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ABSTRACT

PHOTOCATALYTIC REDUCTION OF HEXAVALENT CHROMIUM WITH NICKEL-DOPED
ZINC OXIDE- POLYANILINE NANOCOMPOSITES AND SUNLIGHT

Jennifer Paige Coleman, Masters of Science in Chemistry

Western Carolina University (April 2019)

Advisor: Dr. Channa De Silva

The removal of hexavalent chromium (Cr(VI)) from aquatic systems is critical due to the extreme

toxicity and high mobility of the contaminant in the environment. Semiconducting zinc oxide

nanoparticles synthesized with a conducting polymer, such as polyaniline, have shown a high ef-

ficiency for the photocatalytic reduction of Cr(VI) to the less toxic form using visible light. Dop-

ing zinc oxide with nickel ions has also been shown to increase the photocatalytic efficiency of

zinc oxide. I have synthesized zinc oxide-polyaniline and nickel-doped zinc oxide-polyaniline

nanoparticles via microwave synthesis to determine the effect of nickel-doping on the photocat-

alytic reduction potential of the zinc oxide-polyaniline particles. XRD, FTIR, TEM, SEM, EDX

and DLS measurements have confirmed the synthesis of zinc oxide and nickel-doped zinc ox-

ide nanocrystals. The polymerization of the nanoparticles with polyaniline was confirmed with

FTIR and TEM. Photocatalytic reduction experiments with hexavalent chromium (Cr(VI)) and

a methanol hole scavenger were performed under an Atlas sunlight simulator. The remaining

Cr(VI) concentrations were determined using the standard 1,5-diphenyl carbazide colorimetric

method and UV-Vis spectroscopy. The Ni-ZnO-PANI nanocomposites showed a similar Cr(VI)

removal efficiency to ZnO-PANI at 97.7% and 98.0%, respectively. The Ni-ZnO-PANI reduced

about 5% more Cr(VI) in the first 90 minutes of sunlight exposure. Overall, there was not a sig-

nificant difference between the Cr(VI) reduction efficiency of the ZnO-PANI and Ni-ZnO-PANI

photocatalysts.
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CHAPTER ONE: INTRODUCTION

Hexavalent chromium (Cr(VI)) is considered a priority pollutant that poses a threat to humans by

the United States Environmental Protection Agency, due to the high solubility, mobility, and tox-

icity of Cr(VI) compounds in the environment.1–3 The World Health Organization has classified

Cr(VI) as a Group 1 carcinogen and in 2003, set a 50 ppb threshold limit for drinking water.4,5

California set a more aggressive Public Health Goal of 0.020 ppb and maintains a maximum

Cr(VI) level of 10 ppb for drinking water.4,6 The development of remedial technologies is vital

to achieving the threshold limits of this toxic pollutant.

Background

Chromium

Chromium exists in the environment as trivalent (Cr(III)) and hexavalent Cr(VI) compounds

or ions, depending on the oxidation state of the metal.4,6–10 Cr(III) is the less toxic of the two

species and is an essential trace nutrient in animals.5,6 In natural waters with a slightly acidic to

neutral pH range, Cr(III) exists as Cr+3, Cr(OH)+2, and Cr(OH) +
2 cations, chromium (III) oxide

(see Figure 1), chromium hydroxide, or the Cr(OH)4
− anion.8 These compounds tend to have a

strong electrostatic attraction with amines and adsorb to sediment and clay particles, which re-

moves the ions from solution by promoting precipitation and decreasing the potential mobility of

the metal.8

Cr(VI) is chromium in its most oxidized form (6+) and is highly toxic.6,9 Compounds con-

taining Cr(VI) have a higher solubility than Cr(III) compounds and are readily transported through

the environment in aqueous solutions, often contaminating surface and groundwater miles away

from the point source of contamination.10 Several Cr(VI) compounds exist in aqueous solutions

and their speciation depends heavily on the pH of the system.4,6,9,10 Dichromate (Cr2O 2 –
7 ) is

the predominate anion in highly acidic solutions, whereas hydrogen chromate (HCrO 2 –
4 ) and
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chromate (CrO 2 –
4 ) ions are dominate in waters in a basic or neutral pH range.6,9,10 The chemical

structures of trivalent chromium oxide and the hexavalent dichromate anion are shown in Figure

1 A & B, respectively.

Figure 1. The chemical structure of (A) chromium (III) oxide and (B) the hexavalent dichromate
anion

Sources of Chromium in the Environment

Chromium within the earth’s crust is predominately found in chromite or chrome-iron ores as-

sociated with ultramafic rock formations.4,8,11 The crustal average of Cr is around 122 ppm, with

a range of 11 - 22 ppm Cr in soils.8 Most of the naturally occuring Cr exists in a +3 oxidation

state. However, Cr(III) can be oxidized to Cr(VI) by biological or other natural processes when

the environment’s pH, organic content, and eH (oxidation-reduction potential) are favorable for

oxidation.4,6,9,10 Soils or sediments containing manganese hydroxides and oxides have the poten-

tional to convert Cr(III) to Cr(VI).4,9 The chlorination of water can also affect the speciation of

aqueous chromium, often increasing Cr(VI) concentrations.6

Although some hexavalent chromium originates from natural sources, the majority of Cr(VI)

pollution can be traced back to industrial processes.8,10,12 Anthropogenic sources of hexavalent

chromium contamination include electroplating, tanning/leather processing, mining, and metal

finishing industries.10,12,13 Cr(VI) contamination is also associated with some dye productions,

wood preservation, refractories and smelting operations, and the improper disposal of mined

chromite ore.6,8,10,11 The accidental and intentional release of Cr(VI) compounds into the envi-
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ronment from these industries has resulted in hundreds of Superfund sites listing Cr(VI) as a pol-

lutant.6

Health Effects of Hexavalent Chromium

Hexavalent chromium is highly toxic, even in very small quantities.6 The chromate anion

can easily diffuse into cell membranes through sulfate channels, due to their similar tetrahedral

structures.5,6,9,12 Cr(VI) can be metabolized in humans by various pathways that produce Cr(V),

and sulfur- and carbon-based radicals, which can produce hydroxyl radicals in Fenton-types re-

actions.6 The hydroxyl radicals and Cr(V) cause the most oxidative stress on biomolecules and

lead to various forms of cancer.5,6,9,12 This internal oxidation has caused stomach, intestinal, lung,

mouth, and liver cancer.5,6,8,14

Cr(VI) is classified as a DNA mutagen and causes DNA damage by binding to several amino

acids and inhibiting the replication mechanism.6 It silences the transcription of tumor supress-

ing genes, resulting in tumors in the mouth, lungs, and stomach.6 It is corrosive to the respiratory

tract and can cause eye, nose, and throat irritation when inhaled.6,8,14 Cr(VI) exposure has been

shown to cause chronic ulcers and dermatitis.8,14 Cr(VI) is acutely toxic through all possible ex-

posure pathways and is extremely toxic to aquatic ecosystems.6,8 Therefore, the prevention of

environmental Cr(VI) release is critical to ensure the protection of human and ecological health.

Traditional Cr Removal Methods

Traditional methods for removing Cr(VI) from drinking water or waste effluent include liquid-

liquid extraction, solid phase extraction, chemical reduction, and photocatalytic reduction.9 Ionic

liquid bases containing long chain tertiary amines are used as the organic solvent to remove dichro-

mate anions during liquid-liquid extraction.9 However, the amount of Cr-contaminated liquid

waste is hazardous and expensive to dispose of. Solid-phase extraction methods employ an or-

ganic or inorganic stationary phase to physically remove Cr from the solution via adsorption or

ion exchange processes.9 Ion exchange resins have been used to adsorb metal pollutants, such as

chromium and lead.15 However, the ion exchange process often requires a range of aqueous and
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organic solvents, which increases the waste disposal costs.9 Inorganic stationary phases, such as

silica, alumina, and clay minerals have been sucessful in removing Cr(VI) from aqueous solu-

tions, but a further treatment is needed to induce desorption of the toxic Cr(VI) from the adsor-

bant, reduce it to Cr(III), and precipitate it out of solution.9

Project Design

Nanoscale Zinc Oxide Particles

Nanoparticles have been increasingly utilized for the remediation of contaminated water.

Their high surface area to volume ratio increases the number of reaction sites on the particle’s

surface, therefore increasing the efficiency of toxin removal when compared to the bulk mate-

rial.16–18 Zinc oxide (ZnO) nanoparticles are increasingly being used for water treatment applica-

tions because they are relatively non-toxic, inexpensive, easily synthesized, and have a high redox

potential.16,19–21 ZnO nanoparticles have also been used for optic, electronic, sensor, electrode,

nanolaser, and biomedical applications.22,23

ZnO nanoparticles can be synthesized via several methods, including thermal evaporation,

chemical vapor deposition, template-based crystalization, and ‘wet’ solution based approaches.23

The morphology of the ZnO nanoparticles can be manipulated by varying the starting reagents

and synthetic parameters. The size and shape of the nanoparticles influence the optical and elec-

tronic properties of ZnO.16,22,24 Some commonly documented ZnO particle shapes are the spheri-

cal, rod-like, flower, spindle, ribbon-like, hexagonal plate, and ponpom crystal arrangements.21,25–27

Microwave-assisted synthesis of ZnO nanoparticles has become increasingly popular partially

due to the wide range of ZnO morphologies that can be acheived by slightly altering microwave

parameters, such as the power and reaction time.21,26–28 Microwave synthesis is also adventa-

geous in that the radiation provides homogenous heating of the reaction solution and significantly

reduces the reaction time, while decreasing the energy input required for synthesis.26,27

Since ZnO is an n-type semiconductor, or material in which electrons can flow freely under
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certain conditions based on the band gap of the material, it is capable of facilitating oxidation and

reduction reactions.17 ZnO has a high band gap of 3.37 eV and absorbs radiation below 380 nm,

which falls in the ultra-violet (UV) region of the electromagnetic spectrum.7,17,19,21–23,26,29,30 There-

fore, ZnO is not photochemically active under visible light. However, ZnO exposure to UV radi-

ation induces the promotion of electrons that can then be consumed in the reduction of another

compound, in a process known as photocatalytic reduction.7,29–31

Photocatalytic Reduction

Photocatalytic reduction can occur when a semiconductor, such as ZnO, absorbs a photon of

light with an energy that is equal to or greater than the band gap.7,29,31 The absorbed photon pro-

motes an electron from the semiconductor′s valance band to the conduction band, a higher energy

unoccupied orbital.20,21,29 The promotion of the electron leaves behind a positively charged ‘hole’

(h+) in valance band,7,21,31 as shown in Figure 2. The promoted electrons (e−) and hole vacan-

Figure 2. A diagram of the photocatalytic reduction of Cr(VI) and oxidation of H2O by ZnO

cies can catalyze oxidation reduction reactions, including the reduction of hexavalent to trivalent
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chromium, given that the electrons do not recombine with the holes through electrostatic attrac-

tion.20,29 Hole scavengers, such as methanol and propanol, are added to the reaction solution to

donate electrons, or consume the h+’s, in the valence band of the photocatalyst.32,33

Disadvantages of the Zinc Oxide Photocatalyst

Although ZnO nanoparticles are a viable and commonly employed material for the photocat-

alytic reduction of contaminated water, there are several disadvantages associated with using ZnO

for photocatalytic waste water treatment. ZnO particles are only stable within a 5-10 pH range

and will dissolve in extremely acidic or basic solutions.7 Synthesized ZnO particles typically

have a poor monodispersity, without the addition of a surfactant, such as cetyltrimethylammo-

nium bromide (CTAB).17,21,22,34 They are susceptible to photodegradation over time and have

a rapid e−/h+ recombination rate.29 In order to decrease the photodegradation and increase the

e−/h+ separation, ZnO particles have been combined with other materials to increase the effi-

ciency and photostability.29

Modifications to Improve the Zinc Oxide Photocatalyst

CTAB Surfactant

Surfactants are often used in nanoparticle synthesis to control the particle size and diameter

range.22,34,35 Polyethylene glycol, ethylene glycol, sodium dodecyl sulfate, and CTAB have all

been utilized as surfactants in ZnO synthetic procedures.22,34–38 The CTAB surfactant used in this

research is superior to the aforementioned surfactants because it contains a cationic ammonium

functional group, which has a high affinity for Cr(VI) anions.17,30,34 The chemical structure of

CTAB is shown in Figure 3. CTAB reduces the surface tension of the reaction mixture and allows

for a more homogeneous dispersion of the reactants.22,34 The CTAB ionizes into CTA+ and Br–

and forms an ion pair through a strong electrostatic attraction with the Zn(OH) 2 –
4 intermediate

in the ZnO synthesis.30 It also controls the extent of particle growth by capping the ZnO particles

and inhibiting particle agglomeration, resulting in monodispersed particles with a smaller average
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Figure 3. Structure of cetyltrimethylammonium bromide (CTAB)

diameter.17,35 Since CTAB is photochemically active in visible light, it increases the photocat-

alytic activity of the ZnO by increasing the e−/h+ separation.34

Polyaniline

Polyaniline (PANI) is a conducting polymer that has been extensively used to increase

the photostability and photocatalytic efficiency of ZnO for water remediation.21,32,39 It has been

shown to be non-toxic in several toxicity studies.40,41 PANI is not soluble in aqueous solvents

and does not get absorbed into living organisms without the assistance of a copolymer, such as

polyvinylpyrrolidone.41 Although there is little interaction with biomolecules, the protonated

amine group of PANI has a strong coulombic attraction towards Cr(VI) containing anionic ions.9

PANI is a p-type semiconductor with a highly conjugated pi (π) electron system, which is illus-

trated in Figure 4.

Figure 4. Structure of polyaniline

The high mobility of charge carriers within polyaniline’s conjugated π system makes it an

efficient electron donor and hole transporter.32 PANI has a narrow band gap of 2.8 eV, which

absorbs radiation in the visible region.21,32,39 Since the band gap of PANI falls within the vis-
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ible region (ZnO′s band gap is in the ultraviolet region), polymerizing PANI on the surface of

ZnO nanoparticles increases the photocatalytic reduction potential of the system by increasing

the range of radiation that will catalyze the electron excitation.32 The efficiency of the system is

improved because the electrons in the conduction band of PANI are transferred to the conduction

band of ZnO, increasing the numbers of electrons available for reduction reactions.21 Figure 5

depicts the charge transfer cycle across the ZnO-PANI heterojunction.

PCR.png

Figure 5. Zinc oxide-polyaniline heterojunction diagram

Nickel Doping

ZnO photocatalysts have also been doped with other transition metals, such as Fe, Ti, Ni,

Co, Cu, Mg, and Ag, to improve the efficiency and photostability of the nanoparticles.24,29,42,43

Divalent transition metals, such as Ni and Mg, are often doped into ZnO nanoparticles because

they are isomorphic and easily substituted in to the ZnO hexagonal wurtzite crystal lattice.24,32,44
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Turkyilmaz et. al. showed that nickel-doped ZnO had higher photocatalytic activity than man-

ganese, iron, or silver-doped ZnO particles. Nickel is a p-type semiconductor that creates a p-n

heterojunction when combined with ZnO.32 This reduces the tendency for electron-hole recom-

bination due to an induced internal electric field created by the p-n heterojunction.29,32 Doping

ZnO nanocrystals with Ni2+ ions reduces the band gap to 3.1 eV and allows for some visible light

absorption.29,32,37,43 Similar to PANI, the excited electrons in Ni′s conduction band are transferred

to ZnO′s conduction band, which increases the available electrons for reduction of Cr(VI) ions.

Previous Work

Hasanpoor et. al. [26] used a microwave-assisted synthesis to produce both needle and flower

shaped ZnO nanoparticles from Zn(NO3)2 and ammonia precursors. Adjusting the microwave

parameters, such as the power and reaction time, changes the morphology and size of the ZnO

nanoparticles.26 Lui et. al. [28] developed a microwave-assisted synthesis of ZnO nanoparticles

from zinc sulfate and sodium hydroxide for the photocatalytic reduction of Cr(VI). They varied

the microwave reaction times (5-25 minutes) and found that the ZnO nanoparticles synthesized in

5 minutes had the highest (80%) Cr(VI) photoreduction efficiency for 250 minutes of UV expo-

sure.28

Jin et. al. [20] synthesized ZnO nanoplates with a hydrothermal method using zinc acetate

and urea precursors for the photocatalytic reduction of Cr(VI) under UV light. The standard 1,5-

DPC colormetric method was used to determine the Cr(VI) photoreduction efficiency with UV-

Vis spectroscopy.20 The ZnO nanoplates exhibited a 55% photoreduction efficiency without the

presence of a hole scavenger and an increased efficiency in the presence of phenol.20 The hole

scavenger consumes the photogenerated holes and phenol is oxidized to CO2 and H2O,20 pro-

viding a synergist benefit of reducing Cr(VI) and degrading phenol, which is another common

wastewater pollutant.20 Qamar et. al. [31] synthesized ZnO nanoparticles with zinc nitrate and

ammonium carbonate for a laser-assisted photocatalytic reduction of Cr6+. They used methanol as
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a hole scavnger and acheived a 95% removal efficiency using a high power Nd-YAG laser.31

Zou et. al. [21] polymerized ZnO nanoparticles from zinc chloride, sodium hydroxide

and CTAB with PANI. The CTAB surfactant produced ZnO rod-like nanoparticles with a high

monodispersity in the 100-200 nm range.21 After polymerization with PANI, the ZnO-PANI par-

ticles showed a 92.7% removal efficiency of Cr(VI) upon visible light irradiation, compared to

0% photoreduction efficiency for pure ZnO.21 Gunti et. al. used PANI to increase the stability

and photocatalytic activity of graphene-doped ZnO nanoparticles. The polymerized nanowires

degraded about 10% more methyl orange than the naked graphene-ZnO particles under visable

light.45

Turkyilmaz et. al. [29] showed that nickel-doped ZnO had higher photocatalytic efficiency

for the degradation of tartrazine than manganese, iron, or silver-doped ZnO particles. Singh et.

al. analyzed Ni decorated ZnO and ZnO nanoparticles for their Cr(VI) reduction efficiency. They

found the Ni-ZnO nanorods had a 98.7% reduction efficiency compared to a 10.3% reduction ef-

ficiency of pure ZnO.14 Bhaumik et. al. [51] polymerized PANI on Ni(OH)2 particles that showed

a 99% Cr(VI) removal efficiency.

Given the increased efficiency of the previously reported modified ZnO photocatalysts, we

decided to investigate the effect of creating an internal p-n junction within the ZnO nanoparticles

by doping with nickel, in addition to a surficial polyaniline heterojunction, on the photocatalytic

reduction potential of Cr(VI).

Goals

To the best of our knowledge, the effect of Ni-doping on the photocatalytic reduction poten-

tial of Cr(VI) by ZnO-PANI nanocomposites has not been previously reported. Our goal is to

determine the effect that Ni-doping has on the ZnO-PANI system with respect to the efficiency of

Cr(VI) photoreduction in aqueous solutions. Ni-ZnO and ZnO nanoparticles will be synthesized

with a low temperature hydrothermal microwave-assisted method using the CTAB surfactant. A
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polymer of aniline will be synthesized and polymerized onto the nanoparticles to increase the sta-

bility and photocatalytic potential under visible light by forming Ni-ZnO-PANI and ZnO-PANI

composites. Methanol is used as a hole scavenger to further improve the reduction of Cr(VI) by

the nanocomposites by donating electrons into the valence bands and consuming hydroxyl rad-

icals. Photocatalytic reduction of Cr(VI) by ZnO-PANI and Ni-ZnO-PANI nanocomposites are

analyzed using UV-Vis spectrometry and a 1,5-diphenylcarbazide colorimetric Cr(VI) detection

method.
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CHAPTER TWO: EXPERIMENTAL

Materials

Zinc nitrate hexahydrate (Zn(NO3)2 · 6 H2O), sodium hydroxide (NaOH), nickel nitrate hex-

ahydrate (Ni(NO3)2 · 6 H2O), hydrochloric acid (HCl), tetrahydrofuran (THF), ammonium hy-

droxide (NH4OH), potassium dichromate (K2Cr2O7), trace metal grade nitric acid (HNO3), methanol

(CH3OH), and 1-5 diphenylcarbazide (1,5-DPC) were purchased from Fisher Scientific. Ani-

line was obtained from J.T. Baker Chemical Company. Ammonium peroxisulfate (APS) and

cetyltrimethylammonium bromide (CTAB) were purchased from Acros Organics. All reagents

were used without further purification. All glasswear was acid washed with trace metal grade ni-

tric acid. Ultrapure water (UP H2O) with a resistivity of 18.2 MΩ-cm was obtained from a Barn-

stead E-Pure system with a 0.2 µm hollow fiber filter.

Methods

Synthesis of the Catalyst

Synthesis of Zinc Oxide Nanoparticles

A solution of Zn(NO3)2 · 6 H2O (0.803 g, 2.70 mmol) and CTAB (0.109 g, 0.300 mmol) in UP

H2O (25 mL) was stirred for 20 minutes. A 20 mL solution of NaOH (0.159 g, 3.98 mmol) was

added dropwise and stirred at room temperature for 1 hour. The solution was microwaved on a

CEM Discover SP microwave synthesizer at 120 W for 30 minutes at 100◦ C. The microwave-

assisted synthesis method is adventageous in that it shortens reaction times, requires less energy,

and provides uniform heating to the reaction vessel. The solution was centrifuged at 5000 RPM

for 45 minutes and rinsed 3x with UP H2O. The nanoparticle precipitate was collected and dried

at 60◦ C for 72 hours in a muffle furnace. The nanoparticles were stored in a freezer at 4◦ C until

analysis and polymerization. The chemical equation of the above reaction is shown in Equation

1.
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Zn(NO3)2 + NaOH←−→ Zn(OH)2
OH-←−→ Zn(OH) 2−

4 + CTA− + Br− −−→ (1)

(Zn(OH)4)−CTAn + Br−
∆−−−→

60◦ C
−−→ ZnO + H2O + CTAB

Synthesis of Nickel-doped Zinc Oxide Nanoparticles

A solution of Zn(NO3)2 · 6 H2O (0.803 g, 2.70 mmol) and Ni(NO3)2 · 6 H2O (0.0872 g, 0.300 mmol)

in UP H2O (25 mL) with CTAB (0.109 g, 0.300 mmol) was magnetically stirred for 20 minutes.

A solution (20 mL) of NaOH (0.159 g, 3.98 mmol) was added dropwise and stirred at room tem-

perature for 1 hour. The solution was microwaved at 120 W for 30 minutes at 100◦ C. The solu-

tion was centrifuged at 5000 RPM for 45 minutes and rinse with UP H2O two times. The precipi-

tate was collected and dried at 60◦ C for 72 hours in a muffle furnace.

Synthesis of Polyaniline

PANI was synthesized using a commonly reported method for aniline polymerization.45–47

Briefly, a 10 mL of aniline and 100 mL of 1 M HCl were combined and stirred for 10 minutes

in an ice bath. In a separate beaker, APS (1.25 g, 5.48 mmol) was dissolved in 100 mL of HCl

(1 M) and added dropwise to the chilled aniline solution. The solution shifted from a light brown

to a deep forest green color, indicating the formation of PANI. The solution was stirred in an ice

bath for 4 hours and stirred overnight at room temperature to complete the polymerization. The

polymer solution was poured into 200 mL of ultrapure water and stirred for five minutes. The

dark green PANI was collected under vacuum filtration on a glass frit and rinsed with UP H2O,

1 M HCl, and methanol until the filtrate was clear.

The collected precipitate was combined with 200 mL of NH4OH (pH = 9) and stirred for
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Figure 6. Reaction scheme for the synthesis of polyaniline

six hours to convert the polymer to the undoped emeraldine base form of PANI.46 The reaction

scheme for the synthesis is shown in Figure 6. The color change from green to dark blue is char-

acteristic of the un-doped emeraldine base form of PANI.45,46 The precipitate was collected on

glass frit under vacuum filtration, rinsed with UP H2O and methanol mixture (1:1) until the fil-

trate was clear to remove any unreacted oligomers, and dried on a vacuum overnight.

Polymerization of Nanoparticles

PANI was dispersed in THF (20 mL) and sonicated for 30 minutes. ZnO and Ni-ZnO nanopar-

ticles were added to the polyaniline solution and stirred for 24 hours.47 The weight ratio of nanopar-

ticles to polyaniline was 2:1, or 2 mg of ZnO for every 1 mg of PANI.45 The resulting ZnO-PANI

and Ni-ZnO nanoparticles were collected by vacuum filtration on a glass frit and rinsed three

times with ethanol before being dried at 55◦ C for 12 hours.

Characterization of Nanoparticle Composites

X-Ray Powder Diffraction (XRD) of the nanoparticles was performed on a desktop Mini-

Flex+ XRD diffractometer from 15 - 75◦ 2θ with a scan speed of 0.5◦ per minute. The XRD data
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were analyzed using Materials Data Jade 7 -software and the diffraction pattern was converted

to Cu-Kα (λ =1.54059 Å) for data analysis. The functional groups and structure were confirmed

with a diamond tip Thermo iS10 FTIR Infrared (IR) Spectrometer. The size of the particles was

determined from dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZS dynamic light

scattering instrument with a 632.8 nm Helium-Neon (He-Ne) laser source. DLS measurements

were performed in UP H2O with a ZnO refractive index of 1.99.

Photocatalysis

Quantitative Determination of Cr(VI) via UV-Vis Spectroscopy

The standard 1,5-diphenylcarbazide (1,5-DPC) colorimetric method was used to determine

the concentration of Cr(VI) via UV-Vis absorption studies.48 The 1,5-diphenylcarbazide molecule

is oxidized to 1,5-diphenylcarbazone (1,5-DPCO) as Cr(VI) is reduced to Cr(III). The 1,5-DPCO

complexes with the reduced Cr(III) to form a purple colored 1,5-DPCO(Cr(VI)) complex at a

maximum absorbance of visible radiation at λ = 540 nm.48,49 The reaction scheme is depicted

below in Image 7.

Figure 7. The oxidation of 1,5-diphenylcarbazide by hexavalent chromium produces reduced
trivalent chromium and 1,5-diphenylcarbazone

The UV-Vis Spectrophotometer emits light in the ultraviolet/visible (UV/Vis) region and mea-

sures the radiation absorbed by a sample. The absorption of visible radiation induces electronic

transitions in molecules.
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Colormetric Reagent Preparation

A solution containing 1,5-diphenyl carbazide (1,5-DPC) (1.03 mmol, 250 mg) and acetone

(50 mL) was mixed and stored in a brown glass bottle.48 The 1,5-DPC solution was discarded

once it became discolored.

Cr(VI) Calibration Standard Preparation

A 500 ppm stock solution of Cr(VI) was prepared by combining K2Cr2O7 (141.1 mg, 0.482 mmol)

and UP H2O in a 100 mL volumetric flask.8 A 5 ppm Cr(VI) standard solution was prepared by

combining 1 mL of the Cr(VI) stock solution and 99 mL of UP H2O in a 100 mL volumetric

flask. A serial dilution of the Cr(VI) standard solution was used to create calibration standards

ranging from 10 - 5000 ppb. To each 10 mL calibration solution, 0.400 mL of the 1,5-DPC solu-

tion, 0.490 mL of 0.1 M HNO3, and 0.050 mL of methanol were added before diluting to 10 mL

with UP H2O.8 The solutions were mixed and allowed to stand for 5 - 10 minutes for full color

development before UV-Vis analysis.

Photocatalytic Reduction

The ZnO-PANI and Ni-ZnO-PANI photocatalysts were homogenized with a glass mortar

and pestle. A 0.100 g portion of the photocatalyst was added to a 100 mL quartz round bottom

flask. In a volumetric flask, 2 mL of the 500 ppm Cr(VI) stock solution was combined with 9 mL

of 0.1 M HNO3 and 5 mL of methanol and diluted with UP H2O to 100 mL to create a 10 ppm

Cr(VI) solution. The acidified 10 ppm (0.192 mM) Cr(VI) and methanol solution was added to

the quartz round bottom with the photocatalyst and magnetically stirred in the dark for 30 min-

utes to reach the adsorption equilibrium. A 1.00 mL aliquot was extracted from the reaction so-

lution, centrifuged to remove the photocatalyst, and analyzed for Cr(VI) concentration with the

procedure described below.

An Atlas Suntest CPS+ sunlight simulator with a 300 W xenon bulb was used as a radiation

source. Under continous stirring, the photolysis solution was exposed to the simulated sunlight
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for 120 minutes, with a 1.5 mL aliquot extraction every 30 minutes. All aliquot extractions were

centrifuged for 10 minutes to remove any suspended photocatalyst before further analysis.

UV-Vis Quantitative Cr(VI) Analysis

An Agilent Cary 5000 UV-Vis-NIR Ultraviolet-Visible-near Infrared Spectroscopy system in

single beam mode was used for all UV-Vis analysis. All samples were analyzed from λ = 500 -

600 nm. However, only λ = 540 nm absorbances were used for concentration calculations, since

it is the maximum absorbance wavelength of the 1,5-DPCO/Cr(VI) complex.49 A solution of

0.400 mL 0.1 M HNO3 and 0.400 mL of the 1,5-DPC and acetone solution were combined in a

10 mL volumetric flask and filled with UP H2O. This mixture was allowed to sit for 5 - 10 mins

before being transferred to a quartz cuvette and analyzed as a blank. The supernatent from the

centrifuged samples were prepared in a similar manner, combining the extracted 1 mL of solu-

tion with the same volumes of H2SO4 and 1,5-DPC solution in 10 mL flasks. All solutions were

mixed and allowed to sit for 5 - 10 mins for full color development before UV-Vis analysis.
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CHAPTER THREE: RESULTS AND DISCUSSION

Synthesis

XRD Analysis

The X-ray diffraction spectra and Miller Indices of ZnO and Ni-ZnO nanoparticles are shown

in Figure ??. The diffraction peaks at angle 2θ of 31◦, 34◦, and 36◦ correspond to the (100), (002),

and (101) Miller indices, respectively, and are consistent with the wurtzite hexagonal lattice struc-

ture of ZnO.19,20,22,35 The lack of new peaks in the Ni-ZnO diffraction pattern indicates that the

Ni2+ ions were incorporated into the ZnO crystal lattice rather than forming a unique crystal

structure.29,32 The XRD of the polymerized ZnO and Ni-ZnO nanoparticles produced similar

Figure 8. XRD spectrum and Miller indices of ZnO and Ni-ZnO nanoparticles
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spectra and are shown in Figure 8. Polyaniline is amorphous (non-crystalline) and therefore does

not diffract X-ray radiation or produce characteristic XRD peaks. The ZnO hexagonal wurtzite

pattern that was obtained from the XRD analysis of the ZnO-PANI and Ni-ZnO-PANI nanocom-

posites and the dark blue PANI color of the sample confirm that the nanoparticles have adhered to

the polymer during the polymerization technique, rather than being vaccummed out of the poly-

merization reaction solution.

(a) ZnO-PANI (b) Ni-ZnO-PANI

Figure 9. The XRD spectra of (a) zinc oxide-polyaniline and (b) nickel-doped zinc oxide-
polyaniline nanocomposites

IR Analysis

The IR spectra of the ZnO and Ni-ZnO nanoparticles are shown in Figure 10. The peak around

3385 cm−1 is the OH stretch of the hydrated ZnO.16,50 The appearance of a new peak around

3490 cm−1 in Figure 10b is the Ni-OH stretch, which indicates the success of the Ni-doping pro-

cess.51 The ZnO stretch is shown by the peak around 500 cm−1, which is evident in both the ZnO

and Ni-ZnO samples.16,50 There is a slight shift toward higher wavenumbers in the Ni-ZnO sam-

ples (Figure 10) which is consistent with previous reports.51
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(a) ZnO (b) Ni-ZnO

Figure 10. The IR spectra of (a) zinc oxide and (b) nickel-doped zinc oxide nanoparticles

Figure 11. IR spectrum of polyaniline
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(a) PANI-ZnO (b) PANI-Ni-ZnO

Figure 12. The IR spectra of (a) polyaniline/zinc oxide and (b) polyaniline/nickel-doped zinc
oxide nanocomposites

The IR spectrum of PANI is depicted in Figure 11. Two of the characteristic PANI IR

peaks are around 1580 cm−1 and 1490 cm−1, corresponding to the C−−C stretching vibration of

the quinzoid ring and benzoid ring, respectively.39,45,50 The peaks at 1378 cm−1 and 1300 cm−1

are the C-N stretching vibration of the quinzoid ring and benzoid ring, respectively. The C-H

stretching vibration produces the peak around 800 cm−1.16,39,45,50 The IR spectra of the (a) ZnO

and (b) Ni-ZnO particles after polymerization with PANI are shown in Figure 12. The same char-

acteristic PANI and ZnO / Ni-ZnO peaks that are discussed above are also evident in both spectra

and is evident from the stacked spectrum in Figure 13.

DLS

Table 1 shows the average diameter (nm) and the polydispersity index (PDI) for the ZnO and

Ni-ZnO nanoparticles. The PDI is an indicator of the size uniformity of the particles. PDI values

range from 0-1, with 0 representing no variation in the size of the dispersed nanoparticles. The

ZnO nanoparticles had an approximate average diameter of 275 nm with a PDI of 0.284, which

indicates a small range of particle sizes in the sample. The average diameter of the Ni-ZnO par-
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Figure 13. Stacked IR spectrum of ZnO, Ni-ZnO, PANI, ZnO-PANI, and Ni-ZnO-PANI

Table 1. Zinc oxide DLS data.

Trial Avg Dia.(nm) PDI
ZnO 275.1 0.284
Ni-ZnO 259.0 0.243
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ticles was around 260 nm with a PDI of 0.243, which indicates more monodispersity within the

sample. The smaller size of the Ni-doped particles is unexpected since the atomic radius of Ni

at 0.69 Å is slightly larger than Zn at 0.60 Å.29,32 However, the reduction of particle size upon

Ni-doping of ZnO particles has been documented.24,32,43

TEM, SEM, and EDX Analysis

The TEM images were obtained on a Hitachi H-9500 transmission electron microscope. The

TEM images of the Ni-ZnO nanoparticles are shown in Figure 14 with a 100 nm scale (a) and a

50 nm scale (b). The Ni-ZnO nanoparticles range in size from around 20 nm to 200 nm and are

aggregated into clusters. The dominant nanoparticle shapes are hexagonal and rectangular plate-

like particles with some irregularly shaped particles.

Figure 15 shows the polymerized Ni-ZnO-PANI nanoparticles with a 100 nm scale (a) and a

50 nm scale (b). The process of polymerizing the nanoparticles degrades and eats away at the sur-

face of the Ni-ZnO nanoparticles.21 The Ni-ZnO nanoparticles in the 20-40 nm size range appear

to have been eliminated during polymerization, while the largest nanoparticles have reduced in

size from about 200 nm to about 140 nm. The majority of Ni-ZnO-PANI nanoparticles are rect-

angular in shape, although hexagonal and irregular nanoparticle shapes are still present.

The particle size distribution, determined from the TEM images, of the Ni-ZnO and Ni-

ZnO-PANI nanoparticles is shown in Figures 16 and 17, respectively. The average diameter of

the Ni-ZnO nanoparticles was around 60 nm. The polymerized Ni-ZnO-PANI nanoparticles had

an average diameter of 80 nm. The increase in particle size can be attributed to the polymeriza-

tion method of PANI in THF degrades the Ni-ZnO and destroys some of the smaller nanoparti-

cles. This phenomena has been previously documented.21

The SEM images and EDX spectra were obtained on a Hitachi HD-2000 scanning elec-

tron microscope. The SEM image of the Ni-ZnO nanoparticles in Figure 18 shows the surface

of the metal oxide. The surface of the agglomerated nanocrystals appears to be rough and angu-

lar. Surface defects in metal oxide photocatalysts have been shown to improve the photocatalytic
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(a) Ni-ZnO: 100 nm scale (b) Ni-ZnO: 50 nm scale

Figure 14. The TEM images of (a) and (b) nickel-doped zinc oxide nanoparticles

(a) Ni-ZnO-PANI: 100 nm scale (b) Ni-ZnO-PANI: 50 nm scale

Figure 15. The TEM images of (a) and (b) nickel-doped zinc oxide polyaniline nanocomposites
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Figure 16. The particle size distribution of Ni-ZnO nanoparticles

Figure 17. Particle size distribution of Ni-ZnO-PANI nanoparticles
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reduction efficiency by trapping excited electrons and reducing the tendency for e−/h+ recom-

bination.34,42 The hexagonal and rectangular shape of the nanoparticles and relatively broad size

range are also evident in the SEM image.

The energy dispersive X-ray (EDX) spectra, shown in Figure 19, gives an elemental analysis

of the sample by measuring the energy (keV) of the X-rays released as excited electrons relax

back to their ground state. The EDX confirms the presence of Zn, Ni, and O atoms in the sample.

The relative heights of the 8.5-9 keV Zn peak and 8 keV Ni peak semi-quantitatively represent

the ratio of Zn to Ni atoms, which appears close to the 10:1 desired Zn:Ni ratio.

Figure 18. SEM Image of nickel-doped zinc oxide nanoparticles
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Figure 19. EDX spectra of nickel-doped zinc oxide nanoparticles

Photocatalytic Reduction

Reaction Mechanism

The reduction of the dichromate anion is a multi-electron process. Reactions 2 and 3 show

the chemical equations of the reduction of dichromate (Cr2O –
7 2) in acidic and neutral condi-

tions.7,29,52,53

Cr2O −2
7 + 14 H+ + 6 e− −−→ 2 Cr+3 + 7 H2O (2)

CrO −2
4 + 8 H+ + 3 e− −−→ Cr+3 + 4 H2O (3)

Since PANI is a conducting polymer, the excited e− in PANI′s conducting band are trans-

ferred to the conducting band of ZnO or Ni-ZnO.47 Simultaneously, the h+ from the valence

band of the metal oxide migrates to the valence band of PANI, which increases the e− / h+ sep-

aration and reduces electrostatic recombination.47 The mechanism for the photocatalytic reduc-

tion of Cr(VI) anions by ZnO-PANI composites is a multi-step, radical dependent process that is
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described below.45,47 First, the photocatalyst is exposed to radiation to excite e− and create the

e−/h+ pair, as shown in Reaction 4.53

ZnO + hν −−→ ZnO(h+/e−) (4)

The e− in the conducting bands can be directly consumed to reduce Cr2O 2 –
7 (Reaction 2).

The excited e− can react with dissolved oxygen (O2) in the solution to form superoxide radicals

(O ·–
2 ) that donate e− to and reduce Cr(VI) (Reaction 5).45 The O ·–

2 can also react with H2O to

form OH– and OOH· that further react to form hydrogen peroxide (H2O2) and hydroxyl radicals

(OH·). These reactions are shown below in Reactions 6 and 7.

2 e− + O2 −−→ O ·−
2 (5)

O ·−
2 + H2O −−→ OOH· + OH− (6)

OOH· + H2O −−→ H2O2 + OH· (7)

O2 + H+ + ZnO(e−) −−→ 2 H2O2 (8)

The promoted e− can also react with dissolved O2 and H+ to form H2O2 (Reaction 8). Cr(VI)

reacts with H2O2 in acidic solution to form Cr(III), O2, and H2O (Reaction 9).54

Cr2O −2
7 + H2O2 + 8 H+ −−⇀↽−− 2 Cr+3 + 2 O2 + 5 H2O (9)
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The H2O2 is inherently unstable and can dissociate into two OH· (Reaction 10).55 Excited e− can

also react with H2O2 and produce OH– and OH· (Reaction 11).

H2O2 −−→ OH· + OH· (10)

H2O2 + e− −−→ OH· + OH− (11)

2 OH· −−→ H2O2 (12)

Although two OH· can react to reform H2O2 (Reaction 12), the OH· is a strong oxidizer and

can oxidize the photoreduced Cr(III) back to Cr(VI). Hydroxyl radicals are also produced when

h+ interacts with H2O (Reaction 13) and in Reaction 7.

h+ + H2O −−→ OH· + H+ (13)

Electron donating hole scavengers are often added to the reaction solution to counteract the

production of the hydroxyl radicals.

Reaction Mechanism of the Hole Scavenger

Methanol (CH3OH) was chosen as a hole scavenger. The CH3OH scavenges the h+ in the va-

lence band to produce methanol radicals (CH2OH·) (Reation 14). The hydrogen in the α position

of the hydroxyl group of the hole scavenger is abstracted to form a radical.33,56,57 The methanol

radical is oxidized into formaldehyde and donates e−′s to the valence band, as shown in Reaction

15.31,55 The formaldehyde is further oxidized to formic acid before being converted to CO2 and

H2O.33

CH3OH + h+ −−→ CH2OH· (14)

CH2OH· −−→ CH2O + H+ + e− (15)
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The CH2OH· has a negative oxidative potential (-0.74 V), allowing Reaction 15 to proceed

and produce formaldehyde (CH2O), H+, and e− to replace the positively charged vacencies in the

valence band or to donate to the conducting band, reducing the rate of e−/h+ recombination.55

OH· + CH3OH −−→ CH2OH· + H2O (16)

The use of a methanol hole scavenger does not directly consume the photogenerated holes,

as Reactions 14 & 15 would suggest. Instead, the hydroxyl radicals react and radicalize CH3OH

(Reaction 16), which then produces e− via Reaction 14.55

Optimization of Hole Scavenger

The most efficient volume of methanol hole scavenger was determined experimentally by

photocatalytically reducing 10 mL of a 10 ppm Cr(VI) solution with different amounts methanol

and selecting the volume ratio with the best reduction potential. (Figure 20). The 0.5 mL of methanol

Figure 20. The Cr(VI) concentration in ppm after 120 minutes of sunlight exposure with varying
volumes of the methanol hole scavenger

hole scavenger reduced the largest amount of Cr(VI) at 5.8 ppm. The 1 mL methanol solution
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reduced 3.5 ppm, followed by the 0.1 mL methanol solution that only reduced 2.6 ppm during

the 120 minute irradiation time. Therefore, a 1:20 volume ratio of acidified Cr(VI) solution to

methanol was determined to be more efficient than the other volume ratios and was used for the

remainder of the experiment. Chakrabarti et. al. used methanol as a hole scavenger with ZnO

to reduce Cr(VI) and found the 1:20 ratio to be the optimal for photoreduction and removal effi-

ciency.

UV-Vis Calibration

The UV-Vis calibration curve of 1,5-DPC-Cr complex at the maximum absorbance of 540 nm

for varying concentrations of Cr(VI) in aqueous solution is shown in Figure 21. The line of best

fit gives a linear equation of A = 36282*C + 0.0372 and an R2 value of 0.9994. The y-intercept

is not zero because the calibration curve becomes non-linear below 10 ppb, which is the limit of

detection (LOD) for the 1,5-DPC colorimetric method.8

Figure 21. The calibration curve for Cr(VI) concentrations determined by the 1,5-DPC colorimet-
ric UV-Vis method
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UV-Vis Colorimetric Determination of Cr(VI) in Photoreduced Solutions

Beer’s Law (Equation 17) was used to determine the Cr(VI) concentrations after photoreduc-

tion. The amount of light the sample absorbs at a certain wavelength is the absorbance (A). The

molar absorptivity coefficient (ε) of the oxidized 1,5-DPCO-Cr complex was determined experi-

mentally to be 36282 L mol−1 cm−1, which is close to the previously reported 40,000 L mol−1 cm−1.8,48

The path length of the sample (b) was 1 cm.

A = εbC (17)

where, A is the absorbance, ε is the molar absorbance coefficient ( L mol−1 cm−1), b is the path

length of the sample in cm, and C is the concentration in mol L−1. The percentage of Cr(VI) that

was removed from the photoreduced solutions was determined via Equation 18.

RemovalPercentage =
C0 − Ct

C0

∗ 100 (18)

where, C0 is the initial concentration and Ct is the time-dependent aliquot concentration. The

calculated concentrations of Cr(VI) remaining at each analysis interval in the ZnO-PANI and

Ni-ZnO-PANI photoreaction solution are shown in Table 2 and Figure 22. The time dependent

removal percentages of Cr(VI) in the ZnO-PANI and Ni-ZnO-PANI photoreduced solutions are

shown in Table 2 and Figure 23.

It is evident from Figures 22 and 23 that the Ni-ZnO-PANI reduced more Cr(VI) than the

ZnO-PANI during the first 90 minutes. However, the ZnO-PANI reduced slightly more Cr(VI)

(30 ppb) than Ni-ZnO-PANI in 120 minutes. Since the pH of the solution (1-2) was below the

point of zero charge of ZnO (8.8-9.5), any unpolymerized ZnO surfaces are positively charged

and the dichromate anion can be adsorbed to the ZnO surface.7 The adsorption removal effi-

ciency of Cr(VI) by the ZnO-PANI and Ni-ZnO-PANI nanocomposites is around 18%. Both the
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Table 2. Cr(VI) concentrations remaining in photoreduced solutions containing 10 ppm Cr(VI)
with ZnO-PANI and Ni-ZnO-PANI nanocomposites

ZnO-PANI Ni-ZnO-PANI

Time (mins) Conc. (ppm) Removal (%) Conc. (ppm) Removal (%)

0- Initial 9.99 0 9.99 0
0- Adsorption 8.14 18.5 8.28 17.1

30 5.73 42.7 5.05 49.4
60 2.98 70.2 2.50 75.0
90 1.22 87.7 0.870 91.3

120 0.200 98.0 0.230 97.7

Figure 22. The concentration of Cr(VI) during photocatalytic reduction with ZnO-PANI and
Ni-ZnO-PANI nanocomposites
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Figure 23. The removal percentage of Cr(VI) from a 10 ppm solution with ZnO-PANI and Ni-
ZnO-PANI photocatalysts

ZnO-PANI and Ni-ZnO-PANI nanocomposites reduced about 98% of the 10 ppm Cr(VI) solu-

tion, which is higher than the 92.7% removal of ZnO-PANI nanoparticles synthesized by Zou et.

al. There is unlikely an appreciable statistical difference in the ZnO-PANI and the Ni-ZnO-PANI

photocatalyst’s removal efficiency, although more trials would need to be performed to confirm

this hypothesis. The solution with no photocatalyst showed minimal reduction (0.02 ppm total),

which can be attributed to the adsorption and reduction of Cr(VI) into the surface of the quartz

flask. The red line in Figures 22 and 23 represents the solution containing no nanoparticles (No

NPs).
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CHAPTER FOUR: CONCLUSIONS AND FUTURE DIRECTIONS

The synthesis of ZnO and Ni-doped ZnO nanoparticles via a microwave-assisted low tem-

perature hydrothermal method and a CTAB surfactant produced irregular hexagonal and rect-

angular nanoparticles in the 20-150 nm size range. XRD analysis confirms the formation of the

hexagonal wurtzite crystal structure in both the pure ZnO and Ni-doped ZnO nanoparticles. The

IR spectra are also consistent with ZnO and Ni-ZnO nanocrystals. The polymerization of ZnO

and Ni-ZnO nanocomposites was confirmed by XRD and IR analysis, and TEM images. The

photocatalytic reduction of Cr(VI) with ZnO-PANI and Ni-ZnO-PANI nanocomposites under

simulated sunlight respectively had a 98.0% and 97.7% removal efficiency. However, the Ni-

ZnO-PANI had on average a 5% lower removal percentage for Cr(VI) during the first 90 minutes.

More trials are needed to confirm the statistical significance of these results.

Future work should include optimizing the amount of nickel dopant to enhance the photocat-

alytic potential of the system. The doped particles should be dissolved and analyzed via induc-

tively coupled plasma optical emission spectroscopy (ICP-OES) to confirm the concentration of

Ni dopant. Varying ratios of PANI to Ni-ZnO nanoparticles should also be analyzed for effects

on the photocatalytic reduction efficiency of the system. More trials of the photocatalytic reduc-

tion experiment should be performed with ZnO-PANI and Ni-ZnO-PANI nanocomposites with a

range of nanoparticle sizes to determine the effect of size on the removal percentage. Since most

industrial waste water contains a multitude of cations and anions, the effect of some of common

anions, such as nitrate, phosphate, and sulfate, on the photocatalytic reduction potential of the

photocatalysts should be evaluated. Some anions may adsorb to the PANI or compete with the

chromate anion for available electrons. Experiments should also be conducted to determine the

reuseability of the photocatalyst and the effect that several reduction cycles has on the Cr(VI) re-

duction potential.
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