of CNP PEI. To understand this trend, a detailed surface evaluation is further
conducted, since surface functionality is expected to play a vital role in the removal of
Cr (VI) [1,16,23,28,37,43]. The surface functional groups are known to attract chromium
species to the carbon surface, where they can be further stored inside the carbon’s pores.
However, grafting PEI onto the surface may result in surface being overloaded with
functional groups, which may cause steric hindrance and pore inaccessibility, and therefore,
lower the adsorption capacity of carbon.

To obtain a better understanding of the processes taking place on the carbon surface
and the effect of surface functionality on the removal of chromium species, carbons were
analyzed by FT–IR, XPS and XRD analyses. The results of FT–IR analysis are presented in
Figure 3. Here, E denotes the exhausted carbons, i.e., carbons after chromium removal at
solution pH of ~2 and 100 mg/L Cr (VI).
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For initial CNP carbon, multiple bands are detected, which reflect a rich surface
chemistry of this carbon. Thus, the broad band at ~3300 cm−1 is characteristic of a stretching
vibration of hydrogen-bonded (O–H) hydroxyl groups from carboxyl, phenol, alcohol, or
surface bonded water [31,41,48–51]. For CNP carbon grafted with PEI (CNP PEI) it is also
associated with the N–H stretch [36,41,49–52]. Two small bands at ~2900 and 2800 cm−1,
especially visible on the spectra of PEI modified sample, correspond to C–H stretching
vibrations [41,51]. The band at ~1690 cm−1 for CNP is related to C=O stretching vibration
in carboxylic acids [48,49,52]. Furthermore, this band for CNP PEI shifts to 1670 cm−1, and
may be associated with N–H bend in amines or amides [36,48,51]. The band at ~1580 cm−1

of CNP is assigned to aromatic ring stretching coupled to highly conjugated carbonyl
groups [31,48]. For CNP PEI, just like in the case of the band at 1690 cm−1, the band at
1580 cm−1 may also be associated with the N–H bend [48]. The overlap of multiple broad
absorption bands happens in the region of ~1400–1000 cm−1, commonly attributed to C–O
stretching in acid, alcohol, phenol, ether and/or ester groups, and phosphorous containing
functionalities, P=O/P–O, due to the activation with phosphoric acid [41,48,50]. The bands
at 1115, 1020 and 1430 cm−1 for CNP PEI may denote the C–N stretching vibration [19,41].
Any bands below 950 cm−1 are due to out-of-plane deformation vibrations of C–H groups
in aromatic structures or may also be associated with the N–H wag in amines [19,48].

Upon removal of Cr (VI), the most noticeable spectral differences are observed in
the regions of 3300 and 1400–1000 cm−1. The intensity of the 3300 cm−1 band increases,
suggesting the formation of new hydroxyl groups, and the intensity of the peak centered
at 1150 cm−1 significantly decreases, implying active participation of C–O and P=O/P–O
functionalities in the removal process.

For CNP PEI sample, the formation of bands at 2900, 2800, 1430 and 1020 cm−1 along
with the increased intensity of bands at 3300 and 1580 cm−1 affirm the successful grafting
of PEI on the surface; the bands at 1670 and 1580 cm−1 may also denote the formation of
C=O containing groups upon grafting. More so, the shift of 1150 cm−1 band for CNP to
1115 cm−1 for CNP PEI suggests the involvement of C–O functionalities in the grafting of
PEI. After chromium removal, the decrease in the intensities of bands at 1115, 1020 and
1430 cm−1 is the most noticeable, indicating the involvement of C–N functionalities in the
removal process. On the other hand, some increase in the magnitude of bands at 3300, 1690
and 1580 cm−1 imply the formation of O–H and C=O containing groups upon chromium
removal.

To shed more light on the importance of different functional groups in the removal of
Cr (VI), the carbons with and without the PEI were further analyzed by XPS. The results
of this analysis are presented in Table 2 and Figures 4–8. For C 1s spectrum (Figure 4),
significant changes are observed in the region of ~ 285.8 eV associated with C–O bonds
in phenols, esters and ethers [48,53], and C–N bonds [41,50,54]. The amount of these
groups increased by ~22% after PEI grafting, supporting the appearance of C–N containing
functionalities, and decreased after Cr (VI) removal (by ~30% for CNP and by ~40% for
CNP PEI), indicating the involvement of C–O and C–N groups in the removal process.
These findings are in agreement with FT–IR results (Figure 3). On the other hand, the
increase in C=O functionalities is noted for the exhausted carbons. This is affirmed by the
elevated intensity of a peak at ~287.1 eV (by ~56% for CNP and by ~42% for CNP PEI),
assigned to carbonyl groups [48,53], and the appearance of a peak at ~288.1 eV ascribed to
C=O in carboxylic and carbonyl groups [50,54]. Furthermore, the increase in the intensity of
C 1s peak at ~289.1 eV is detected for CNP PEI. This contribution is associated with O–C=O
in carboxylic/ester and N–C=O in amide groups [41,48,54], suggesting their formation,
particularly amides, upon PEI grafting.
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Table 2. Results of the deconvolution of the XPS spectra for C 1s, O 1s, P 2p, Cr 2p, and N 1s and the element content in
atomic % (bold letters) for the initial and exhausted “E” CNP carbon with and without PEI.

Binding Energy
eV

Bond
Assignment

CNP
%

CNP-E
%

CNP PEI
%

CNP PEI-E
%

C 1s 89.68 78.29 79.61 78.35
284.5 C–C (sp2 carbon) 71.48 66.51 63.03 65.63

285.8 ± 0.2 C–O (phenol, ester, ether)/C–N 17.78 12.25 22.95 13.43
287.1 ± 0.4 C=O (carbonyl) 5.30 12.04 6.43 11.10
288.1± 0.1 C=O (carboxyl/carbonyl) 4.82 6.43
289.1 ± 0.4 O–C=O (carboxyl, ester)/ N–C=O 3.89 3.22 5.56 2.09
290.8 ± 0.1 π–π* 1.55 1.16 2.02 1.33

O 1s 9.59 19.91 11.68 18.50
531.4 ± 0.3 O=C (carbonyl, ester)/O=C–N 36.09 34.39 67.41 37.25

532.9 ± 0.1 O–C (phenol, ether, ester,
carboxyl) 63.91 65.61 32.59 62.75

P 2p 0.73 0.56 0.64 0.46
133.2 ± 0.1 phosphate 100 100 100 100

Cr 2p 1.24 0.83
577.3 Cr (III) 67.67 65.77

586.9 ± 0.1 Cr (III) 32.33 34.23

N 1s 8.06 1.87
399.9 ± 0.2 amine/amide 100 100
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The evaluation of O 1s spectra (Figure 5) shows the appearance of two contributions,
at ~531.4 and ~532.9 eV, where the former one is assigned to O=C in carbonyl/ester and/or
amide groups [48,54], and the latter one to O–C functionalities in phenol, ether, ester, and
carboxylic groups [54]. Interestingly, O–C groups predominate on the surface of CNP by
~44% over O=C groups, but it is completely the opposite for CNP PEI, where O=C groups
are prevalent by ~52%. This suggests that the O–C groups participate in the PEI grafting,
producing O=C/O=C–N groups on the surface. Furthermore, the amount of O=C/O=C–N
functionalities decreases by ~45% after chromium removal, which implies that they are
actively involved, whereas the amount of O–C groups increases by 48%.

Phosphate functionalities are detected on the surface of CNP and CNP PEI by the
presence of P 2p peak of ~133.2 eV (Figure 6); phosphate arises from the activation of
cashew nut shells with phosphoric acid. The amount of phosphate decreases upon PEI
grafting and chromium removal, indicating its effective participation in both processes.

Deconvolution of Cr 2p spectra results in a doublet Cr 2p3/2-Cr 2p1/2 at 577.3/586.9 eV
(Figure 7). This doublet corresponds to Cr (III) species [50], which form on the surface
of CNP and CNP PEI carbons as a result of Cr (VI) reduction. It is noteworthy that the
amount of Cr (III) on the surface of CNP and CNP PEI carbons appears to be about the
same, with a somewhat lower amount of Cr (III) found on the latter one.

As a confirmation of a successful grafting of PEI, a N 1s peak at 399.7 eV is observed
for CNP PEI (Figure 8). The peak at this binding energy is related to the presence of amines
and amides [41,48,51,54]. The intensity of this peak decreases significantly after chromium
removal, affirming the participation of amine/amide groups in the removal process.

To provide some insight into the crystalline structure of the surface, carbon samples
with and without the PEI were analyzed by XRD. The XRD powder diffractograms of the
initial and exhausted samples are presented in Figure 9. The reflections at 24◦ and 43◦

correspond to d002 and d100 respectively, and indicate the presence of turbostatic structure
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or random layer lattice structure [15,40,55]. The diffraction peak at 24◦ corresponds to a
d-spacing of 0.37 nm, which could be attributed to the presence of a variety of oxygen
containing functionalities [53]. The intensity of this peak decreases substantially after PEI
grafting, suggesting the loss of crystallinity and pore filling by PEI [56]. More so, a small
peak at 22.8◦, to the left of the main peak at 24◦, is commonly described as a γ-band and
is related to the presence of aliphatic sidechains at the edges of crystallites [55]. Similarly,
the peak at 11.3◦ on CNP PEI can be ascribed to the introduction of functional groups onto
the basal planes [57]. The diffractograms of the exhausted carbons exhibit similar patterns
with the decreased intensity of the peak at 24◦. This decrease can be associated with the
reduced crystallinity and pore filling with chromium species. Interestingly, the peaks at
22.8◦ and 11.3◦ on CNP PEI disappear after chromium removal, signifying the engagement
of PEI functionalities in the removal process.
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Based on the detailed surface analysis conducted in this study, the possible mecha-
nisms of PEI grafting on the surface of CNP, and Cr (VI) removal by CNP and CNP PEI
carbons can be derived.

PEI grafting involves oxygen-containing groups on the carbon surface. According to
our previous study [48], the potentiometric titration of CNP carbon prepared at 400 ◦C
showed that the majority of these groups are lactones, followed by carboxylic acids and
phenols. Thus, lactones may undergo nucleophilic attack at the carbonyl group by PEI
amines, thereby forming phenols and amide linkages (Scheme 1). Similarly, the mechanism
of PEI grafting via carbodiimide EDC/NHS coupling of carboxylic surface groups with
PEI amines results in the formation of amide groups (Scheme 1).
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For the removal of Cr (VI) on the CNP carbon without PEI, the surface analyses were
conducted for the testing conditions of pH 2. In such acidic conditions, the majority of
lactone groups are expected to undergo acid catalyzed ester hydrolysis to form carboxylic
and phenol groups on the surface (Scheme 2). Furthermore, chromium, which is mostly
present in the form of HCrO4¯ (at pH of ~2) is electrostatically attracted to the positively
charged carbon surface [19–28,30,39,43,50], reduced to Cr (III) (the only form of chromium
detected by XPS (Table 2 and Figure 7)), and adsorbed inside the carbon pores. The detailed
analysis of textural parameters of cashew nut shell-based activated carbons prepared by
chemical activation with phosphoric acid was previously conducted [48], and carbons were
found to have a high surface area (>1000 m2/g) and well developed porosity (volume of
pores more than 1 cm3/g, and volume of micropores more than 0.1 cm3/g). At the same
time, some phenol surface groups are oxidized to form carboxylic acids and additional car-
bonyl/quinone groups on the surface, which can further dimerize when in close proximity
to each other [48].
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Scheme 2. Acid catalyzed hydrolysis of lactone groups, followed by Cr (VI) reduction to Cr (III).

In the case of Cr (VI) removal on CNP PEI, amides may also undergo acid hydrolysis in
strongly acidic conditions with the formation of carboxyl groups on the surface (Scheme 3).
Thus, the pH of the filtrate solution (after separation of exhausted carbon from solution)
went up to pH ~3 from the original pH ~2 of chromium solution, indicating the possible
presence of amines in the solution after chromium removal.
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It is noteworthy that the only form of chromium detected by XPS on the surface of both
CNP and CNP PEI carbons is Cr (III) (Table 2 and Figure 7), strongly demonstrating the
prevalence of reduction mechanism in Cr (VI) removal, and eliminating the possibility of
Cr (VI) complexation with amine groups of PEI. Therefore, just like in the case of CNP, the
removal of Cr (VI) on CNP PEI occurs by the mechanism outlined in Scheme 2—reduction
of Cr (VI) to Cr (III) by phenol groups and their subsequent oxidation to carbonyls and
carboxylic acids.

From here we can conclude that the removal efficiency of both CNP and CNP PEI
carbons depends on the presence of positive surface charge, phenol groups on the surface,
and well developed porosity. The amount of phenol groups on CNP PEI may be somewhat
lower than that on CNP as some –OH groups may H–bond with amines of PEI, making
them unavailable to chromium species. In addition, despite the large surface area and
well-developed porosity of CNP carbon [48], the high density of its oxygen containing
groups [48] with addition of imine functionalities causes group dimerization, which lowers
pore accessibility and initiates steric hindrance [48]. This prevents Cr (III) from being
adsorbed inside the carbon pores, which could explain the lower average adsorption
capacity of CNP PEI than that of CNP (Table 1).

4. Conclusions

In this work, activated carbons were prepared from cashew nut shells by chemi-
cal activation with phosphoric acid. These carbons were further modified by grafting
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polyethylenimine onto their surface. Hereafter, both unmodified and modified carbons
were tested for removal of Cr (VI). The pH tests for Cr (VI) removal showed that the
removal efficiency of both carbons decreased with an increase in pH from 2 to 5, with the
maximum removal efficiency found at pH 2. The average maximum adsorption capac-
ities of carbons, calculated based on the Langmuir adsorption model were found to be
340 ± 20 mg/g and 320 ± 20 mg/g for unmodified and PEI modified carbons, respectively.

Detailed surface characterization of carbons by FT-IR, XPS and XRD analyses showed
that C–O type functionalities are actively involved in both PEI grafting and Cr (VI) removal
processes. The grafting of PEI apparently proceeds via the formation of amide linkages
on the surface. Moreover, lactone groups, which are the most abundant on CNP, and
amides, formed upon PEI grafting, are expected to undergo acid hydrolysis in strongly
acidic conditions of pH 2. Here phenol and carboxylic groups are formed as a result of
these processes.

Considering that Cr (III) is the only form of chromium found on the surface of both
unmodified and PEI modified carbons, the reduction mechanism is deduced as the pre-
dominant one. In summary, Cr (VI), which is mostly present in the form of HCrO4¯ at
pH 2, is attracted to the positively charged carbon surface, reduced to Cr (III) by phenol
groups primarily (phenol groups are in turn oxidized to produce carbonyl and carboxylic
groups), and adsorbed inside the carbon pores. Although, the mechanism of Cr (VI) re-
moval appears to be similar for both carbons, the PEI modified carbon exhibits somewhat
smaller average adsorption capacity. This decrease in capacity upon PEI grafting can
mostly be related to the surface being saturated with functional groups, which can lead
to dimerization, and consecutively cause steric hindrance, restricting the accessibility of
chromium to carbon pores.
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