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ABSTRACT

The performance of C923-impregnated multi-walled carbon nanotubes on harmful Cr(VI) adsorp-
tion from acidic solutions was investigated. C923 (Cyanex 923) is a liquid-liquid extraction reagent
of the phosphine oxide type. The adsorption was investigated at various experimental conditions:
stirring speed (250-1,500 min™, temperature (20°C-60°C), HCI (0.5-2 M) and metal (0.01-0.2 g/L)
concentrations in the aqueous phase, ionic strength of this phase, and adsorbent dosage (0.5-1 g/L).
It was found that the metal adsorption is endothermic and spontaneous, responded to the moving
boundary rate law and to the Freundlich isotherm. Adsorption dosage responded to two different
models, at 0.5 g/L, data were fitted to the first order kinetic equation, whereas at 1 g/L, pseudo-
second-order model fitted to the experimental results. Metal loaded onto the impregnated nano-
tubes can be desorbed by the use of hydrazine sulphate solutions, at the same time, chromium
was recovered in the solutions in the less harmful Cr(III) oxidation state.
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1. Introduction

Chromium(VI) is widely used in various industries,
however its carcinogenic character makes of the utmost
necessity its recovery from the corresponding liquid efflu-
ents before their discharge to natural waters. Different sep-
aration technologies have found application to remove and/
or recover Cr(VI) from these processes wastes [1], among
them, adsorption technology can be competitive when the
metal is present at low concentrations in the aqueous solu-
tion. The importance of this technology on the recovery of
this harmful metal is demonstrated by the number of very
recent publications in this field, including in these adsor-
bents are: activated carbon [2-6], nanocomposites [7-14],
bio-nanocomposites [15-17], and bioadsorbents [18-22].

One special type of these adsorbents, carbon nano-
tubes, also is being used in the removal of Cr(VI) from

* Corresponding author.

aqueous solutions, summarizing Table 1 some of the most
recent advances in the application of these nanotubes in
this field of interest.

Being Cyanex 923 an extractant reagent of wide use, the
present investigation deals with the adsorption of Cr(VI)
using C923-impregnated multi-walled carbon nanotubes.
Several variables, which could affect the adsorption process:
stirring speed applied on the adsorption system, chromium
and HCI concentrations in the aqueous phase, adsorbent
dosage, temperature, etc., are investigated. Several equi-
librium, kinetics and thermodynamics parameters are also
reported. The desorption of Cr(VI)-loaded carbon nano-
tubes is accomplished using hydrazine sulphate solutions.

2. Experimental set-up

The multi-walled carbon nanotubes used in the investi-
gation was supplied by Fluka (Switzerland) and were used
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without further purification, the main characteristics of
the adsorbent are given in Table 2.

Cyanex 923 (Solvay, Belgium) is a liquid-liquid extract-
ant composed by four alkyl-phoshine oxides [27], being the
active group represented as P=O and with a general struc-
ture as R,PO (R being the alkyl chains), the average molec-
ular weight is 346 and density (20°C) 0.88 g/cm?, it was also
used without further purification. Solvesso 100 (Exxon Chem
Iberia, Spain), also used without further purification, is an
aromatic diluent widely used in liquid-liquid extraction
practice. Cyanex 923 was dissolved in this diluent mainly
to decrease the viscosity of the extractant, and to adequate
the extractant concentration to its practical use in this work.

Stock Cr(VI) solutions were prepared by dissolving
K.Cr,O, (Merck, Germany) in distilled water. All other
chemicals were of AR grade.

Impregnation of the multi-walled carbon nanotubes was
done by immersion of the pristine nanotubes in a 50% v/v
Cyanex 923 in Solvesso 100 solution during 24 h. Then, the
mixture was filtered, and the nanotubes were washed twice
with distilled water and then dry in a laboratory oven at
50°C until constant weight. Infrared measurements on the
C923-impreganted-NTs showed bands at about 1,160 cm™
attributable to the P=O stretching vibration of the phos-
phine oxide, and weak bands at around 1,300 and 800 cm™
attributable to the d symmetric mode of the P-CH, and to
the stretching vibration of the P-C bond, respectively, of
the organic extractant. Also, a couple of bands at about

Table 1
Recent literature on the use of multi-walled carbon nanotubes
to remove Cr(VI) from solutions

Multi-walled carbon Comments References
nanotubes and composite
Azadirachta indica No desorption [23]

data
Anacardium occidentale [24]
Palladium nanoparticles Reduction of [25]

Cr(VI) to Cr(III)
Pentaclethra macrophylla [26]

Table 2
Characteristics of the multi-walled carbon nanotubes

Type Multi-walled

Melting range 3,652°C-3,697°C

Density 2.1 g/mL

Appearance Black dust

Purity >98% carbon basis
Dimensions 10 + 1 nm external diameter

4.5 + 0.5 nm internal diameter
3-6 um (length)

Maximum adsorption 1,295 cm’/g
Brunauer-Emmett-Teller 263 m?/g
Isoelectronic point 1.22

2,900 and 2,850 cm™ can be attributed to the C-H stretching
vibrations of the alkyl chains associated to the phosphine
oxide group, one peak at about 1,464 cm™ was attributable
to the d asymmetric CH, vibration, and bands at 1,410 and
near 1,400 cm™ corresponded to the & symmetric mode
of this CH, group. The assignation of these bands closely
corresponded to data given in the literature [28-30]. These
almost unaltered bands with respect to that showed by lig-
uid Cyanex 923, indicated that there was little interaction
between the organic extractant and the nanotubes, and
thus, the phosphine oxide solution just filled the pores of
the carbon material, similarly to the phenomena occurring
in the supported liquid membranes technology, in which
the extractant filled the micropores of the solid support [31].

Metal adsorption (and desorption) studies were carried
out in a glass reactor provided or mechanical shaking via
a flour blades glass impeller. Metal adsorption (or desorp-
tion) was determined by monitoring concentration by AAS
(using chromium standards in the 1 x 107 to g/L concentra-
tions range) in the aqueous solution as a function of time.
Concerning reproducibility data, at a first instance a series
of experiments were performed to check the feasibility
and consistency of results derived from the same experi-
mental conditions. Reproducibility was good enough for
results derived for a fixed period of time using five sets
of data.

The metal concentration in the adsorbent was calculated
by mass balance. IR measurements were carried out in a
Nicolet Magna 550 spectrometer (Japan).

3. Results and discussion

3.1. Chromium(V1) adsorption from pristine and Cyanex 923-im-
pregnated multi-walled carbon nanotubes

In order to investigate the effectiveness of the nano-
tubes impregnation by Cyanex 923, a series of experiments
were conducted using aqueous phases of 0.01 g/L Cr(VI)
in 0.1 M HCl medium and adsorbent dosages of 1 g/L. The
results of these tests are shown in Fig. 1, and indicated
how the impregnation of the carbon nanotubes influenced
Cr(VI) adsorption onto both adsorbents. Thus, the use of
this alkyl-phosphine oxide to impregnate the carbon nano-
tubes greatly improved the efficiency of the adsorbent in
comparison with the results derived when pristine carbon
nanotubes were used in the removal of this harmful metal
from aqueous solutions.

3.2. Influence of the stirring speed on chromium(VI) uptake on the
impregnated nanotubes

The variation of the stirring speed applied on an adsorp-
tion system can have a determinant influence on the quan-
titative adsorption results, this is because applying the ade-
quate stirring speed, the thickness of the aqueous bound-
ary layer reached a minimum and the adsorption maxi-
mizes. In this work, the influence of this variable on Cr(VI)
adsorption by the C923-impregnated multi-walled carbon
nanotubes had been investigated using an adsorbent dos-
age of 1 g/L and an aqueous solution of 0.01 g/L in 0.1 M
HCI medium. Results from these set of experiments are
summarized in Table 3.
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Fig. 1. Chromium(VI) adsorption using pristine multi-walled
carbon nanotubes (pristine NTs) and C923-impregnated multi-
walled carbon nanotubes (i-NTs). Aqueous phase: 0.01 g/L
Cr(VI) in 0.1 M HCl; adsorbent dosage: 1 g/L; temperature: 20°C;
stirring speed: 1,000 min-.

Table 3
Influence of stirring speed on Cr(VI) uptake

Stirring speed, min™ [Cr], .y Mg/g
250 7.6
500 8.0
1,000 9.9
1,500 8.6

Temperature: 20°C; results after 3 h: equilibrium conditions.

It can be seen that Cr(VI) uptake onto the adsorbent
increased with the increase of the stirring speed up to
1,000 min, and then decreased again. These results can be
explained due to the progressive decrease in the thickness
of the aqueous boundary layer from 250 to 1,000 min~, and
the aqueous resistance to mass transfer were minimized
resulting to that the diffusion contribution of the aqueous
species to the adsorption process is assumed to be constant.
The decrease of chromium loading onto the adsorbent at
the highest stirring speed (1,500 min™), can be attributable
to the formation of local equilibria between the adsorbent
particles and the surrounding solution due to this high
speed applied on the system. Further adsorption experi-
ments were carried out at 1,000 min.

The rate law governing the adsorption process had
been modelled using the next models and their correspond-
ing equations:

e diffusion layer-controlled process:

In(1-F)=—kt 1)
¢ intraparticle diffusion-controlled process:

In(1-F*) =kt )

* moving boundary model:

3-3(1-F)" ~2F =kt 3)

where F is the fractional approach to equilibrium, defined as:

[Cr)
[Cr]ifNT,e

being [Cr],yr, and [Cr], ;. were Cr(VI) concentrations in
the impregnated carbon nantotubes at al elapsed time and
at the equilibrium, respectively, and k was the correspond-
ing rate constant. The experimental data at 1,000 min™
were fitted to the three models, and from these fits, it was
shown that the rate law governing Cr(VI) uptake onto
C923-impreganted multi-walled carbon nanotubes was the
moving boundary model (r* = 0.9493) and k 0.066 min™.

F (4)

3.3. Influence of the temperature on chromium(V1) adsorption on
the impregnated nanotubes

The influence of the variation (20°C-60°C) of the tem-
perature on Cr(VI) uptake onto the adsorbent was investi-
gated using aqueous solutions of 0.02 g/L Cr(VI) in 0.1 M
HCI medium and adsorbent dosages of 1 g/L. The results
from these experiments showed that there was a slight
increment of the chromium uptake onto the adsorbent
with the increase of the temperature from 20°C (18.8 mg/g)
to 60°C (19.6 mg/g).

At a first approximation, there was a relationship
between the Cr(VI) distribution coefficient (D) and the tem-
perature accordingly to the expression:

AS°  AH® 1
23R 23RT

log D, = ©)
being AS° and AH° the variation of the enthropy and

enthalpy in the system as a consequence of Cr(VI) loading
onto the adsorbent. D, was defined as:

D — I:Cr:li—NT/e (6)
“ [Cr]aq e
where [Cr] _ represented to the chromium concentration in

the solution at the equilibrium, and [Cr],,;, had the same
significance than in Eq. (4). Thus, a plot of logD, vs. 1/T
allowed estimated the thermodynamic character (AH®) of
the chromium uptake process and the variation in random-
ness (AS®) of such uptake. This plot (r* = 0.9699) resulted in
that Cr(VI) adsorption onto the C923-impreganted carbon
nanotubes had an endothermic character with an increment
of the process randomness.
Also,

AG® = AH® — TAS® )

and at 20°C, the adsorption process was spontaneous.
Table 4 shows the estimated values of AH®, AS° and AG® for
this system.
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3.4. Influence of the variation of the acidity of the aqueous phase
on chromium(VI) adsorption

The variation of the HCl concentration of the aqueous
solution on Cr(VI) uptake onto the impregnated carbon
nanotubes was investigated using aqueous solutions of
0.01 g/L Cr(VI) in different HCI concentrations (0.1-2 M),
and adsorbent dosages of 1 g/L. The results from the exper-
iments are summarized in Table 5, which shows that the
increase in the HCI concentration from 0.1 to 2 M resulted
in a decrease of the chromium concentration loaded onto the
impregnated adsorbent. These results can be attributable to:

e that Cyanex 923 extracted HCl from aqueous solutions
[29], and this extraction (adsorption) competed with that
of Cr(VI), resulting in the decrease of the adsorption
of this latter solute, and:

e it is also described in the literature [32], the existence
of CrO,CI" species in HCl solutions, thus, this decrease
in metal adsorption can be due to the less extractability
(adsorbability) of this chromium species by Cyanex 923.

3.5. Influence of the initial metal concentration on chromium(VI)
uptake onto the nanotubes

The variation of the chromium concentration (0.01-
0.2 g/L) in the aqueous solution on the metal adsorption
onto the adsorbent was also investigated. In this case, the
adsorbent dosage was of 1 g/L, whereas the aqueous solu-
tions contained different metal concentrations in 0.1 M HCl
medium. The results from these experiments are shown in
Fig. 2, plotting metal concentrations in the adsorbent vs.
the initial chromium concentration in the aqueous solution.

The results showed that the increase of the initial Cr(VT)
concentration in the aqueous phase resulted in a decrease
of the percentage of the metal adsorption onto the adsor-
bent, though in all the cases, the equilibrium was reached
within 3 h of contact between the solution and the adsor-
bent. It is worth to note here that. al low Cr(VI) concentra-
tions (<0.1 g/L) in the solution, HCrO; is the unique and
predominant metal species present at acidic-neutral pH
values, but from 0.1 g/L Cr(VI) concentration in the solu-
tion, the fraction of Cr,07 species in the aqueous phase was

Table 4
Estimated thermodynamic values for Cr(VI) adsorption

AH®, kJ/mol -23

AS°, J/mol-K 101

AG®, kJ/mol -6
Table 5

Chromium(VI) uptake at various HCI concentrations

HCIL, M [Cr]i-NT,e
0.1 9.9
1 9.2
2 8.0

Temperature: 20°C; time: 3 h; stirring speed: 1,000 min.

noticed, increasing this fraction with the increase of Cr(VI)
concentration in the solution, until a point in which Cr,0Z
species become predominant over HCrO,~ species.

The adsorption results were used to model the adsorption
isotherm related to the present system. Both the Langmuir
and Freundlich isotherms had been used to model the exper-
imental data, being both widely used in the modelling of
adsorption or ion exchange processes [33].

The Langmuir models are valid for monolayer adsorp-
tion onto a surface containing a limited number of identical
sites. The Langmuir-Type 1 [Eq. (8)] and Langmuir-Type 2
[Eq. (9)] in their linear forms describing these models are:

[Cr],.. 1 1

|:Cr:|z;NT,,g ) KL [Cr]ifNT,m i [Cr]FNT,e I:Cr:)aq,e (8)
[Cr]fr" i |:Cr:|c,m ' b[cr]c,m [Cr]s,c (9)

where K is a constant related to the model, [Cr], . is
the maximum metal uptake in the carbon nanotubes, and
[Cr],,. is the equilibrium chromium(VI) concentration in
the solution.

The Freundlich model, is an empirical expression
describing adsorption processes onto heterogeneous sur-
faces, having the adsorbent surface sites with a variation of
binding energies. In this case, the equation also in its linear
form is:

ln[CrliNT,e =InK, + %ln[Cr]aq,e (10)

where K, and n are parameters related to the Freundlich

model. The results from these fits indicated that the
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Fig. 2. Variation of the chromium concentration in the adsorbent
at various initial metal concentrations in the aqueous solution.
Aqueous phase: chromium(VI) in 0.1 M HCI; temperature: 20°C;
time: 3 h (equilibrium conditions); stirring speed: 1,000 min™".
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experimental data best responded (1 = 0.9218) to the
Freundlich isotherm, being InK, 2.84 and n equal to 4, thus,
the adsorption process is favourable since 1 <n <10 [34].

3.6. Influence of the adsorbent dosage on chromium(V1) adsorption

It was investigated the influence of the adsorbent dos-
age (0.5-1 g/L) on Cr(VI) removal from the solution using
aqueous phases of 0.1 g/L Cr(VI) in 0.1 M HCI. The results
of the investigation are shown in Fig. 3 plotting [Cr], /
[Cr]ac"0 vs. time; these results indicated that chromium was
almost quantitatively removed (about 99%) from the solu-
tion using these two adsorbent dosages, but the time to
achieve this goal was greatly dependent on the adsorbent
dosage used in the experimentation.

Using an adsorbent dosage of 1 g/L, the equilibrium
was reached within 2 h (9.9 mg/g chromium loading onto
the adsorbent), whereas if the adsorbent dosage was of
0.5 g/L, the time necessary to reach equilibrium conditions
increased up to 5 h (19.6 mg/g chromium loading onto
the impregnated adsorbent). The adsorption results were
used to model the kinetics equation [35] describing the
adsorption process using these two adsorbent dosages:

* pseudo-first-order model, this model can be expressed
accordingly with the next equation:

ln([Cr:L_?NT'B - I:Cr]i—NT,f) - ln[cr]ifm,e B KPslt (11)
1.0
A
A o 1 g/L

0.8 A A 05 g/L
1) A
g
— 064° A
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+ o
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time, hours
Fig. 3. Variation of [Cr], t/[Cr]aq,ﬂ relationship vs. time at

two adsorbent dosages. "Igémperature: 20°C; stirring speed:
1,000 min™.

Table 6

where [Cr], yre and [Cr], yr. are the chromium concentrations
in the nanotubes at equilibrium at an elapsed time, respec-
tively, t is the time and K, is the constant related to this

model,

* pseudo-second-order model, in this model, the equation
used is:

t 1 1

- + t
I:Cr:lifNT,t KpsZI:Cr:II‘Z,NT,e |:Cr:|i7NT,e

(12)

in this case, K__, is the constant related to this model.

From these fit, it was concluded that in the case of
the adsorbent dosage of 1 g/L, the adsorption process
responded (* = 0.9955) to the pseudo-second-order kinetic
model [Eq. (12)], thus, the adsorption was attributable to
a chemisorption process, however in the case of the lower
adsorbent dosage of 0.5 g/L, chromium uptake onto the
impregnated adsorbent best fitted (r* = 0.9259) to the first-or-
der kinetic equation:

In[Cr]  =In[Cr]  -Kit (13)

where K| is the constant associated to the model. Table 6
summarized the values of the parameters of Egs. (12) and (13).

The values of [Cr]aq/o (0.01 g/L) and [Cr], ;. (13 mg/g)
compared relatively well with the respective values of
0.01 g/L and 9.9 mg/g experimentally found.

3.7. Influence of the aqueous ionic strength on chromium(VI)
uptake onto the nanotubes

Results derived from subsection 3.4. (Table 5) showed
that when HCI is the main source for the ionic strength
(I,, ionic strength in the molar scale) in the solution, and
increase of this variable from 0.1 M HCI (I, = 0.1) to 2 M
HCI (I,, = 2) produced a decrease in the metal loading onto
the adsorbent. Further investigations about the influence of
this variable on chromium uptake had been carried out by
varying the source of the ionic strength by the use of dif-
ferent salts (LiNO,, LiCl, NaClO,, Li,SO, and NaF). In these
series of experiments, the adsorbent dosage was of 1 g/L,
whereas the aqueous solutions contained 0.01 g/L Cr(VI)
in solutions of I,, = 0.1. The results from this experimenta-
tion are shown in Table 7.

These results demonstrated the importance of the pres-
ence of the acid in the aqueous solution to yield a reason-
able chromium loading onto the adsorbent. This impor-
tance was attributable to the type of the adsorption process
which took into consideration the form in which Cyanex
923-extracted Cr(VI) from acidic media [36]:

Kinetic parameters associated to the adsorption of Cr(VI) using different adsorbent dosages

Adsorbent dosage, g/L Model

K, min™?

[Cr]aqyo, g/L K o g/min'mg [Cr], \ro M8/8

0.5
1 Pseudo-second-order

Pseudo-first-order 0.032

0.01
1.9 %103 13
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Table 7
Variation in chromium uptake with the source of the ionic
strength

HCl 9.9 mg/g
LiNO, 0.8 mg/g
LiCl 0.4 mg/g
NaClO, 2.0 mg/g
Li,SO, 1.6 mg/g
NaF 0.6 mg/g

Temperature: 20°C; time: 3 h (equilibrium conditions); stirring
speed: 1,000 min™".

20923 -NT +H;, +HCrO, « H,CrO, 2C923-NT  (14)

thus, the presence of protons in the aqueous solution shifted
the above equilibrium to the right, increasing metal loading
onto the C923-impregnated multi-walled carbon nanotubes.
The removal of chromium(VI) from the solution involved
the solvation of chromium(VI) species by the phosphine
oxide via the donation on electron—pair from the extractant
(P=0:). The phosphine oxide competed favourably with
water molecules, replacing them in the primary coordination
sphere of chromium(VI) species.

3.8. Chromium(VI) desorption

In the present investigation, the desorption of Cr(VI)
from the metal-loaded nanotubes was studied using hydra-
zine sulphate solutions, at the same time, in the desorption
process, Cr(VI) is reduced to the less hazardous Cr(III) oxi-
dation state, accordingly to [37]:

4HCrO; +10H" +3N,H, -H,SO,
—4Cr™ +16H,0+ 3N, + 3507 (15)

Desorption experiments were carried out with aqueous
solutions containing 25-50 g/L of hydrazine sulphate and
2 mg/g Cr(VI)-loaded C923-impregnated carbon nanotubes,
at a 25 mL/g solution volume/weighed carbon nanotubes
relationship, and 20°C. The results from these experiments
can be summarized as:

e the equilibrium is reached within 5 min of reaction,

e the variation in the hydrazine sulphate solution con-
centration has little effect on the reaction yield (97%
chromium recovery from loaded nanotubes),

e the desorbed solution contained a Cr(Ill) concentration
near 8 times the initial Cr(VI) concentration in the feed
solution (0.01 g/L) of the adsorption experiments.

4. Conclusions

Impregnation of multi-walled carbon nanotubes by the
phosphine oxide Cyanex 923 increased the performance
of these nanotubes towards Cr(VI) removal from aqueous
solutions. The adsorption of Cr(VI) onto C923-impregnated
multi-walled carbon nanotubes is dependent on the HCI

concentration of the aqueous solution, decreasing this
adsorption when the acid concentration increased from 0.1
to 2 M. At the optimum stirring speed, the rate law gov-
erning The adsorption is exothermic (AH® = -15 kJ/mol),
and non-spontaneous (positive AG® valour), and the metal
adsorption responded to the Freundlich isotherm. Cr(VI)
can be desorbed from metal-loaded carbon nanotubes by
the use of hydrazine sulphate solutions, which releases chro-
mium to the aqueous solution as the less hazardous (III)
valence state.
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