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s: creating an affordable advanced
enquiry-based experimental nanochemistry
learning module with catalytically active ‘green’
iron oxide nanoparticles (IONPs)†

Timothy Schwantes, Dylan Medina, Brittney Morgan
and Abhinandan Banerjee *

In the following report, we disclose an affordable, scalable, and ‘green’ inaugural experiment for

a nanochemistry and nanomaterials teaching laboratory course. Iron oxide NPs (IONPs) generated

through co-precipitation is a well-known class of nanomaterials. They combine a relatively simple

synthesis with an abundance of pedagogy-friendly functional properties such as energy band-gap,

surface charge and capping ligand properties, size, morphology, crystal phase, and magnetic behaviour.

Additionally, catalytic behaviour shown by IONPs in Fenton-type reactions provides us with an easy

application suitable for the undergraduate laboratory. This month-long synthesis, purification,

characterization, and application ‘mini-project’ is meant for inclusion in upper-division courses in

inorganic chemistry or materials science. We believe that it sets students up for success in and outside

a teaching laboratory and can be implemented in the first weeks of a course-based undergraduate

research experience (CURE) as a way to acquaint students to the necessary skills to engage in authentic

research. This project is also in close alignment with the United Nations sustainable development goals

(SDG) numbers 4 (Quality Education for All) and 6 (Clean Water and Sanitation).
Sustainability spotlight

Quality education, clean water and sanitation, and reduced inequalities are three key aspects of the United Nations Sustainable Development Goals (SDG 4, 6,
and 10 respectively). This communication highlights a multiweek project using a green and affordable material – CTAB capped iron oxide nanoparticles (IONPs)
– whose synthesis, characterization, and functional application in dye-contaminated water remediation expose students to a typical research workow within
a course-based laboratory environment. This experiment may be tuned to t various time frames and resource availability scenarios, but the core synthesis of the
IONPs and their application in the removal of methylene blue from water (the progress of which process may be followed using ultra-cheap visible spectro-
photometers) constitute a robust, affordable, and sustainable experimental framework within which the scientists of tomorrow learn not only about chemical
processes, but also about their application in solving real-world problems. Finally, in the context of an inaugural experiment for a nanochemistry teaching
laboratory, this experiment provides students with a ‘nano toolkit’ of characterization techniques that they will revisit repeatedly during the course, thereby
implementing scaffolded learning within a laboratory environment.
1 Introduction

The chemistry of nanomaterials permeates every aspect of our
daily lives, such as health,1 energy,2 industrial production of
chemicals and consumer goods,3 and the environment,4 oen
niversity, Centre Mall, Fort Collins, CO,

te.edu; Tel: +1 970 491 2130
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to students for the synthesis of IONPs
thylene blue degradation; (d) notes
f UV-Visible data to obtain a Tauc plot
; (f) compendium of discussion type
lytic mechanism. See DOI:

the Royal Society of Chemistry
changing our lives enormously for the better, but sometimes
bringing new concerns along with improvements.5,6 In response
to this development, many chemistry programs around the
world have incorporated at least one nanochemistry course as
a part of their undergraduate (UG) curriculum, especially for
students seeking a specialized chemistry degree.7,8 However,
less frequently has a laboratory module – either standalone or
conducted in parallel with lectures – been made available to
these students.9,10

One of the major reasons behind this omission might be the
cost associated with running such a laboratory course. Nano-
chemistry laboratories are oen expensive to run, since the
fundamental characterization protocols for nanomaterials,
such as phase identication of inorganic nanoparticles using
RSC Sustainability, 2025, 3, 3437–3447 | 3437
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Table 1 Data processing and analysis techniques associated with this experiment

Nanomaterial property Measurement technique Data processing skill Soware

Band gap UV-vis spectroscopy Tauc plot OriginLab™
Hydrodynamic radius Dynamic light scattering Data extraction and plotting OriginLab™
Size and morphology Scanning electron microscopy Size evaluation from micrograph, size distribution prole FiJi
Phase identication PXRD Phase matching with standard powder patterns Mercury™
Magnetic moment and Tb SQUID magnetometry Data extraction and plotting OriginLab™
Surface functionality identication IR spectroscopy Peak picking and assignments OriginLab™
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powder X-ray diffraction (PXRD) or nanomaterial imaging using
scanning or transmission electron microscopy (SEM, TEM)
require access to sophisticated equipment, typically unavailable
in UG teaching laboratories.‡ However, this omission detracts
from the learning experience. When it comes to the chemistry of
functional nanomaterials, passive observation is a poor
replacement for active enquiry-based education.11 Moreover,
the problem of instrument availability is oen circumvented in
the larger universities by collaboration, either with research
groups having access to the necessary instruments; or better yet,
with a central research instrumentation facility affiliated with
the university. In our opinion, it is not imperative for the UG
students to operate these instruments; instead, the focus
should be on the processing and analysis of the data harvested
from the instruments (Table 1 mentions the relevant examples
from this specic experiment). This is not a trivial exercise and
oen needs specialized soware, for which students need
proper training. Fortunately, many of these tools are available
as freeware,12 or have free and open-source (FOSS) alternatives,
such as FiJi. We contend that creating, curating, and main-
taining an UG nanochemistry teaching laboratory is a highly
productive and rewarding exercise leading to immense benet
for the chemistry major of the 21st century. At Colorado State
University, Fort Collins, we offer a chemistry of nanomaterials
laboratory for third- and fourth-year UG students. While not
mandatory, it is strongly recommended that students enrolling
in the nanomaterials theory course take this laboratory class as
well. It is presently in its second iteration and we expect to offer
the course every year in tandem with the relevant lecture
module. Future iterations of the course will move towards
a course-based undergraduate research experience (CURE)
model, implementing the experiment described herein during
the rst few weeks to expose student to standard laboratory
procedures and skills needed to test their own independent
hypotheses.

Extensive literature highlights the benets of undergraduate
research in enhancing academic achievement and advancing
career success.13–15 CUREs offer similar benets of independent
research, such as improved retention of students and more
equitable learning outcomes, while addressing barriers to
participating in UG research experiences.16 Expanding access to
these research experiences, which can be accomplished by
‡ From https://www.nanoimages.com/tabletop-sem-products/, accessed on 26
Dec 2024: Tabletop SEM models range in price from 60 000 to 120 000 USD,
while traditional tungsten-source SEMs range in price from 120 000 to 250 000
USD.

3438 | RSC Sustainability, 2025, 3, 3437–3447
implementing the CURE model, is imperative as student
demand for such experiences grows exponentially, while the
number of faculty members available to provide them remains
relatively constant.17,18However, the eld of inorganic chemistry
is largely underrepresented among those courses that have
implemented the CURE model19 and there have been calls for
quality, relevant curricular materials developed for inorganic
chemistry laboratories in general.20 There has been an increase
in focus on transition metal-related topics, including functional
inorganic materials and nanoscience, in foundational inorganic
chemistry lecture courses.21 Consequently, laboratory courses
should be designed to align with these prominent topics and
emerging interests in the eld as the effectiveness of any CURE
relies on the relevance of the work and the opportunity for
students to build upon and contribute to current scientic
consensus in a broader scope outside of the classroom.19

Green chemistry and its implementation across various
sectors continues to be explored as a pathway to sustain inno-
vation and societal growth;22 for this reason the interface
between green chemistry and nanochemistry should be
explored during the course of a chemistry degree. Although
experiments typically associated with a teaching laboratory
exploring the chemistry of nanomaterials can be green, they
very oen are not, owing to the use of highly toxic precursors
(synthesis of cadmium selenide quantum dots is a representa-
tive example),23 energy-intensive techniques (such as hot injec-
tions and solvothermal syntheses of metal and metal oxide
nanostructures24), or the use of specic high-boiling solvents
and additives (such as etchants) which are essential for
controlling NP shapes, sizes, surface functionalities, and other
properties.25 In research facilities, this is oen mitigated or
offset by microscale synthesis of nanomaterials, but it is
unreasonable to expect a student beginning to learn about the
intricacies associated with the synthesis of these nano-
structured morsels of matter to simultaneously perform those
steps at the microscale. For our very rst enquiry-based learning
project in the nanochemistry teaching laboratory, therefore, we
designed an experiment which mitigated the aforementioned
concerns by being centred around one of the greenest materials
known to the nanomaterials community: nanostructured iron
oxide,26–28 capped with CTAB (cetyltrimethylammonium
bromide), a generally-recognized-as-safe (GRAS) surfactant.29,30

Alongside the easy synthesis of IONPs (vide infra), this experi-
ment provides students with an opportunity to be trained in
multiple fundamental techniques used in the functional char-
acterization of inorganic nanomaterials, such as transition
metal chalcogenides. Iron oxide nanoparticles (IONPs) are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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known for their high magnetic susceptibility, bio-compatibility,
inherent ‘greenness’, and potential for easy surface modica-
tion, making them an excellent candidate for our introductory
nanochemistry lab.31 IONPs have been used in sensors, as
vectors for targeted drug delivery, for magnetic hyperthermia, as
magnetic resonance imaging (MRI) contrast agents,32–35 for
catalysis,36–38 in environmental remediation39 and in spin-
tronics.40 Owing to their multiplicity of applications, many
reviews have been devoted to these unique materials. Several
methodologies, including physical,41,42 chemical,43,44 and bio-
logical,45 have been used to generate IONPs; among these, the
co-precipitation method stands out as the most popular wet-
chemical approach to synthesize spherical IONPs, with very
basic equipment, albeit with limited control over NP size and
morphology.46 The IONPs are readily separable from the reac-
tion mixture by the use of a strong magnet, making the washing
step quick and easy. The IONPs are then subjected to our
arsenal of characterization techniques to examine their prop-
erties, including morphology, dimensions, surface composi-
tion, semiconductor band gap, magnetic susceptibility, and
phase composition.

The treasury of data that the students obtain from this multi-
week characterization session provides them with preliminary
exercises in data collection, processing, analysis, and interpre-
tation.24 The key idea behind this experiment is to train
students in the basic techniques of inorganic nanoparticle
characterization using a material they themselves have synthe-
sized, which is preferable to the use of commercial and/or
presynthesized samples. It is our contention, borne out by
observation, that students are more interested in examining the
materials they have created on their own. This multi-week
laboratory experiment sets the stage perfectly for a series of
subsequent, more specialized experiments where the students
will use one or more of the techniques in which they have been
trained during the course of this inaugural experiment to
explore their own hypotheses. We also note in passing that this
‘mini-project’ aligns with UN SDG numbers 4 (providing quality
education and hands-on laboratory training, especially to our
future scientists-in-training) and 6 (ensuring availability and
sustainable management of water and sanitation through
effective wastewater remediation).47

2 Materials and methods
2.1 Student cohort and learning objectives

The students enrolled in this laboratory course were juniors and
seniors (third- and fourth-year students) majoring in chemistry
at Colorado State University (Fort Collins); they had, in the past,
successfully completed the introductory inorganic chemistry
module, including a laboratory component and associated
laboratory safety training (including the study of MSDS for
hazard warnings). Under the supervision of the graduate
teaching assistant (DM), the students worked individually to
complete this experiment over the course of ve 3 h laboratory
sessions, meeting once a week for a month. The experiment was
planned as an exercise in enquiry-based learning, encouraging
the students to discover the answers to a series of scientic
© 2025 The Author(s). Published by the Royal Society of Chemistry
questions each day even as they expanded their technical
capabilities through exposure to a series of characterization
techniques they were to encounter regularly in subsequent
experiments. These learning objectives can be summarized as
follows:

� Preliminary training in NP synthesis through co-
precipitation under an inert atmosphere.

� Training in commonly used chemistry sample preparation
and isolation protocols such as centrifugation, drop-casting,
decantation, magnetic separation, and others.

� UV-visible and IR spectroscopy including data interpreta-
tion through comparison with literature examples (n.b. – data
collected by students).

� Training in the use of a DLS instrument for NP size and
surface charge determination. (n.b. – data collected by
students).

� Data processing and interpretation for assessing the
characteristics of the synthesized nanoparticles: PXRD, SEM,
and magnetometry.

� Developing data visualization and scientic communica-
tion skills.

For the techniques where we were unable to let the students
use the instruments independently (SEM, PXRD, SQUID
magnetometry), they were given a tour of the instrument and
witnessed the sample loading and/or imaging steps. For UV-Vis,
IR, and DLS, students were instructed in the principles behind
the technique and performed the protocol themselves while
closely monitored by ARB, TS, or DM.

2.2 Materials

FeCl2, FeCl3, concentrated HCl, concentrated NH4OH, NaOH
pellets, and solid CTAB were purchased from Millipore Sigma
and used without any purication. DI water was used
throughout the experiment. Nitrogen gas (technical grade) was
purchased from AirGas. Methylene blue powder was obtained
from HiMedia (Amazon, HiMedia GRM956-100G Methylene
Blue) and used as received.

2.3 Preparation of stock solutions for the IONP synthesis

We prepared the following solutions for the students: 2 (M)
FeCl2 in 2 (M) HCl; 1 (M) FeCl3 in 2 (M) HCl; 5 m (M) aqueous
CTAB solution; 0.7 (M) NH4OH in water. Acids and bases were
stored separately, in different fume hoods. Appropriately
labeled graduated cylinders were placed next to the stock
solutions to avoid any confusion during transfer.

2.4 Synthesis of the IONPs

Step-by-step instructions for the synthesis supplied to the
students may be found in the ESI.† In summary, 1 mL of the
stock solution containing 2 (M) FeCl2 in 2 (M) HCl and 4 mL of
the 1 (M) FeCl3 solution in 2 (M) HCl were thoroughly mixed in
a two-neck round bottom ask charged with a magnetic stir bar,
to which 10 mL of the CTAB solution was added. This mixture
was heated to 70 °C under a dynamic ow of nitrogen with
continuous stirring (Fig. 1). Aer 30 minutes, a 25 mL burette
containing the base was clamped onto the reaction ask and,
RSC Sustainability, 2025, 3, 3437–3447 | 3439
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Fig. 1 Experimental set-up for the synthesis of IONP@CTAB by
students.
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while stirring, the burette stopcock was slowly opened to add
the base dropwise at a rate of no more than 1 mL every 10 s to
the main reaction mixture. Once half of the burette was
emptied, the pH of the reaction mixture was tested with an
indicator strip. If pH was less than 10, addition of base was
resumed; if the entire burette was emptied, then it was relled
using a funnel. Typically, this is needed only once. Upon
reaching the desired pH (∼10–11), the base addition was
stopped and the ask was sealed with a septum equipped with
a needle vent. The heating, the nitrogen ow, and the stirring
were continued for another 15 min. Then, another 10 mL of the
CTAB solution was added and the heating and nitrogen ow
stopped. The IONPs were allowed to stagnate and settle for 5–10
minutes; they accumulated at the bottom of the vial in a distinct
layer. The liquid on the top was decanted, and the IONPs were
magnetically separated from the reaction mixture. They were
washed with the CTAB solution twice, recovered magnetically
each time, and nally stored in a 50 mL centrifuge tube at 4 °C.
Bare IONPs without the CTAB coating were also synthesized for
comparison; this can be done by the students during this
synthesis (see ESI† for details) or prepared ahead of time by the
instructor, and supplied to the students. A brief description of
the mechanism of formation of IONPs under these conditions
can be found in the ESI.†
2.5 Sample preparation for characterization techniques

The students were encouraged to observe and participate in
sample preparation for the various characterization techniques.
The students themselves prepared the samples for UV-visible
spectroscopy, IR spectroscopy, DLS, and SEM. For SQUID
magnetometry and PXRD, only one sample could be analyzed;
therefore, the students observed the sample preparation as
performed by the TA.

2.5.1 UV-visible spectroscopy. For recording the optical
spectrum of the precursor, the mixture of iron (II) and (III)
chlorides in aq. HCl was diluted with DI water; then, their
3440 | RSC Sustainability, 2025, 3, 3437–3447
spectrum was recorded using a quartz cuvette in a Vernier
GoDirect spectrophotometer. DI water was used as the back-
ground. 0.1 mL of CTAB-capped IONP dispersion was added to
30 mL of DI water, sonicated for 15 min, and 1 mL of this was
added to a quartz cuvette containing 2.5 mL of DI water, thor-
oughly mixed, and the spectrum was recorded. The students
were given instructions on the conversion of the UV-Vis data for
the CTAB-capped IONPs to a representative Tauc plot for the
estimation of the band-gap of IONP@CTAB (ESI†).

2.5.2 ATR-IR spectroscopy. The students recorded ATR-IR
spectra for CTAB, bare IONPs, and IONP@CTAB on a Nicolet
Summit portable IR system. The number of scans per sample
was xed at 32, and the resolution was set at 8 cm−1. The
students were encouraged to re-plot their data and identify/
highlight chemically relevant peaks for each sample.

2.5.3 Dynamic light scattering. In order to determine the
average dimensions of the IONPs, dynamic light scattering
(DLS), also known as photon correlation spectroscopy, was
applied. This technique measured hydrodynamic diameters of
the IONP@CTAB, as well as the polydispersity index (PDI).
Diluted samples (50- to 100-fold dilutions) were used to avoid
multiple scattering, and the samples were sonicated in
a commercial ultrasonic bath (US Solid) for 10 minutes prior to
measurements. Aggregates were eliminated by ltration
through a 0.22 mm PTFE syringe lter. The measurements were
conducted using the Litesizer 500 (Anton Paar) and the particle
dimensions were calculated from the autocorrelation function
of the intensity of light scattered from the particles. The so-
ware used was Anton Paar Kalliope, supplied by the manufac-
turer. Disposable poly(styrene) cuvettes were used for sample
measurements.

The rate of droplet movement under the inuence of an
external oscillating electrical eld with a voltage of 200 V
(electrophoretic mobility) was also measured with the Litesizer
in folded capillary omega cells obtained from Anton Paar
(225288). The measured electrophoretic mobilities were con-
verted to z-potentials by the instrument soware using Henry's
equation:

Ue ¼ 23z

3h
$fak (1)

where Ue is the electrophoretic mobility, 3 is the dielectric
constant, z is the zeta potential, h is the viscosity of the
dispersant, and fak is the Henry function. The Smoluchowski
approximation, fak = 1.5, was used for high ionic strength
media, given that water was the bulk phase in all the measured
systems. It is to be noted that the DLS measurements were
performed by the students themselves with some guidance
from a TA who was previously given extensive training on the
instrument.

2.5.4 Scanning electron microscopy. IONP@CTAB samples
were diluted ten-fold in water, and sonicated in a commercial
ultrasonic bath (US Solid) for 10 minutes. 50 mL of the diluted
IONP@CTAB sample was drop-cast directly on a SEM sample
stub, and allowed to dry for a week. The following week, a two-
hour session was dedicated to examining the student samples
under a JEOL JSM-IT800(HL) eld emission SEM and recording
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00083a


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/5
/2

02
6 

11
:1

6:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
micrographs. This part of the experiment was performed by
ARB, with the students and the TA present in the room for the
duration of the experiment. The students were previously
trained on extracting average particle sizes and particle size
distributions from the images using FiJi.

2.5.5 Powder X-ray diffraction. A slurry of the CTAB-capped
IONPs was drop-cast on a zero background holder and allowed
to dry overnight. The sample was then handed over to the XRD
scientist at CSU's central instrumentation facility, who recorded
a diffractogram of the sample on a Bruker D8 Discover DaVinci
with Cu-Ka X-ray source. The data was communicated directly to
the students, who were instructed to plot a diffractogram from
the experimental data. The students were also trained on
obtaining .cif les for the four probable phases present within
their system (magnetite, maghemite, hematite, and goethite)
from the open crystallographic database. They then opened the
.cif les using Mercury™, a free crystal structure visualization
tool developed by the Cambridge Crystallographic Data
Centre.48 The students obtained the powder diffraction pattern
for each ‘standard’ phase of interest, and plotted the relevant
diffractograms directly under the experimental diffractogram
for phase identication through visual inspection.

2.5.6 SQUID magnetometry. #5 mg of the IONP@CTAB
was carefully weighed out and introduced into a sample holder
for Quantum Design MPMS3 SQUID. The exact weight of the
sample was recorded, correct to the nearest 0.1 mg. Aer being
properly centred, the magnetic moment of the sample was
measured as a function of the applied magnetic eld at 2 K and
300 K. Relevant sequence les for the MPMS are available upon
request.
Fig. 2 (a) UV-visible spectra of the precursor mixture and the ION-
P@CTAB. (b) Tauc plot for IONP@CTABwith extrapolated line showing
band gap energy calculation.
2.6 IONP@CTAB catalyzed degradation of methylene blue in
simulated wastewater

This part of the experiment was performed in groups of two.
One student added 5 mL of 30% H2O2 from the refrigerator to
95 mL of 0.16 mMmethylene blue solution in a 200 mL beaker.
To this was added 2.5 (M) NaOH solution drop-wise to raise the
pH of the system approximately to 11. Finally, the student
added 25 mg of the dry IONP@CTABto the mixture, and stirred
it vigorously for 30 seconds with a glass stir rod. Aer the
IONPs were added and stirred, the deep azure colour of the
mixture visibly lightened. Aer this initial stirring, the beaker
was allowed to sit uninterrupted as the reaction progressed.
The colour of the mixture began to lighten visibly over time.
The other student in the group withdrew aliquots from the
reaction beaker every een minutes to record the UV-visible
spectra. It may be noted that the reaction continues in the
cuvette aer measurements, and an ‘in-cuvette’ reaction may
be an alternative experimental setup to follow the IONP@CTAB
catalyzed oxidative degradation of methylene blue in aqueous
solution.

While we did encourage the students to magnetically recover
the IONP@CTAB from their reaction mixtures aer complete
bleaching of the blue colour, we did not attempt to use the
recovered material in a second catalytic cycle to illustrate the
recyclability typically associated with IONP catalysts.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussions

It is to be noted here that the ‘discussion’ for each character-
ization technique should be driven by the students in consul-
tation with the TA. The students should already be procient in
(or be given instructions on) using a scientic search engine
such as SciFinder or Google Scholar to access publications that
have previously characterized IONPs. They should then extract
the relevant results from these reports and compare those with
the data they have recorded in class. This comparison was
assigned as a continuing ‘at home’ assignment for the duration
of the project.
3.1 UV-visible spectra and Tauc plot

Fig. 2 represents the UV-visible spectra of the iron precursors in
acidic solution, as well as that of the IONP@CTAB. For the
mixed iron chlorides dissolved in 2 (M) HCl, the spectrum
exhibits a single peak around 300 nm, typically associated in the
literature with various [FeClx]

y+ species.37 These bands were
absent in the IONP@CTAB samples; instead, a shoulder
appeared at higher wavelengths, indicating conversion of the
iron chlorides to IONPs.

The students converted the UV-visible spectrum of the
IONP@CTAB to a Tauc plot by using the Tauc equation, repre-
sented below. This plot is used extensively for easy determina-
tion of the approximate optical band-gap of semiconductors
through simple extrapolation.49 Details for the calculations may
be found in the ESI.†

(ahn)n = K(hn − Eg) (2)

The band gap energy of IONP@CTAB is determined from the
Tauc plot, wherein (ahn)n is plotted as a function of hn, followed
by taking the extrapolation in the linear area across the energy
axis in the corresponding graph [Fig. 2(b)]. The students ob-
tained a value of Eg between 2.5 and 2.8, which is on the higher
side of optical band gaps recorded for IONPs.50 The instructors
can tell students at this point that this extrapolation strategy,
despite widespread use owing to its simplicity, has several
drawbacks, and many complex modications have been sug-
gested for more accurate determination of the optical band-gap
of NPs from their spectroscopic data.51
RSC Sustainability, 2025, 3, 3437–3447 | 3441
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Table 2 Homework assignments associated with this project

Week Homework assignments

1 UV-vis data plotting
Tauc plot and band-gap determination

2 DLS data plotting
IR data plotting, peak assignment, literature comparison

3 Particle size distribution from SEM
PXRD data plotting, phase identication

4 Magnetometric data plotting [M(H) curves]
Catalytic data processing

5 (nal) Report in communication format

Fig. 4 (a) Size distribution profile, and (b) zeta potential measurement
for the IONP@CTAB.
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3.2 IR spectroscopy

IR spectroscopy plays a vital role in determining the surface
composition of nanoparticulate matter, which in turn has
a profound effect on their functional properties, such as solu-
bility and catalytic behaviour.52 It is important, therefore, for
students to identify IR bands which may be attributed to the
composition of the NPs themselves (for instance, in Fig. 3, the
band at ca. 560 cm−1 may be attributed to Fe–O–Fe stretching
vibrations originating from the iron oxide core) vis-a-vis the
bands originating from the capping ligand on the NP surface
(here CTAB, showing, among others, a prominent N–CH3

asymmetric stretching band around 1480 cm−1).53 A sample
peak attribution list for IONP@CTAB may be found in the ESI
(Section S6 and Table S1†). We note at this point that scav-
enging the relevant nanochemistry literature, as well as stan-
dard introductory spectroscopy texts, for assigning observed IR
bands was part of the designated ‘homework’ for the second
week of the experiment (Table 2). The small difference for
asymmetric and symmetric C–H scissoring vibrations of the N–
CH3 moiety between pure CTAB molecules and IONP@CTAB
was pointed out to the students as an evidence of CTAB
adsorbing on the IONP surface through its headgroup. The
characteristic [C–H/metal] vibration band was not observed,
indicating the absence of C–H binding to the NP surface.54 This
kind of guided interpretation encourages students to think
beyond rote peak assignment while handling spectral data.

3.3 Dynamic light scattering

Fig. 4 represents the information the students obtained about
their IONP@CTAB dispersed in water, using DLS as a measure-
ment technique. The average hydrodynamic diameter of the
IONP@CTAB was found to be 167 ± 3 nm, with an average
polydispersity index of 0.14. As expected, the IONP@CTAB
demonstrated a positive surface zeta potential, with an average
value of 31.7 ± 0.6 mV. This value was in agreement with
previously recorded zeta potential values for IONP@CTAB in the
Fig. 3 IR bands for bare IONPs, CTAB, and IONP@CTAB. The boxes in
lavender contain IR bands which may be attributed to CTAB, while the
ones in lime originate from the IONPs.

3442 | RSC Sustainability, 2025, 3, 3437–3447
literature.55 The students were reminded at this point that
a numerical value of the zeta potential $30 mV indicated
a denite contribution of electrostatics towards NP–NP repul-
sion and consequent stabilization of the dispersion.55

3.4 Scanning electron microscopy

The students were given a brief introduction to electron
microscopy before accompanying ARB and DM for their rst
‘live’ SEM experience. Students were encouraged to make notes
and ask questions during the measurement process, with ARB
performing the imaging and DM providing explanations. The
students were supplied with the images of their samples, and in
consultation with them, we selected the best IONP@CTAB
sample in anticipation of image processing and measurement
training using FiJi. FiJi is a free image processing package which
bundles many plugins, facilitating scientic image analysis
(including measurements in the presence of a scale-bar).56 The
students downloaded FiJi on their personal computers and were
trained on setting the scale bar and measuring individual NP
diameters. These measurements were then exported to Origin-
Lab for plotting the particle size distribution prole. Fig. 5
shows two representative SEM images. The students each
measured at least 100 IONP@CTAB diameters and pooled the
data for the statistical plot [Fig. 5(c)].

3.5 PXRD and phase identication of the IONP@CTAB

PXRD and phase identication are typically performed on
nanomaterials such as iron oxides, which have multiple phases,
with hematite, maghemite, and magnetite being the most
common ones.57 IONPs exhibit phase-dependent physical and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) SEM secondary electrons images of two student samples, colorized through the use of AI (https://deepai.org/machine-learning-
model/colorizer); (c) particle size frequency distribution profile and probability from manual measuring of at least 200 spherical IONP@CTAB
from the images.
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chemical characteristics such as reactivity, electrical conduc-
tivity, optical behaviour, and more.58 With the advent of robust
benchtop PXRD systems§ having relatively simple usage proto-
cols, advanced teaching laboratories oen include phase iden-
tication as a technique in which students are trained. The
International Centre for Diffraction Data (ICDD) maintains
a database of powder diffraction patterns, the Powder Diffrac-
tion File (PDF), including the d-spacings, which are related to
angle of diffraction, and relative intensities of observable
diffraction peaks.59 In experimental research facilities, this
database is used in tandem with a diffractometer for immediate
phase identication. However, licensing costs for these data-
bases oen limit their availability to a few work-stations, usually
connected to the diffractometer and therefore in perpetual
use.{ For materials whose phase compositions are limited to
a few likely candidates, an excellent alternative to ICDD is the
Crystallography Open Database (COD). COD is an open-access
database of crystal structures with over 520 000 structures of
small molecules and small to medium-sized unit cell crystals.60

The crystallographic information les (.cif les) as dened by
the International Union of Crystallography may be downloaded
from this database, and opened with Mercury™ (vide supra).
§ See, for instance, the Proto AXRD, the Rigaku MiniFlex, the Brucker D6 Phaser,
and others.

{ Additional details concerning ICDD license types and prices may be obtained
from https://www.icdd.com/licensing-process/.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The standard powder patterns obtained for the standard phases
may then be plotted directly underneath the experimental dif-
fractogram, and the patterns matched through visual inspec-
tion. We initially supplied three .cif les to the students,
corresponding to hematite, magnetite, and goethite; the data
extraction, plotting, and visual phase matching of the powder
pattern were carried out by the students under the supervision
of the TA. However, upon recording an extended PXRD for this
sample post facto, we did notice a very small peak at 2q ∼ 18 °C,
which may indicate the presence of small amounts of maghe-
mite (g-Fe2O3). Hematite (a-Fe2O3), which is formed by the
oxidation of magnetite at high temperatures, is less likely to be
present in the IONP@CTAB. This is in accordance with the
conclusions reached by LaGrow et al., who used transmission
electronmicroscopy, electron diffraction and room temperature
57Fe Mössbauer spectroscopy to identify a distinct transition
from an amorphous ferrihydrite phase to a mixture of magne-
tite–maghemite upon synthesis of IONPs through co-precipita-
tion.46 Fig. 6 depicts a model ‘comparison’ diffractogram; it is
evident that magnetite (Fe3O4) is the best t for the experi-
mental diffractogram.
3.6 Magnetometry of the IONP@CTAB

IONPs are uniquely known for their magnetic properties, which
make them useful in applications as divergent as T2 MRI
imaging and spintronics.32,34 An advanced laboratory
RSC Sustainability, 2025, 3, 3437–3447 | 3443
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Fig. 6 Diffractogram: prepared sample (curve) and standard phases
(matchstick plots) for matching through visual inspection by students.

Fig. 7 (a) Measured magnetization versus field strength curves for
IONP@CTAB; (b) shows a close-up of (a) at lower values of the applied
magnetic field to represent the hysteresis shown by IONPs at 2 K but
not at room temperature (∼300 K).
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experiment dealing with IONPs, therefore, should ideally
quantify the magnetism of IONP@CTAB rather than simply
demonstrate that the IONPs are attracted to magnets.24 For this
purpose, a VSM or a SQUID is ideal, especially one that allows
the instructor to demonstrate to students that temperature
plays a very important role in determining the magnetic
behaviour of IONPs.

The following concepts were explained to the students to
help them interpret the magnetic data:

� Powdered IONP@CTAB were used for the measurement.
Thus, the measured magnetic properties represented the
average values for an ensemble of randomly oriented
nanoparticles.

� In theM(H) curves, hysteresis was observed at 2 K, which is
characteristic of ferromagnetic behaviour, while anhysteretic
loops were recorded at room temperature.32

� Comparison of the recorded Ms values (emu g−1) for the
IONP@CTAB: bulk magnetite – 90; IONP@CTAB at 2 K – 42;
IONP@CTAB at room temperature – 31. The students were
made aware of the impacts of NP size and diamagnetic coating
mass fraction on the Ms values of coated oxide nanoparticles.61

Finally, the students searched the literature to determine
that our measuredMs values for the IONP@CTAB matched well
with those recorded in other studies,32 with slightly lower values
of M which could be attributed to various factors. Of these, the
easiest to explain is the diamagnetism of the CTAB shell
capping the magnetic NPs; we do not account for the mass% of
3444 | RSC Sustainability, 2025, 3, 3437–3447
this shell when we record the mass of the NP sample inserted
into the SQUID magnetometer (Fig. 7).
3.7 IONP@CTAB catalyzed methylene blue degradation
using ‘green’ reagents

We selected the IONP-catalyzed degradation of methyl-
thioninium chloride, also called methylene blue, a heterocyclic
dye oen found in industrial wastewater, in the presence of
H2O2, as our trial reaction. This is an example of what is
broadly classied as ‘Fenton chemistry’.62 While methylene
blue has been used in healthcare, an excess of it can cause
respiratory distress, abdominal disorders, blindness, digestive
and mental disorders, and more. It can also irritate the skin
and eyes, and cause nausea, vomiting, and diarrhea if inges-
ted.63 The removal of methylene blue from wastewater has
therefore been studied extensively in a research context (vide
infra, Table 3).

We note that there are three distinct benets associated with
this selection of a trial catalytic reaction:

(1) Hydrogen peroxide is an established ‘green’ oxidant since
it converts to water – benign byproduct – upon decomposition,
releasing nascent oxygen which behaves as a powerful oxidizer.72
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Selected examples of methylene blue degradation in water using catalytic iron-based nanomaterials

Iron-based NP catalyst Rate constant (min−1) Additive Degradation time (% in min) Reference

Biosynthesized a-Fe2O3 NP 0.0108 UV light 78% in 120 min 64
Yeast-supported nZVIa 0.0149 H2O2 91.9% in 600 min 62
PB-IONPb N/A H2O2 100% in 120 min 65
Rust 0.099 Ambient light 95% in 40 min 66
Fe3O4 nanorods 0.096 UV light 99.8% in 30 min 67
nZVIa 0.0141 H2O2 93% in 260 min 68
Fe3O4-GO

c N/A Ambient light 75% in 75 min 69
Fe3O4 NPs 0.013 15 W white LED + H2O2 93.4% in 210 min 70
Mixed iron oxides/activated C N/A H2O2 70% in 180 min 71
CTAB-IONPs 0.025 H2O2 $90% in 90 min This work

a nZVI: nano zero-valent iron particles. b PB-IONP: Prussian-blue-modied iron oxide nanoparticles. c Fe3O4-GO: Magnetite-graphene oxide
composites.

Fig. 8 (a) Methylene blue absorption at lmax (∼660 nm) reduces over time as the dye degrades; (b) the pseudo-first-order rate constant for this
reaction may be estimated from the corresponding plot of ln A as a function of time; (c) percent dye degradation plotted as a function of time.
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(2) IONPs are one of the most environmentally friendly and
safe catalysts for peroxide-mediated oxidation of chemicals
such as drugs, dyes, and other contaminants in matrices such
as wastewater.

(3) The progress of the reaction can be followed and quan-
tied spectrophotometrically, without the need for gas or liquid
chromatography.

We know from literature that the reaction rates for iron oxide
catalyzed degradation of many dyes in the presence of H2O2

depend profoundly on pH.70 We selected a highly alkaline pH
(10–11) for this reaction, to ensure completion of the reaction
within the class time limits. We note here that methylene blue is
a cationic thiazine dye. At high pH values, negatively charged
ions, especially hydroxyl (OH−), accumulate on the surfaces of
IONP@CTAB, where the actual degradation of the dye occurs
aer the dye is sorbed onto the NP surfaces.64 From Fig. 5, we
note that ca. 90% of the methylene blue has been decolourized
in less than 2 hours. This is broadly in agreement with studies
that have reported a degradation of more than 95% for meth-
ylene blue at basic pH values within an hour or less.

We did not have the time or the opportunity to survey Fenton
and Fenton-like chemistry with the students, but they were
given a general picture of the reactions happening at the
molecular level which lead to the decolourization of the dye in
© 2025 The Author(s). Published by the Royal Society of Chemistry
aqueous solution.73 The following set of equations was supplied
to the students to help them better understand the reaction:

Fe3+ + H2O2 + e− / Fe2+ + OH− + cOH

Fe2+ + H2O2 / Fe3+ + OH− + cOOH

OH/cOOH + dye / H2O + colorless oxidized dye fragments.

The pseudo-rst order kinetic graph in Fig. 8(b) plots the
natural logarithm of the absorbance at lmax as a function of
time. The students were reminded of Lambert–Beer law, and of
the fact that the absorbance of the dye is directly proportional to
its concentration in the reaction system. The slope of this plot
provided the pseudo-rst-order rate constant, kapp. Averaging
kapp from all successful experiments provides an average value
of 0.025 min−1 with a standard deviation of 0.01 min−1. Table 3
compares our kapp values with some other examples of methy-
lene blue degradation catalyzed by IONPs.

4 Conclusions

In this report, we discuss the development and deployment of
a multi-week laboratory activity aimed at equipping novice
RSC Sustainability, 2025, 3, 3437–3447 | 3445
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nanochemistry students with an effective ‘methods’ toolkit
whose components they will revisit repeatedly during the
semester-long course. Centered on the synthesis and character-
ization of iron oxide nanoparticles, this experiment provides an
excellent training opportunity, setting students up to engage in
a course-based undergraduate research experience. The
straightforward synthesis of a relatively benign yet functionally
enriched inorganic material – nanosized iron oxide particles
capped with CTAB – is followed by an extensive suite of structural
and functional characterization protocols, culminating in
a simple catalytic application of IONP@CTAB. We contend that
this is an eminently suitable replacement for ‘piecemeal’ or
‘cookbook’-style laboratory activities for upper-division UG labs
with an inorganic, materials, or nanochemistry focus. The
activity is ‘green’, affordable, and has an unique exibility of
scope in the sense that it is open to a variety of changes through
addition or curtailing of secondary characterization protocols.
Finally, the proposed activity aligns with the United Nations
Sustainable Development Goals (UN SDGs) 4 (Quality Education
for All) and 6 (CleanWater and Sanitation). This work represents
the rst in a series of equitable CUREs that we are developing to
enhance the quality of training and laboratory experience for
undergraduate chemistry students at Colorado State University.
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