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Abstract

Background and Objective: Multiwalled carbon nanotubes functionalized with 2-aminoethylphosphonicacid denoted phosphorylated
multiwalled carbon nanotubes, (P-MWCNTSs) were synthesized by first oxidizing pristine MWCNTSs to obtain a number of functional groups
which included carboxylic acids. The carboxylic acids were reacted with oxalyl chloride to obtain acyl chloride (-COCI). The
2-aminoethylphosphonic acid (AMP) was subsequently grafted onto acyl chloride (-COCI). This study aimed to report, the recovery
of lowly concentrated Cr(VI) ions from aqueous solutions by using phosphorylated multiwalled carbon nanotubes (P-MWCNTSs).
Materials and Methods: The material was characterised by various techniques, including scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy and thermo gravimetric analysis (TGA). The effectiveness of P-MWCNTs as
an adsorbent for the removal of Cr(VI) from aqueous solutions were studied in a batch mode. To ensure that the data was reliable all batch
adsorption experiments were carried outin triplicate. The standard deviation of the triple analytical data was determined and probability
level used was <5%. Results: The results indicated a maximum adsorption of 93% at a pH of 2. Other parameters such as adsorbent
dosage, contact time, initial ion concentration, temperature and the presence of competing ions were also investigated. The adsorption
equilibrium was reached after 60 min and uptake decreased with initial anion concentration increments. Both Langmuir and Freundlich
isotherms were applied to describe Cr(VI) adsorption process and Freundlich isotherm correlated well with the adsorption data. The
adsorption reaction followed pseudo-second-order kinetics under different initial ion concentration, while removal percentage increased
withincrease in temperature. Conclusion: The enthalpy Gibbs free energy revealed that the adsorption processis endothermic (G<0) and
spontaneous, as confirmed by standard enthalpy (S>0). Furthermore, regeneration of the adsorbent was successfully demonstrated with
1.0 M NaOH.
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INTRODUCTION

Water availability has even become significantly
important in this decade as the world tackles global climate
changes with the need to provide cleaner water as the world
population increases'. The year 2017 has seen a lot of fresh
safe water scarcity in Southern Africa and other poor
developing parts of the world. The decrease in annual rainfall
and changes in weather patterns associated with global
warming results in droughts related to El Nino% Generally,
EINinoisaphenomenon of prolonged warming of sea surface
temperatures in the South Eastern African ocean (and other
parts of the world) when compared with the usual value.
Therefore, there is need to prevent existing fresh water from
contamination with heavy metals and possible reclaiming of
water contaminated by heavy metals.

The Cr(VI) is a metal ion that occurs naturally in rocks but
islargely produced by industrial processes 3. South Africa leads
the global production of ferrochrome (FeCr)*. FeCr is a crude
alloy of mainly iron and chromium, used largely in the
production of stainless steel. Various FeCr production
processes result in the generation of Cr(Vl). According to
Beukes et al/, in 2012 there were fourteen separate FeCr
smeltersin South Africa, with acombined production capacity
of over 4.7 metric tons/annum®. Cr(V1) is a highly toxic heavy
metal found in industrial waste waters, which can cause health
problems such as liver damage and pulmonary congestions®.
The Environmental Protection Agency in 1990 seta maximum
contaminant level of 0.05 mg L' for total chromium in
drinking water®. The ease of solubility of these compounds in
aqueous solutions makes them regular pollutants in the
environment. Technologies such as ion exchange and
chemical precipitation have been used to effectively reduce
chromium concentrations from various aqueous solutions’.
However, most of these methods require either high-energy
or large quantities of chemicals® and are also characterized by
high cost®. The heavy industrialization does not seem to be
slowing down, hence, the need to find better, more efficient
and effective methods of removing these heavy metals from
water has arisen.

Activated carbons have been commonly used for the
uptake of chromium from aqueous solutions'®'?, although
their main challenge being poor efficiency when the metal ion
concentrationis low. The other drawback of activated carbons
is their poor selectivity for a specific metal ion'3.

There has been a tremendous interest in carbon
nanotubes (CNTs), ever since their discovery twenty years
back. The potential application of the CNTs (either in the
pristine or functionalized forms) as adsorbents for heavy
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metals has increasingly become very popular. Such
potential applications are possible because of their
characteristically small, hollow, layered structures which in
turn gives them a large specific area'. Another advantage of
CNTs which is sometimes overlooked is their ability to be
regenerated™.

Phosphonicacids are a class of organic compounds which
play an important role as scale formation and corrosion
inhibitors'. Furthermore, these compounds serve as ligands
in metal complexation'. To date, different phosphorylating
agents have been used to functionalize CNTs'82", The resulting
materials displayed new properties including magnetic',
catalytic’® and flame retardancy® that were exploited in
various applications. Muleja et a/2? phosphine functionalized
CNTs that were applied in the removal of a heavy metal from
aqueous solutions?®. Oki et a/?' reacted fluorinated CNTs with
aminopropyl-phosphonic acid and subsequently dispersed
them in silica by sol-gel processing, forming nanocomposites
with potential use in bone tissue engineering. Cobalt and
4-chlorophenol were extracted from aqueous solution using
phosphorylated MWCNTs?*. Although, most authors have
synthesized phosphorylated MWCNTSs none of the materials
were used as adsorbents for hexavalent chromium removal.
This study aimed to report, the recovery of lowly concentrated
Cr(VI) ions from aqueous solutions by using phosphorylated
multiwalled carbon nanotubes (P-MWCNTs).

MATERIALS AND METHODS

Pristine MWCNTSs (Pri-MWCNTSs) with an outer diameter
of 6-9 nm, length of 5 um, purity of >95%, bulk density of
0.22 g cm~3, true density of ~2.1 g mL~" were purchased from
Sigma Aldrich. All chemicals were analytical grade and used as
received from Merck South Africa, including potassium
dichromate (K Cr O ). The 2-aminoethylphosphonic acid
(AEPA), 99% purity, was sourced from Sigma Aldrich South
Africa. Pri-MWCNTs were treated with acid to obtain the
oxidized MWCNTs (O-MWCNTSs).

Synthesis of oxidized MWCNTSs: Oxidized MWCNTs were
prepared according to the following: Pristine MWCNTs (2.00 g)
were put into a one-neck round bottomed flask and H,SO,
(90 mL) and HNO; (30 mL) were added. The mixture was
refluxed for 3 h at a temperature of 100°C (Fig. T summarises
the oxidation procedure). After cooling to room temperature
the O-MWCNTs were added to deionized water and vacuum
filtered through a 0.45 um PTFE membrane filter (Sigma S.A).
The carbon nanotubes were repeatedly washed until a
constant pH was reached. The sample was dried in an oven at
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Fig. 1: Schematic diagram for oxidation of pristine carbon nanotubes
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Fig. 2: Phosphorylation of oxidized carbon nanotubes

80°C for 24 h. Some of the O-MWCNTs kept aside for further
use while the rest of O-MWCNTs were subsequently
phosphorylated.

Phosphorylated MWCNTSs synthesis: The P-MWCNTs were
prepared according to the method of Mamba et a/* with
minor modifications, that is, less of the O-MWCNTSs were used
0.1 ginstead of 0.8 g, more of the dimethylformamide solvent
was used, 167 mL compared to 50 mL and finally the amount
of oxalyl chloride was specified. These adjustments were
found to produce effective yields of P-MWCNTs. The method
was therefore as followed: A mixture of O-MWCNTs 0.1 g and
dimethylformamide (DMF) (167 mL) was sonicated for 30 min.
The mixture was fed into a 500 mL 3-neck round bottomed
flask, cooled to 0°C and oxalyl chloride (1.0 mL) added
dropwise. The suspension was stirred under reflux for 2 h. The
cooling bath was removed and the reaction was allowed to
progress for 2 more h at room temperature. The temperature
was then raised to 70°C to remove the excess of oxalyl
chloride and the reaction proceeded for 20 h. After 20 h,
2-aminoethylphosphonic acid (0.5 g) was added to the
mixture, the temperature increased to 100 °Cand the mixture
stirred for 120 h. The mixture was then cooled to room
temperature, filtered through a 0.45 um membrane filter and
washed with DMF and ethanol. The resulting residue was
dried at 50°C under vacuum for 72 h. Yield 0.15 g, 150%
(mass: mass) Fig. 2 summarizes the reactions.

Characterization of adsorbent: A Midac Fourier Transform
Infrared (FTIR, model 4000, USA) spectroscopy was used to
analyze the sample. A Perkin Elmer Pyris1 Thermal Gravimetric
analyzer (TGA 4000, USA) was operated from a temperature of
30°C to a maximum temperature of 800°C and the samples

NH2(CH,),PO(OH),
120 h, 100°C

CONH(CH,),PO(OH),

were run under oxygen with a flow rate of 20 mL min=".
The samples were also analysed using scanning electron
microscopy (SEM) coupled with EDS. The micrographs
were recorded using a JEOL JSM 7500F (USA).
Brunauer-emmett-teller (BET) analysis was obtained at
-198°C via N, adsorption/desorption according to the BET
method using a Micromeritics TriStar (model ASAI2020, USA),
surface area and porosity analyzer. The morphology of
phosphorylated MWCNTs was determined by transmission
electron microscopy (TEM model FEI Tecnai F30, USA).

Batch adsorption experiments: About 1000 ppm stock
solution of Cr(VI) was prepared by dissolving 0.2874 g
potassium dichromate in 100 mL deionized water. Through a
series of dilution of the stock solution, a working solution of
0.1 ppm was obtained. Except for influence of pH
experiments, all adsorption studies were carried at a pH of 7.
This was chosen to simulate the pH of ground water
(often found to be between 5 and 9)? and additionally
above pH 7 precipitation occurs. All experiments (except for
temperature effect) were conducted at room temperature
(251 °Q). The adsorption experiments were all done in
triplicate.

Effect of adsorbent dosage on Cr(VI) adsorption: To
investigate the effect of changing the amount of adsorbent on
theremoval of Cr(VI), 50 mL of 0.1 ppm ion solution was mixed
together with adsorbent amount of between 2 and 50 mg in
100 mL conical flasks. The conical flasks were agitated at a
speed of 120 revolutions per minute (rpm) using a mechanical
shaker (Model 261, Merck, South Africa) for 120 min, after
which the mixture was filtered through a 0.45 um PTFE
membrane filter.
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Effect of contact time: A volume of 50 mL of the working
solution of Cr(VI) was placed in a 100 mL conical flask. A mass
of 10 mg of the adsorbent was weighed out and added to the
flask. The conical flasks were agitated at a speed of 120 rpm
using a mechanical shaker for contact times of 30, 60, 90, 120
and 150 min, respectively at room temperature. After the
required contact time the adsorbent-ion mixture was filtered
through a 0.45 pm PTFE membrane filter and the filtrate
retained for analysis.

Effect of pH: The adsorbent, 10 mg, was placed in contact
with 50 mL of 0.1ppm Cr(VI) solution in a 100 mL conical flask
and either 0.1 MHNO; or 0.1 M NaOH solutions were used for
pH adjustment. pH of 2, 3,5, 7,9, 11 and 13 were obtained,
respectively. The adsorbent Cr(VI) ion mixture was allowed to
equilibrate for 120 min at room temperature. Adsorption was
facilitated by means of a shaker operated at 120 rpm. The
mixture was then filtered using a PTFE membrane filter.

Effect of initial ion concentration: In order to carry out
studies on the effect of Cr(VI) initial concentration on the
adsorption uptake, 50 mL of Cr(Vl) solutions with initial
concentrations of 0.1-3.0 ppm were prepared and added to
the 100 mL conical flasks. A mass of 10 mg of adsorbent was
added to the solutions. The solution and adsorbent mixture
was allowed to reach equilibrium after 120 min.

Effect of temperature: The Cr(VI) solution 50 mL, including
adsorbent (10 mg) was shaken at 120 rpm for 120 min. The
concentration was kept constantat 0.1ppm while temperature
was varied at 30, 40, 50 and 60°C. The solution pH was also
kept constant at 7. The contents of the flask were filtered
through a 0.45 um membrane and the filtrate retained for
analysis.

Competing ions effect: The sulphate and chloride anions
source were sodium sulphate and sodium chloride,
respectively. The ions were selected as competing anions
because they are often found in industrial effluent. Sulphate
ions are almost chemically identical to dichromate ions. A
concentration of 0.1 M was prepared for each ion.Ina 100 mL
conical flask, 50 mL of Cr(VI) were introduced and 10 mg of
adsorbent added. The mixture was spiked with 10 mL sodium
sulphate solution. The resulting mixture was agitated for
30, 60, 90, 120, 150 and 180 min, respectively before being
filtered through a membrane filter. The procedure was
repeated but 0.1 M sodium chloride used for spiking. The
filtrates were again retained for analysis using UV-VIS
Spectrophotometer.
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Adsorbent regeneration: The adsorbents were first of all
saturated with the metal ions. In a conical flask 10 mg of each
adsorbent were weighed and 50 mL of 0.1 ppm Cr(VI) solution
was added. The mixture was allowed to equilibrate at a
pH = 7 for 4 h. After 4 h each sample was filtered through a
0.45 um membrane and both the filtrate and residue retained
for further analysis or use. Into another set of conical flask the
adsorbent/Cr complex was introduced and either water or
1.0 M NaOH added. This was also agitated at 120 rpm for 5 h.
Filtration then followed after which filtrate was analyzed for
the amount of Cr(VI) present. The percentage desorption was
calculated from the following equation?;

Amount of ions desorbed
from adsorbent

Amount of ions adsorbed
on to adsorbent

Cr (VI) desorbed (%) = x100

M

Analysis of Cr(VI) content: All the retained filtrate was
analyzed by a Shimadzu 2400 UV-VIS spectrophotometer
(Japan) for the Cr(VI) content at 542 nm wavelength using 1,5
diphenylcarbazide as a complexing agent. The concentration
of the Cr(VI) removed was then calculated using the following
equations?’:

Cr(VI) removed (%) = @

x100 2)

(<]

3)

where, C, and C;are the initial and final Cr(VI) concentrations,
respectively, V is the volume of Cr(VI) solution in liters and m
is the weight of the adsorbent in grams. All adsorption
experiments were done in triplicate and an average value was
obtained.

Statistical analysis: To ensure that the data was reliable all
batch adsorption experiments were carried out in triplicate.
The standard deviation of the triple analytical data was
determined and probability level used was <5%. Furthermore,
blank experiments without the adsorbent were run
concurrently with the adsorption experiments for the study.
During the analysis of the residual Cr(VI) blank standards were
also run. All the graphs were drawn using origin 8.0 software.

RESULTS AND DISCUSSION

Materials characterization: Figure S1 (supplementary data)
shows the SEM image of the P-MWCNTs. The detailed
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Fig. 3(a-b): (a) TEM images of P-MWCNTSs (Arrows indicate expected tubular bundled MWCNTs) and (b) EDS of P-MWCNTs after

Cr(VI) adsorption

morphology of the P-MWCNTs s however not noticeable from
the SEM image, hence TEM analysis where done to obtain
better morphologies of the P-MWCNTs.

The TEM image in Fig. 3a indicated the expected tubular
bundled MWCNTSs that are agglomerated. The agglomeration
of MWCNTs can be attributed to intermolecular forces
between MWCNTs of different sizes and direction. The
surfaces of MWCNTSs are coated with functional groups, darker
areas in Fig. 3a (indicated by the arrows) can be due to the
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interconnection amongst the MWCNTs through the attached
functional groups. The energy dispersive X-ray spectroscopy
(EDS), confirmed presence of the Cr(VI) onto the adsorbent as
presented by Fig. 3b. The predominant element is carbon as
MWCNTSs constituent of this element. The C element appears
at an energy value of about 0.35 eV, while iron traces which
originate from the catalyst employed during CNT synthesis
and subsequently remained after functionalization appear at
approximately 0.63 eV. Further evidence of phosphorylation
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is displayed in Fig. 3b which has a significant phosphorous
peak at 2.05 eV. Another element present is chlorine which is
present at 2.61 eV. The chlorine was incorporated by
substitution of the -OH functional groups during
chlorination of O-MWCNTSs using oxalyl chloride and further
functionalization through phosphorylation did not remove the
element, as illustrated by Eq. 4:

I I
_ C _ OH Oxalyl chloride _ C —Cl

Amino phosphonic acid
%

(4)

no reaction

The FTIR spectrum of phosphorylated MWCNTSs
(P-MWCNTSs) is shown in Fig. 4. A peak at 3415 cm~' refers to
the O-H stretch of the hydroxyl group, which can be ascribed
to the oscillation of carboxyl groups due to acidification
carried before phosphorylation?2. The peak at 1400 cm~'is also
associated with O-H bending deformation in carboxylic acids
and phenolic groups®. Another conspicuous band is at
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3138 cm™!, corresponding to the C-H stretching vibrations.
The presence of amino phosphonic acid functional group on
the P-MWCNTSs was confirmed by the appearance of bands at
932, 1139, 1706 and 3138 cm~'. The peak at 932 cm~' for
P-MWCNTs is attributed to P-OH bond (Oki et a/?,
Zenobi etal®. Also, the 1139 cm~" band for P-MWCNTSs can be
due to the C-N bond Vukovic et a/*° introduced through
amidation of chlorinated carbon nanotubes by amino
phosphonic acid. The carbon to nitrogen bond is known to
appearinregions that can be related to some other functional
groups. The band at 3138 cm~" for P-MWCNTs is also related
to the N-H stretch of the amide functional group, (-CONH-)
which appears in the same region as C-H stretching vibrations
mentioned above. Furthermore, a peak at 1706 cm~'is as a
result of the C=0 functional group in the amide linkage,
indicating that the phosphonic acid moiety was successfully
attached to the MWCNTs.

The surface area determined by the BET method was
found to be 131.7 m? g~" and pore volume was 1.07cm3 g,
Functionalization led to a significantly lower pore volume
compared to that of pristine (1.95 cm? g=') and O-MWCNTs
(1.23 cm? g7"). This decrease can be attributed to pore
blockages by the functional groups. Comparing the surface
area of pristine (255.9 m? g='), O-MWCNTs (244.5 m? g~') and
P-MWCNTS thereis a decrease in surface area with subsequent
functionalization, contrary to another report®' on pristine and
O-MWCNTs. In any case oxidation introduced new defective
sites and surfaces with defects are able to demonstrate high
surface attraction of adsorbates®2.

The thermal stability of P-MWCNTs was investigated by
TGA in an oxygen atmosphere and results are presented in
Fig.S2. The weight loss at temperatures below 200°C, may be
due to the elimination of water molecules?®. Decomposition of
functional groups, which include hydroxyl, carboxyl and amide
was realized in the 200-500°C temperature range. The
carbon nanotube skeleton decomposes at temperatures of
500-600°C. The remaining weight percentage was 5%. The
CNTs were functionalized by an amino phosphonic acid
and apparently, phosphonic acids can indirectly produce
non-degradable residues (char)®. The decomposition of
phosphonic acids has been shown to produce a number of
products which include amino groups and phosphoric acid 3
and the phosphoric acid may have reacted on the surfaces of
the carbon based material to produce the char which
contributed to the overall remaining net weight of
decomposed P-MWCNTs**%, The char some how remained
and contributed to a residual weight. The remaining 5% may
also be due to remaining iron catalyst (as confirmed by EDS)
which decomposes at higher temperatures.
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Effect of adsorbent dosage and contact time on Cr(VI)
adsorption: The removal efficiency at various dosage amounts
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are as shown in Fig. 5a. It can be seen that the removal
percentage increased with dosage increments up to 100% at
20 mg. The adsorption capacity increased to a maximum of
8 mgthen decreased. Both graphs meetat 10 mg and this was
established as the effective dose to use in this study.

The effect of contact time on chromium adsorption was
observed at various contact time and the results indicated on
Fig. 5b. A maximum adsorption percentage of 82% was
reached after 90 min. Thereafter equilibrium was reached.

Influence of pH: The pH of a solution is an important factor on
the adsorption process. It specifies the surface charge of
adsorbentand consequently adsorption performance of heavy
metals3s37. Adsorption trend revealed decreasing Cr(VI) uptake
with an increase in pH as indicated in Fig. 6. It can be noticed
that, the sorption process is highly pH dependent as 98% of
Cr(VIl) was removed at pH 5 and 56% at pH 9. Hexavalent
chromium exists primarily as salts of hydrogen chromate ion
(HCrO,"), chromate ion (CrO,*") and chromic acid (H,CrO,7),
depending on the pH. The H,CrO,~ species prevail at
pH 2-1, at pH 1-7 HCrO,~ is predominate® pH 0-7.5, Cr,0,>~
(dimer of HCrO—,) and CrO,2~ exists between the pH of 7-10,
although concentration tends to be low and negligible
Notably, across the pH ranges the species are all negatively
charged. Inacidic conditions protonation of the surfaces of the
adsorbent with oxygen containing groups occurs®*#. As a
result uptake of chromium can occur according to the
illustration below:

CNT-OH +H* «> CNT - OH} + HCrO, <> CNT-OH,CrO, +H* (5)

where, CNT-OH represents the adsorbent with OH group
attached.

Chromium anions are attracted to the now positively
charged surface of the adsorbents*’, hence the higher
adsorption at lower pH. In addition to the oxygen functional
groups, which were not phosphorylated, adsorption also takes
place on the amino group:

~NH = +H" <> =NH}, + HCrO; «> —-NH,CrO; +H" (6)

At high pH values deprotonation occurs, due to a high

concentration of negatively charged hydroxyl ions:

CNT-OH«>CNT-O +H* (7)

—~NH - (CH,),P(0)(OH), <> —NH - (CH,),PO%™ +2H" (8)
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The HCrO,~ anions are repelled by the more negative
surface charge causing decrease in adsorption. Furthermore,
at basic pH there is competition for the active sites of the
adsorbent between the excess OH~ ions and Cr(VI) anions.
However, referring to Fig. 6, adsorption of Cr(VI) was still
relatively high in basic conditions for the CNTs adsorbents. At
a pH above 8 precipitation of Cr(VI) ions in the form of Cr(OH),
occurs®, thus at basic pH values precipitation rather than
adsorption plays a major role in the anion removal from
aqueous solution.

Another adsorption scenario of the Cr(Vl) is the direct
adsorption of the anions onto the surface of the adsorbent.
The zeta potential was 4.2 (Fig. S3). Therefore, at a low pH, the
MW(CNTs are positively charged. Some workers also reported
that MWCNTs are positively charged in acidic media*.
However, this adsorption phenomenon is only applicable at
low pH values. Also, in case of non-protonation and
deprotonation Cr(VI) can interact with lone pair of electrons
on nitrogen or oxygen by chelation (Fig. 7).

Initial ion concentration and temperature effect: The initial
ion concentration effect on the uptake of Cr(VI) is shown in
Fig.8.The adsorption percentage decreases significantly until
equilibrium as the chromium concentration increases. This can
be attributed to the unavailability of adsorption sites. For all
the experiments the amount of adsorbent used was the same,
10 mg, so the number of active sites remained the same®. At
higher initial ion concentrations, the adsorption sites became
saturated as more Cr(VI) anions compete for the constant
number of active sites. Albadarin et a/* and Gupta and
Balomajumder* observed similar results for the uptake of
Cr(VI).

Amount of ions adsorbed increased with an increase in
temperature (Fig. S4). Changes in solution temperature affect
the way chromate anions are adsorbed because of the kinetic
energy involved. The movement of the Cr ions towards the
active sites increased thus encouraging greater adsorption.

Adsorption increase with temperature was also due increase
in the number of available active sites. As temperature
increased destruction of anumber of bonds which might have
been blocking some active sites occurred®,

Adsorption kinetics: Adsorption kinetics of any adsorption
processes are applied in the description of mass transfers and
chemical reaction that occur.

20
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Fig. S3: Zeta potential of P-MWCNTSs
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Fig. S4: Effect of temperature on Cr(VI) removal
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Fig. 7: Possible uptake process of Cr(VI) from aqueous solution

123



Res. J. Environ. Sci, 17 (3): 116-129, 2017

70

60

50

Cr(VI1) removed (%)

40

30

T T T T T T T
0.0 0.5 1.0 15 20 25 3.0

Initia Cr(VI) concentration (ppm)

Fig. 8:Effect of initial ion concentration on the adsorption

uptake
Error bars represent the standard deviations for three triplicate
adsorption experiments

The pseudo-first-order is represented by the equation:

k
| -q,) =1 -—1t
0g(q. ~a,) = logd, ~—— = ©)
The pseudo second order equation is given as:
t 1 1
— =t 10
g kot Q. (10

where, g.(mgg~")and g,(mgg~") are the amount of metal ion
adsorbed at equilibrium and time, t(h)/unit weight of the
sorbent, respectively. The linear plots of the pseudo-first-order
and pseudo-second-order kinetics are represented in Fig. 9a
and b, respectively.

A plot of t/g, should give a straight line if pseudo second
order is relevant. Pseudo second order plot is indicated in
Fig. 9b. The pseudo-second-order proposes that adsorption
process occurs in a chemisorption manner*’. The correlation
co-efficient was excellent, clearly showing that the
adsorption follows the pseudo-second-order model.
Moreover, g calculated (q.,) is consistent with g experimental
(Gexp)s refer to Table S1. The results are in agreement with
findings on Cr(VI) adsorption*'#8,From Table S1 the correlation
coefficient value of pseudo-first-order was very poor therefore
reaction does not follow first order kinetics.

Generally, overall rate of adsorption process is controlled
by either surface diffusion or intraparticle diffusion. The
adsorption process may occur through firstly, adsorbate
transportation from the bulk solution to the exterior surface of
adsorbent, secondly rapid adsorbate particle adsorption to the
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Fig.9(a-c): Showing Kinetic parameters (a) Pseudo-first-order
(b) Pseudo-second-order and (c) Weber—-Morris
intraparticle diffusion model

interior or exterior site surface of adsorbent and thirdly surface
diffusion or pore diffusion of adsorbate particles adsorption
site. To determine if intraparticle diffusion is the rate-limiting
step*inan adsorption system, the Weber-Morris intraparticle
diffusion model has often been used and represented by
Eq.11:

G =k, t724C (1)
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Table S1: Pseudo-first-orderand second-order kinetic parameters for Cr(Vl)adsorption

2nd order 1st order
Time g (exp) e (cal) k,x 1073 h Je k; X 1072
(min) (mgg™) (mgg™) (g mg~'min™") (mg g~'min~") R? (mgg™) (min™) R?
60 49 42 1.24 78.68 0.999 0916 3.47 0.699
Table 1: Comparison of P-MWCNTSs uptake at low concentrations with other adsorbents
Adsorbent Concentration range (mg L") Adsorption capacity g, (Mg g~") Reference
Oak wood char 1-100 3.03 Jung"
Oxidized MWCNTs 1-10 4.20 Albadarin et a/*
Modified Sand 1-5 0.79 Yadav et a/*
P-MWCNTs 0.1-3 435 Present study
A plot of g, versus t"2 should be linear if intraparticle 067 @
diffusion is involved in the adsorption process and the
deviation of the line from the origin further shows than that O
intraparticle transport is not the only rate limiting step®. This 05
implies that adsorption is affected by more than one process. o =
Figure 9cis the plot of g, vs. t"? which indicates that the plot of R
gtvs.t”2had two linear portions. The initial portion represents 04
film or external diffusion where adsorbate moves from liquid
phase to the adsorbent surface and the second portion is due o
to intraparticle diffusion. However, adsorption processes of 03
g T T T T T 1
the three elements are comprised of two stages, suggesting 0.2 04 06 08 10
that the intraparticle diffusion is not the rate-limiting step for pH
the entire reaction®'.
209 ()
L . ) 184
Adsorption isotherms: Freundlich and Langmuir are models o
. . T 1.6
often used to describe the adsorption and distribution of a
metal ion between a solid and a liquid phase ion. The linear 14
form of the Langmuir equation is given as: % 127
- 104
Ce 1 Ce 0.8
— =t — (12)
Qe dqyb dy 064 ©
0.4
Ce represents the equilibrium concentration of the ionin T T T T T T T T T T 1
-12 -10 -08 -06 -04 -02 00 02 02 06

aqueous solution, Qe is the adsorption capacity of the
adsorbent, that is, the amount of adsorbate per unit mass
adsorbent and both b, q,, are the constants. The factor b
describes the affinity of the surface for the solute and
corresponds to the energy of adsorption. The constant g, is
related to adsorption efficiency.

The Langmuir plot of Co/Qe against Co, where Co is the
initial ion concentration as illustrated by Fig. 10a. The
correlation coefficient was 0.975 for the adsorbent indicating
that the Langmuir isotherm fits well with a g,, value of
435 mg g~ and b value of 0.73 L mg~'. Of noteworthy
importance is that for comparison purposes between the
adsorbents, (Co) was used instead of Ce for both isotherm
calculations.
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Log Co

Fig. 10(a-b): Adsorption Isotherms (a) Langmuir and (b)
Freundlich

The adsorption data were also fitted to the Freundlich
model givenin Eq. 13:

Iong:%IogCeHogK (13)

where, Qe is the adsorption capacity, Ce is the equilibrium
concentration of adsorbate in solution, K and 1/n are
constants depicting adsorption capacity and adsorption
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Fig. 11: Plot of Van't Hoff, thermodynamic parameters
determination

Table 2: Thermodynamic parameters for the adsorption of Cr(VI) onto
phosphorylated multiwalled carbon nanotubes

Temperature(K) AG°(kJ mol™) AH°(kJ mol™) AS° (kJ mol~'K™")
303 -4.53 423 0.153

313 -5.46 - -

323 -7.24

333 -9.12

intensity, respectively. The values of 1/n that vary between 0.1
and 1.0 indicate the favourable adsorption of heavy metals®2
From Fig. 10b, the plots produced were linear with an R? value
of 0.997. The intercept, K and slope 1/n were deduced from
the graphs and were 1.95 and 0.73 mg g, respectively.
Previous findings of the adsorption capacities based on
the Cr(VI) concentrations applied are summarized in Table 1.
The P-MWCNTs are still effective as adsorbents because
adsorption capacity was higher although ion concentrations
applied in this study were lower compared to other studies.

Adsorptionthermodynamics: The Vant Hoff equation (Eq. 14)
is used to calculate the thermodynamic parameters, standard
freeenergy (G°), standard enthalpy (H°) and standard entropy
(S°) as depicted in Fig. 11:

(o]
Ink =1 +§ (14)
RT R
AG =-RT InK (15)

In this case K is 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 the gas
constant (J K=" mol™"), Tis the temperature (Kelvin). Figure 10
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is a straight line plot of In K versus 1/T and the parameters H°
and S° were calculated from the slope and intercept,
respectively.

The enthalpy change, H° was positive (endothermic) due
to increase in adsorption on successive increase in
temperature as indicated in Table 2. Furthermore, negative
Ge values reveal the spontaneous nature of the adsorption
process. A positive value of S° shows the increased
randomness at the adsorbent/solution interface during the
Cr(VI) adsorption on the active sites of the adsorbent.

Effect of competing ions: The SO,>~ and Cl~ anions effect on
the adsorption capacity of Cr(VI) was investigated by spiking
the Cr(VI) solutions with sodium sulfate and sodium chloride,
respectively. More Cr(Vl) ions were adsorbed in the presence
of chloride ions (69%) compared to sulfate ions (56%). Sulfate
ions and dichromate ions have similar charge density®
causing direct competition for adsorbent active sites. The
adsorption pattern resembles previous results observed in the
selectivity effect of A.C for Cr(VI) in the presence of sulfate and
chlorideions®*. According to Duranoglu et a/>, ClI=ions absorb
better to water molecules than chromium ions in the form of
chromic acid (HCrO,~) making their uptake less favorable to
the hydrophobic surface of carbon.

Desorption study: As previously reported, the acidic
conditions were best for adsorption, therefore, alkali and
neutral conditions were selected for desorbing chromium
ions. The percentage of Cr(VI) desorbed was determined as
87% after treating the adsorbent/Cr mixture with 0.1 M NaOH.
According to Saleh and Gupta®® adsorbent pores are divided
into three classes: Macropores (width <50 nm), mesopores
(2 nm<width>50 nm), category and micropores
(width<2 nm). Of greatimportance in Cr(VIl) adsorption is both
the micropores and mesopores of an adsorbent whereas
desorption relies more on the mesoporosity'®, that is, the
higher the mesoporosity of an adsorbent, the easier to desorb
metal ions. Generally, mesopore size of MWCNTSs is 2-50 nm>¢
and it is quiet high, hence desorption would be favourable.

CONCLUSION

The P-MWCNTSs were produced through the treatment of
carboxylic acid of O-MWCNTSs with oxalyl chloride followed by
amidation with 2-amino ethyl phosphonic acid. The FTIR
confirmed the grafting of organophosphonic acid moieties
with the appearance of an amide bond. P-MWCNTs revealed
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good selectivity for Cr(Vl) and excellent adsorption efficiency
at low concentrations applied in this study. Furthermore,
P-MWCNTSs can be reused without loss of efficiency and can
therefore find practical use in the uptake of lowly
concentrated Cr(VI) agueous containing other anions.

SIGNIFICANCE STATEMENT

This study reported the synthesis of a new adsorbent
made of multiwalled carbon nanotube decorated with
phosphonic acid moieties (P-MWCNTs). The new P- MWCNTs
adsorbent can selectively remove Cr(VI) from water at very low
concentration.
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