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ABSTRACT: Conducting polymers can be tuned by manipulating the delocalized
7T electron system for chemical and electrocatalytic applications. We hereby describe
the reduction of Cr(VI) to Cr(III) by flexible nanostructured conducting poly(amic
acid) (PAA) in both solution phase and as a thin film on a gold electrode. Sodium
borohydride was used as a reducing agent to prepare different sizes (3—20 nm) of
palladium nanoparticles (PANPs). The effects of experimental parameters such as
particle size, temperature, and Cr(VI) concentration on the kinetics and efficiency of
reduction process were investigated. Results show that in PAA solution, Cr(VI) was
efficiently reduced by 85.9% within a concentration range of 1.0 x 10" '—1.0 x 10
mM. In the presence of PANPs and heat (40 °C), the reduction efficiency increased
to 96.6% and 99.9% respectively. When employed on a solid electrode, PAA
undergoes a quasi-reversible electrochemistry in acidic media with reduction
efficiency for Cr(VI) at 72.84%. The method was validated using both colorimetric
and Electron Paramagnetic Resonance techniques, which confirmed the formation
of Cr(III) as the product of catalytic reduction. Additional characterization
conducted using transmission electron microscopy (TEM), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS) confirmed that there was no
significant change in Pd particle size and distributions after dispersion in PAA
whereas its phase and oxidation state remained unchanged. Electrochemical characterization showed the reversible and recyclable
features of PAA thus confirming its dual role as catalyst stabilizer and reducing agent. This approach provides a significant advantage
over conventional methods such as bioremediation which typically require longer time for complete reduction.
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B INTRODUCTION components of nuclear wastes at this site.”® It negatively impacts
on the quality of the vitrification products by making them less
stable. In other words Chromium can interfere with the High
Level Waste (HLW) immobilization process by forming spinel
phases in the melter®. These spinels (group of oxides having
similar structures) adversely affect the melter performance by

Hexavalent chromium [Cr(VI)] is a well-known carcinogen
and highly mobile in the environment while Cr(III) can be
readily precipitated or adsorbed as Cr(OH); by organic and
inorganic substrates at neutral pH."> An effluent containing
Cr(VI) results in negative impact on human health and the
environment, and 0.1 mg L™ " is the permissible level in waste-

water.'”* Chromate is a significant groundwater contaminant at Received:  October S, 2010
the U.S. Department of Energy (DOE) Hanford Site in south- Revised: ~ December 14, 2010
eastern Washington (WA) state and is also one of the major Published: January 18, 2011
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accumulating as solid phases separate from the molten glass,
leading to pouring difficulties, cold cap freezing, and foam sta-
bilization.* ® For this reason and other related environmental
effects, there is an urgent need to develop practical, low cost
techniques to ensure safe disposal of chromium in the much less
toxic and less mobile trivalent form, Cr(IIl), into the environ-
ment.

Current approaches for removing Cr(VI) from the environ-
ment include chemical precipitation, ion exchange, reverse
osmosis, membrane processes, evaporation, solvent extraction,
and adsorption among others.”” An area of expanding research
toward Cr(VI) reduction in the environment is its complexation
with conducting polymeric materials and subsequent conversion
to the less toxic form.”'°”** The unique properties of conduct-
ing polymers and their use for the reduction of Cr(VI) to Cr(III)
were first reported in 1993'° using electrochemically synthesized
polypyrrole films. The advantages of conducting polymers for
Cr(VI) reduction compared to conventional reducing agents
such as the sulfur compounds (FeS, S/ PANPs,)>"" are that the
reduction process is reversible and the conducting polymers
could be recycled (Supporting Information, Figure 1). However,
one of the limitations of polypyrrole is the loss of its electro-
chemical activity after consecutive cycles under open circuit con-
ditions."!

Recent studies in our laboratory' ~> have shown that elemental
sulfur and formic acid in the presence of palladium nanoparticles
catalyst are capable of transforming hexavalent chromium Cr-
(VI) into the much less toxic and less mobile trivalent form,
Cr(IIT). However, it has been reported that Pd particles often
suffer from sulfur poisoning following adsorption of sulfur atoms
onto their surfaces, thus reducing their catalytic activity.> Formic
acid on the other hand, is dangerously irritating to the skin, eyes,
and mucous membranes and may also be toxic to the kidneys.
Atmospheric concentrations as low as 32 mg/L may be corrosive;
the EPA has specifically listed formic acid as a hazardous waste
under RCRA and has been assigned EPA Hazardous Waste No.
U123.%* Even though these remediation methods have proved
efficient and effective in reducing Cr(VI) in both water and soil,
there is an increasing interest to use greener methods and to
simplify the detection approaches via speciation, complexation,
and sensitive detection.

The present work focuses on the reduction of Cr(VI) using
flexible polyamic acid as reducing agent. PAA is a conducting
electroactive polymer, and its properties can be tuned by
manipulating the delocalized 77 electron system for chemical
and electrocatalytic applications. PAA provides a means of
generating nanocomposites containing monodispersed metal
particles while retaining its physical and chemical properties. It
is versatile in both organic and inorganic solvents because of its
chemical resistance.”>*® The carbonyl and amide functionalities
in polyamic acids act as anchors resulting in the fabrication of
flexible nanostructured polyamic acid-silica (PSG) films. In this
work, we report the development of a novel palladium nano-PAA
material that efficiently reduces Cr(VI) to Cr(III) in solution and
in the solid phase, hence acting as a catalyst, reducing and
stabilizing agent in the preparation of palladium nanoparticles.
PAA is a conducting polymer that is easy to synthesize, mechani-
cally stable, and a suitable material for Cr(VI) reduction. This is
because metal nanoparticles can be incorporated into PAA, and
the resulting matrixes have been shown to act like redox
polymers. Unlike polyimides, PAA has significantly higher cation-
complexing properties because of the presence of both carboxylic

acid and amide functionalities.”>° To the best of our knowledge,
we are not aware of any prior work in which polyamic acids have
been used for the catalytic reduction, detoxification, or immobil-
ization of Cr(VI).

B EXPERIMENTAL SECTION

Materials. All chemicals were either reagent or analytical
grade and were used as received from the vendors without
further purification. 100% N,N-Dimethylformamide (DMF),
sodium acetate trihydrate, sodium borohydride, ammonium
sulfate, potassium phosphate, and calcium nitrate were pur-
chased from Fisher Scientific, Fair Lawn, NJ. Potassium chro-
mate, magnesium sulfate, potassium chloride, glacial acetic acid,
sodium phosphate dibasic, sodium phosphate monobasic, and
concentrated sulfuric acid were purchased from ].T. Baker
Chemicals Co., Phillipsburg, N.J. Palladium acetate, 4,4'-oxidia-
niline (ODA), triethylamine (TEA), pyromellitic dianhydride
(PMDA), and sodium acetate were purchased from Sigma
Aldrich, Milwaukee, WI.

Stock Solutions. Unless otherwise stated, all reagents were
prepared using Nanopure water with resistivity of 18.0 M€2 cm.
Cr(VI) was prepared by dissolving 1.94 mg of potassium
chromate in 1.00 L of Nanopure water. Phosphate Buffer saline
001 M (PBS) was prepared by dissolving 1.92 g of Na,HPO,"
7H,0, 0.3416 g NaH,PO,, and 8 g of NaCl in 1.00 L nanopure
water, and the pH adjusted using concentrated phosphoric
acid or 10 M NaOH. Acetate buffer was prepared by dissolving
0.238 g of sodium acetate trihydrate in 1.00 L nanopure water,
and its pH adjusted to 3 and 6 using glacial acetic acid. One M
Cr(VI) stock solution was prepared by dissolving 7.36 g of
potassium dichromate in deionized water in a 25 mL standard
flask.

Instrumentation. An HP 8453 UV-—visible diode array
spectroscopy system was used for absorption measurements.
Electrochemical measurements were performed using a BAS
potentiostat/galvanostat Model 100B (Princeton, NJ) equipped
with a gold working electrode, a Pt counter electrode, and a Ag/
AgCl/1 M KCI (sat) reference electrode (Bioanalytical Systems
Inc., West Lafayette, IN). All potentials were measured versus the
Ag/AgCl as reference. All data collection and analysis were
carried out using Model 270/250 Research Electrochemistry
Software 4.30. X-ray powder diffraction (XRD) data was col-
lected on a Scintag XDS2000 0-0 powder diffractometer
equipped with a Ge(Li) solid-state detector and CuKa sealed
tube (4 = 1.54178 A). X-ray photoelectron spectroscopy (XPS)
PHI 5000 versaProbe ULVAC-PH]I, inc with monochromatic Al
Kot (1486.7 eV) was used for surface analysis. Electron Para-
magnetic Resonance spectrometer (Bruker EleXsys E680 EPR
spectrometer) with its field set at 3480 G was used for confirma-
tion of presence of Cr(IIl) in the reaction product.

Synthesis of Polyamic Acid. Synthesis of PAA was carried
out as described elsewhere™ (Supporting Information, Scheme 1).
The preparation procedure involves the following steps: 2.01 g
of ODA plus 42 mL of DMF were stirred in a 0.50 L round-
bottom flask. PMDA powder (2.18 g) was added to the solution
for over 1 h. MeOH (35.0 mL) containing 0.020 mols of TEA
was then added. The solution was stirred for 24.0 h, resulting in a
yellow viscous solution of PAA. The solid content of the resulting
PAA was 9.80%. This viscous PAA was soluble in phosphate-
buffered saline (PBS).
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Table 1. Experimental Setup

1000 TEA final
mM Cr(VI) H,0 inMeOH conc. PAA PdNPs
(mL)  (mL) (mL)  (uM) (mg) (mg)

reaction(l) 10.0 5.0 S0 0500 00 00
reaction(11) 10.0 5.0 5.0 0.500 1.5 0.0
reaction(Ill)  10.0 5.0 S0 0500 LS LS

Synthesis of Palladium Nanoparticles. Palladium nanopar-
ticles were synthesized as reported in literature."”*” To tune the
surface of the PANPs for efficient catalytic reactions, the dried Pd
particles were reconstituted to 3.00 mg/mL in a mixture of PAA
and acetate buffer (pH 3.00) to generate a fresh colloidal sus-
pension of the palladium nanoparticles. The following amounts
of PANPs-to-PAA by mass per mL were redispersed in DMF: (a)
1:1, (b) 3:1, and (c) 5:1. Depending on the amount of sodium
borohydride used, different sizes of colloidal PANPs were
regenerated (Supporting Information, Figure 1 A—C).

TEM Studies of Palladium Colloids. Transmission electron
microscopy (TEM) was performed on a Hitachi H-7000 Elec-
tron Microscope at 100 kV. The reaction medium was diluted 1:1
with the same solvent (DMF). A 10.0 L portion of this solution
was introduced onto a carbon-coated copper grid and allowed to
evaporate at ambient conditions. The nanoparticle size distribu-
tion for each sample was determined by counting the size of
approximately 300 palladium nanoparticles from several TEM
images obtained from different places on the grids.

XRD and XPS Studies. Prior to XPS and XRD characteriza-
tion, redispersed PANPs in PAA were completely dried in an
oven at 37 °C and ground into powdered form using a mortar
and pestle. In case of XRD, the resulting powdered sample was
put into a sample holder and inserted into the XRD instrument.
20 values were taken from 30° to 80° at a step size of 0.5° per
second. The experiment was performed under room temperature
conditions. XPS studies of Palladium colloids were performed
under ultra high vacuum conditions using monochromatic Al Ko
X-rays which have limited penetrating power in a solid on the
order of 1—10 u#m. The data was referenced with adventitious
carbon at 284.8 eV, 45.0° take off angle, and pass energy of
187.85 eV and 23.50 eV for survey and high resolution scans,
respectively. Percentage concentration of each element and
binding energies were then determined.

Control Experiments. Control reactions were carried out in
a 100 mL reaction vessel containing 5.00 mL of acetate buffer.
Briefly, 5.00 mL of TEA (0.02 mol) in MeOH was introduced
into a vessel containing 1.50 mg of PAA followed by an addition
of Cr(VI) and PdNPs where applicable. Table 1 shows a
summary of the detailed experimental setup. In all cases the final
concentration of Cr(VI) was 0.500 uM.

Reactions I and I were carried out at 40 °C and at pH 7.0 for a
period of 14 min. Changes in the intensity of the absorption peak
of Cr(VI) were monitored at a wavelength of 350 nm and
comparison was made with standard Cr(VI) to estimate its final
concentration. Percentage reductions in Cr(VI) concentration
was recorded in each case.

Electrode Surface Preparation. Gold electrodes were first
polished with alumina slurry (1.0 alpha micrometer and 0.05
gamma micrometer), rinsed with methanol and triply distilled
water, before being sonicated in Piranha solution (3:1 mixture of
concentrated H,SO, and H,0,) for 15 min. The resulting
surface was dried with a nitrogen stream after rinsing with ultra

pure water. Gold electrode surfaces were coated with a layer of
PAA by dropping 0.60 1L of the PAA solution on the electrode
surface. This was repeated in triplicate at an interval of 3.00 h and
was left to dry at ambient temperatures. PAA-covered gold
electrodes were gently rinsed in ultra pure water and dried in a
stream of nitrogen before use.

Reduction of Cr(VI) Using Flexible Polyamic Acid. Polyamic
acid was used for reduction of Cr(VI) in aqueous phase. 1 M
Cr(VI) stock solution was prepared by dissolving 7.36 g of
potassium dichromate in deionized water in a 25 mL standard
flask. Different concentrations of the working solutions were
prepared by appropriate dilution with deionized water. To the
different concentrations of Cr(VI) solution, PAA in powdered
form was added and the mixture stirred at 300 rpm. The same
procedure was repeated with the introduction of PANPs into the
reaction vessel. The products of the reaction were prepared for
UV—vis analysis by a 1:20 dilution using acetate buffer solution
(pH 3.00) after the PAA/PANPs precipitates had been filtered.
Optical absorption spectra were measured on a Hewlett-Packard
model 8453 spectrophotometer at a fixed wavelength of 350 nm
(the characteristic absorption peak for Cr(VI)). Prior to the
spectrochemical analysis, a blank spectrum acetate buffer (pH
3.00) was taken. The concentration of Cr(VI) in solution was then
recorded after different exposure times to both PAA and PANP
respectively. The electrochemical reduction was carried out on a
PAA modified gold working electrode following the physical
adsorption of the polymer onto the solid electrodes. Unless specified
otherwise, all electrochemical measurements were carried out within
a potential of —500 mV to 41000 mV versus Ag/AgCl in 1.00 X
10~ M HCl at pH 3.00. The number of moles of Cr(VI) removed
was calculated as the difference in the number of moles of the
dichromate before and after treatment with PAA or PAA/PdNPs
composites.

The concentration of Cr(VI) was calculated from the calibra-
tion curves constructed with absorbance of standard solutions in
the range 1.00 x 10 °—1.00 X 10° mM. The efficiency of
reduction reaction was calculated according to eq 1:

Eg = 100 (G=G) (1)
Co
Where Cy is the initial concentration of Cr(VI) in solution and C,
is the concentration of Cr(VI) after a specified exposure time (t)
to polyamic acid powder or a polyamic acid modified Au-
electrode.

B RESULTS AND DISCUSSION

Particle Size and Morphology. The mean particle diameter
recorded ranged from ~3.00 to 20.0 nm with 9 nm being the
dominant size as summarized in the TEM data in Supporting
Information, Figure 1. The largest PANPs colloids with an
average size of 19 nm (Supporting Information, Figure 1-A)
were obtained when S mg of sodium borohydride was used to
reduce 3 mg of palladium acetate in 1 mL of DMF. We tested the
ability of the PAA to redisperse the particles by redissolving the
nanoparticles in different amounts of PAA in DMF. A better
dispersion was observed for high PAA loading at 6.00 mg/mL.
The ratios by mass/mL of PAA/PdNPs used were 1:1, 3:1, and
S:1. This result supports previous reports that the choice of
reducing agent and experimental conditions provide a means of
preparing colloidal nanoparticles with varying particle sizes.”®

dx.doi.org/10.1021/cs100034z |ACS Catal. 2011, 1, 139-146
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Figure 1. [A] Relation between Cr(III) produced and nanoparticles
size determined for palladium colloids prepared by reduction with
NaBH, and dispersed using PAA as a stabilizer. [B] XRD pattern of
PdNPs after dispersion in PAA[ a-1:1, b-3:1, c-5:1 PANPs:PAA]; inset,
XRD pattern of PANPs before dispersion in PAA.

Catalytic Reaction, Stability, and Phase Changes. As re-
ported previously,”® the nanoparticle size and shape and the
molecular weight of the protecting polymer influence the
yield of the reaction.”” The latter has been attributed to the
extent to which the polymer interacts with the nanoparticles.
Figure 1 A clearly shows that the yield of the product in the
reduction of Cr(VI) to Cr(IlI) depends on the average
nanoparticle size.

Even though other polymers and salts are generally considered
stabilizers for most novel metal nanoparticles, some authors have
reported undesirable palladium colloid aggregation during cata-
lytic reactions carried out in such media.”**' PAA adequately
disperses the inorganic nanoparticles (Pd) by encapsulation in
the 7-conjugated system. The advantages of using PAA is
attributed to the electronic structure of the polymer chain, which
strongly influences the characteristics of embedded metal nano-
particles thereby serving as potential novel catalysts. The
7r-conjugated polymer possibly provides an efficient route for
shuttling electronic charge to the catalyst centers. The relation is
nonlinear for averagely small and larger nanoparticles as the yield
of Cr(IIl) in the reduction was 11% for the larger particles
(average 19 nm) and 85% for the small particles (3.00 nm). Thus
the catalytic activity is significantly affected by the average size of
the Pd° particles and the amount of the protecting polymer
(PAA) used (Figure 1 A).

XRD analysis of the composite materials was performed to
determine the chemical state of PANPs incorporated within the
PAA membrane. The XRD patterns of PANPs after dispersion in
PAA are shown in Figure 1B. The procedures for the XRD
analysis are detailed in the Experimental Section. PANPs have a
face centered cubic structure with hkl values of (111), (200), and

(220). The diffractograms exhibit the peaks characteristics of
crystalline metallic state for Pd. The full width at half-maximum
(fwhm) of the strongest characteristic reflection (111) and (220)
was used to estimate the average crystallite size by applying the
Scherrer equation: [D, = 0.944/Bys cos 0; where D, is the
crystallite size, S5 is fwhm, and 6 is the peak position]. The
average crystallite sizes calculated from the (111) and (220)
planes were found to be 3.82 nm before dispersion in PAA. There
was no significant change in nanoparticle size after dispersion in
PAA (3.58, 3.42, and 3.78 nm for 1:1, 3:1, 5:1 PdNPs/PAA
respectively). The XRD amorphous pattern of PAA is as shown
in the Supporting Information, Figure 3. The values of the lattice
constant were calculated from the corresponding (111) and
(200) planes on the XRD patterns. The lattice constant of PANP
was 3.905 A. These are consistent with the standard values of Pd
(a = 3.889 A), given by the PDF file no. 7440053 and Au (a =
4.078 A) in PDF file no. 040784, respectively.

The XPS spectrum of PAA-Pd was collected to determine the
composition of the mixture and the possible oxidation state(s) of
the Pd atoms. The material was pressed against soft indium foil
and then analyzed at a base pressure of 1 x 10~ '° Torr. Survey
and high resolution scans were collected at specific pass energies
(187.85 and 23.50 eV, respectively). The high-resolution spectra
for the Cls, Pd3d5-Pd3d3-Pd3d, Ols, and Nls signals were
collected in this mode to measure the accurate binding energies.
The survey scan is presented in Supporting Information, Figure 4.
Quantification of material was carried out by integrating the
signals in the survey spectrum and using sensitivity factors for the
levels selected for analysis. The binding energies were referenced
to the Cls signal of adventitious carbon at 284.8 eV. The Cls
signal shows a carboxylate signal at 288.8 eV in addition to a main
signal centered at 284.8 eV. The Nls region of the spectrum
contains a single N1s signal at 400.3 eV, consistent with nitrogen
atoms in polymer structure. The high-resolution spectrum for
the signals Pd3d gave a binding energy of 335.3 eV, associated
with the position of Pd (Supporting Information, Figure 4C).
Finally, the O1s region contains a major signal at 532.1 eV and a
minor signal at 530.3 eV. There was an overlap with the Pd3p3
signal at this region. The former signal is associated with oxygen
in contact with carbon atoms, and the latter is associated with an
inorganic oxide (more likely PdO). The composition of the PAA-
Pd measured yielded 69.5% C 1s, 8.2% N 1s, 8.6% O 2s, and
13.7% Pd3d. Supporting Information, Figure 4 B showed that
even after dispersion of PANPs in PAA the oxidation state of
PANPs was zero with a binding energy of 535.3 eV (3d;,).>*

Reduction of Cr(VI) by Polyamic Acid. PAAs can be con-
sidered as polyfunctional materials in terms of amide and car-
bonyl functionalities. An average functionality can vary from 160
to 600 depending upon its molecular weight. Any reactive
materials having two or more functionalities can cross-link the
PAA to produce a high molecular weight cross-linked polymeric
network. PAA is a precursor of polyimides with cation complex-
ing properties.”® " It is believed that the complexing power of
PAA is significantly higher than that of the imide form, implying
the ability of the carboxylic acid groups to exhibit polyfunctional
behavior. Moreover, the possibility of creating monodispersed,
nanoscale particles of noble metals can be used to create a high
density of anchor groups for directed immobilization of Cr(VI).
Different amounts of the chemically synthesized polyamic acid
were added to 10.0 mL of Cr(VI) solutions at different concen-
trations. The reaction, which was carried out at varying times, was
followed by filtration and separation of polyamic acid particles. In

142 dx.doi.org/10.1021/cs100034z |ACS Catal. 2011, 1, 139-146



ACS Catalysis

RESEARCH ARTICLE

the presence of a metallic salt, the negatively charged polycar-
boxylate couples to metal cation forming metal-carboxylate salt
(polyamate)-COOCr groups in PAA. The neutral form of
polyamic acid is oxidized to an electron deficient species
(PAA™) with simultaneous reduction of Cr(VI) in solution as
outlined in eqs 2—4:*

3PAA° — 3PAA"T +3e” (2)

CrO,*~ (aq) + 8H" +3e~ — Cr’*(aq) +4H,0(1) (3)

CrO,*~ (aq) + 3PAA°(s) +8H" — Cr*'(aq)
+3PAAT (s) +4H,0(1) (4)

Using spectrophotometric techniques, the concentration of
Cr(VI) in solution was determined before and after exposure to
(i) the PAA powder, (ii) PAA powder and PANPs, and (iii) PAA
powder and PdNPs raised above ambient temperatures. As
shown in Figure 2, the amount of PAA added to the Cr(VI)
solution directly influences the efficiency of Cr(VI) to Cr(III).
It was also noted that the amount of PAA needed to efliciently
reduce Cr(VI) depends on the initial concentration of the
Cr(VI) solution.

To obtain the optimum amount of PAA needed to effectively
reduce Cr(VI), various amounts (0.25 to 2.00 mg) of PAA were
added to a 10 mL solution of 0.5 uM Cr(VI). The extent of
reduction was monitored after 14 min of exposure to PAA
(Figure 3 A). The experiment was repeated in the presence of
PAA and 0.5 mg PANPs and last in1 the presence of PAA and 0.5
mg of PANPs at 40 °C. It was observed that the application of
1.50 mg of PAA is sufficient to initiate the reduction of Cr(VI)
with efficiency higher than 86%. In the presence of PdNPs, the
reduction efficiency increased to 90% and a further increase to
100% was recorded when the temperature was changed from
ambient to 40 °C. Thus, application of 1.50 mg of PAA for lower
concentrations of Cr(VI) solutions and the inclusion of PANPs
with heating drastically increases the reduction efficiency of the
system. Different experimental conditions were tested: 0.5 M of
Cr(VI) only, PAA/PdNPs, and PAA/PdNPs/heat) to assess the
effect of PAA in both the absence and the presence of PANPs.

As shown in Figure 3B and C, without PAA, no reduction in
Cr(VI) is observed even in the presence of PANPs at both
ambient and elevated temperatures. This supports the idea that
the polymer provides the necessary electrons to reduce the metal
ions. In the presence of PAA, Cr(VI) was reduced by 22% after
the first minute while at 70% reduction was recorded after S min
exposure. At 14 min exposure time, the reduction efficiency
increased to 89%. It was noted that the reduction of Cr(VI) is
significantly accelerated in the presence of PANPs since 36%
reduction is recorded after the first minute whereas 77% of
Cr(VI) reduction occurred after S min. At 14 min reaction time,
the reduction efficiency increased to 95%. Change in the
energetics of the reaction was studied by changing the temperature
of the system from ambient to 50 °C and observing the UV—vis
absorption peaks at 350 nm of the resulting residual Cr(VI) at
intervals of 5 °C.* The absorption peaks completely diminished
at 40 °C indicating that the efficiency of Cr(VI) reduction by the
PAA/PANPs composite is optimal at this temperature. First
order exponential decay fit gave R* values ranging from 0.981

143

1.0 T T T T T v
B ——PAA + PdNPs + Heat 7

~0.8 | ——PAA + PdNPs .
-] ——PAA (T2)
$ ——PAA (T1) 1
> 0.6 No PAA .
2
g J
£ 04 .
[72] 4
©
<02 -

0.0 . 1

320 400 480 560
Wavelength (nm)

E o4} \_ _
&) i \ 1
02 F gy U 4

L .\.\I

00 PR TR NN T N T T T N TR N
0O 2 4 6 8 10 12 14
Time (min)

100 T~ T~ T~ T T " 1]
90 F ]
c K —e —6 |
280 —* §-
% 70 F .
o OOF ;
=0r ]
40 F ]
.30 ]
X 20 | Y -
10 L 7\/1 A P B B

1 2 3 4 5 6

PAA mg/mL

Figure 2. (A) Cr(VI) reduction by PAA, PAA in the presence of PANPs
at two different temperatures (T, = 25 & 0.5 °C and T, = 30 £ 0.5 °C)
and PAA in the presence of PANPs at 40 = 0.5 °C. (B) The changes in
the concentration of Cr(VI) with time during exposure to PAA. (C) The
efficiency in the Cr(VI) reduction with the initial concentration of 0.500
uM during exposure to 1.0—6.5 mg/mL of PAA.

to 0.990 as shown in Figure 3 B. It has previously been reported
that reduction of Cr(VI) was a first order reaction with respect to
reductants such as formic acid/sulfur nanoparticle composite and
1-butanol in micellar media'***

Optimum Reduction Time. Further experiments were car-
ried out to evaluate the optimum time needed to significantly
reduce the solutions of Cr(VI). Consequently, different initial
concentrations of Cr(VI) solutions in the range of 1—150 mM
were exposed to the same amount (1.5 mg) of PAA. The
concentration of Cr(VI) after exposure to PAA powder versus
its initial concentration (C./C,) was plotted against time
(Supporting Information, Figure S). Results showed that the

dx.doi.org/10.1021/cs100034z |ACS Catal. 2011, 1, 139-146



ACS Catalysis

RESEARCH ARTICLE

' ) ' ) ' ) v 1 ' )
100
ool [ A A=t ey ]
i / o o
ol A / ]
c\o i —n—Cr(VI) + + s + eat-
e 10T Tom ]
60 - -
50 -
40 [ " 1 " 1 " 1 " 1 " 1 |
04 08 12 16 20
PAA (mg)
0_6 -' ) 1 ' 1 M ) ' 1 i
05 —romsannrranci o
5 —Exz Dec Cr(VI) + PAA 4
,-:0.4 o -
203 | -
6 L J
|_L0.2 = -
&) i ]
0.1} -
0.0 [ -
R R DR BT B
04 08 12 16 20
PAA (mg)
1.2 177717
1.0 -l-l-l-l-l-l—l—l—l—
0.8 :::gmL PAA N
° N\ —A—Cr(VI)+ PAA + PANPs .
006 V\ —v—Cr(VI) + PAA + PANPs @ 40°C |
\H inS V\'_ . J
© 04} A\ v'\v—v\v_v -
A Aa .
0.2 -.\.\. A\A\A—A_A N
0.0 Lo B A A Srwl et SEPUEPUN
0 2 4 6 8 10 12 14 16
Time (min)

Figure 3. (A) Progressive % reduction efficiency profile of 10 mL of
Cr(VI) solution with an initial concentration of 0.5 #M using different
amounts (0.25 to 2.00 mg) of polyamic after 14 min of exposure at
40 °C. (B) Exponential decay plot of Cr(VI) reduction at different
conditions. (C) Cr(VI) reduction profile in the absence and presence of
PAA, PdNPs at both ambient and elevated temperatures.

reduction efficiency increased by increasing the treatment time
and that an exposure time of 15 min is necessary to achieve a
reduction efficiency of 96.6% Cr(VI).

Effect of Initial Concentration of Cr(VI). Further experi-
ments were carried out to evaluate the ability of PAA to reduce
Cr(VI) solutions at various initial concentrations. Results
showed that 1.5 mg PAA can be used to reduce 10 mL of Cr(VI)
solutions in the concentration range of 1.0 x 10~ '—1.0 x 10
mM with reduction efficiencies at 99.9%. However, in Cr(VI)
solutions with the concentrations higher than 1 x 10° uM, the
reduction efficiency decreased as expected by 19.9%. PAA can
thus be used to reduce toxic Cr(VI) at neutral media (pH 7.0)

within the concentration range of 1.0 x 107 '—1.0 x 10> mM.
(Figure 6 in Supporting Information).

Reduction of Hexavalent Chromium at PAA-Modified
Gold Electrode. As stated earlier, the reduction of Cr(VI) to
Cr (III) using PAA was carried out in both the solution phase and
at solid gold electrodes. The response of various Cr(VI) con-
centrations to the PAA-modified Au-electrode was evaluated
using cyclic voltammetry at PAA-modified and bare Au-elec-
trodes. By running CV (10 and 15 cycles) in acetate buffer (pH S)
to confirm PAA stability, results showed stable characteristic of
PAA signals with oxidation and reduction peaks observed
( Supporting Information, Figure 2). Figure 4 A and B shows the
voltammograms recorded at varying concentrations of Cr(VI)
(50—1000 uM) in acetate buffer (pH 5.0). At very low con-
centration of Cr(VI) 50 uM, both oxidation and reduction peaks
were observed whereas at high concentration of Cr(VI) 1000
UM, the reaction showed the presence of a reduction peak and
absence of an oxidation peak according to eq 2—4.

The control reaction consists of a solution of acetate buffer
(pH 5.00) showing a well-defined reduction peak at 4208 mV on
bare gold electrode (Figure 4 A). The presence PAA film on the
electrode surfaces causes the oxidation peak to diminish through
an irreversible reduction of Cr(VI). Compared to the control, it
was noted that PAA produced a peak at +595 mV that is
attributed to Cr(VI). As the concentration of Cr(VI) decreased,
the redox peak heights diminished as a function of Cr(VI)
concentration (Figure 4 B). This indicates the ability of PAA-
modified Au-electrode to act as a surface for the reduction of
Cr(VI) to Cr(Ill). The reversible switching between oxidized
and reduced forms of the PAA by electrochemical doping/
undoping provides a means for repetitive and reusable reduction
of Cr(VI) in complex media (eq 4).

Aliquots from the reaction mixture were periodically removed
from the electrochemical cell and the resulting concentration
determined on an HP 8453 UV—visible diode array spectro-
photometer. Using the electrochemical reduction, the efficiency
of 72.84% was recorded in the presence of 114 mg/mL of PAA. This
is significant as most methods of Cr(VI) remediation such as the
biosorption of Cr(VI) take 2 h to produce 86% reduction. Thus, the
PAA reduction approach is viable in the effective reduction of Cr(VI)
to Cr(III).

Confirmation of Cr(lll) as the Reaction Product. The pre-
sence of Cr(III) as the reaction product was confirmed using
both colorimetric and EPR techniques. When excess of sodium
hydroxide solution was added to a solution of the products
obtained following the reduction Cr(VI) with PAA and PdNPs,
a green solution was observed. The free Cr(IIl) ions reacted
with excess sodium hydroxide solution to produce the green
hexahydroxochromate (III) solution.*> Further confirmation was
carried out by warming the resulting solution with hydrogen peroxide
solution (oxidation), which produced a bright yellow solution
containing Cr(VI) ions (this step reversed the reaction back to
Cr(VI).

Additional confirmation was carried out using EPR, since
the formation of the greenish-Cr(III) solution is prone to
interference by similarly colored iron(II) salts. EPR can
distinguish Cr(III) from other complexes by monitoring its
paramagnetic behavior since Cr(III) has a d® electronic
configuration with half filled t,, orbitals. Results for EPR
analysis of the product confirmed that the product of reaction
occurring between Cr(VI), PAA, and PANPs at 40 °C is indeed
Cr(III) Figure S.
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Figure 4. [A] Cyclic voltammetric response on a PAA-modified and
unmodified Au-electrode in 0.1 M acetate buffer (pH 5.0) and S0 uM
Cr(VI). [B] Cyclic voltammetric response on a PAA-modified Au-
electrode at varying concentrations of Cr(VI) (50—1000 xM) in 0.1 M
acetate buffer (pH 5.0).
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Figure 5. EPR spectra of Cr(IIl) after reduction of Cr(VI) with PAA in
the presence and absence of PANPs.

Bl CONCLUSIONS

Production of different sizes of palladium nanoparticles
(3—20 nm in diameter) have been achieved using different
amounts of NaBH,. After and before dispersion in PAA, the
PdNPs had oxidation state zero with a binding energy of 335.3
eV. The generated PANPs were consequently used to catalyze
the reduction of Cr(VI) using PAA. The two forms of PAA,
namely, the powder and the film on a Au-electrode were used for
the reduction of highly toxic Cr(VI) to the benign Cr(III) which
was confirmed using the EPR technique. The effects of various
parameters such as palladium nanoparticles as catalyst and initial
Cr(VI) concentration on the kinetics and efficiency of reduction

process were investigated. The use of palladium nanoparticles at
ambient temperatures increased the reduction efficiency to
90.2% and a further increase to 99.9% reduction efliciency at
40 °C within 14 min. This is significant as methods of Cr(VI)
remediation such as the biosorption of Cr(VI) and bacterial
degradations take 2 h to produce 86% reduction and sometimes
days. Thus, the PAA reduction approach is viable in the effective
reduction of Cr(VI) to Cr(III).
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© Ssupporting Information. Schematics of Cr(VI) ions
reduction by poly(amic acid) and formation of the PAA-Cr(III)
complex, graphs showing the residual Cr(VI) plotted against
exposure time, the reduction efficiency of Cr(VI) in solution at
different initial concentrations (10—107 uM) using 1.5 mg of
PAA powder within 15 min of exposure. CV of PAA-modified
Au-electrode, XRD and XPS characterization of PANPs before
and after dispersion in PAA. TEM images of PANPs. These
materials are available free of charge via the Internet at http://
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