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ABSTRACT: A demonstration to highlight the utility and ease of
handling environmentally benign magnetically recoverable nano-
particle catalysts is described. The demonstration offers two
powerful visuals. The first is a color change oxidation of
tetramethylbenzidine by hydrogen peroxide catalyzed by Fe3O4
nanoparticles. The second, and more pedagogically relevant to
discussion of catalyst recycling, is the retrieval of these nano-
particles from solution with an external magnet and subsequent
reuse for further rounds of catalysis. The demonstration, useful to
instructors of general chemistry and green chemistry courses or
animators of outreach activities, requires a modest time investment
of less than 5 min, yet adds striking visual aids to discussions of
catalyst recycling and reuse.
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■ INTRODUCTION

An aid to science demonstrators at all levels, magnets provide a
tool for the often visually stunning movement of objects. At
home, young children link and move paper clips with a magnet.
In middle school, students build model magnetic levitation
trains. In an undergraduate classroom, instructors demonstrate
the triplet nature of dioxygen by manipulating liquid O2 under a
magnetic field.1 In the research laboratory, chemists for the past
10 years have been retrieving and recycling magnetic nano-
particle catalysts used for various organic transformations.2−5

Similar particles have been applied in the teaching laboratory for
removal of water contaminants,6 but to the best of our
knowledge, no published educational activity or demonstration
has showcased their catalytic utility in tandem with their
magnetic recoverability. In fact, catalyst recovery and recycling
of any kind is relatively uncommon in undergraduate
teaching,7,8 although laboratory exercises focusing on sustain-
able chemistry topics are becoming more commonplace.9−12

Long touted as intermediates between homogeneous catalysts
and their bulk heterogeneous counterparts,13 nanoparticles
(NPs) often offer catalytic properties between the two. Under
ideal circumstances, they would offer the catalytic efficiency of
the former and ease of recovery of the latter. Unfortunately, the
catalytic efficiency of many NPs relies on size; smaller NPs offer
superior catalytic performance but also more difficult separation
schemes such as centrifugation or ultrafiltration.14 By simply
applying an external magnet to draw the particles out of
solution, magnetic NPs offer an inexpensive, easy, energy

efficient, and environmentally benign mode for catalyst recovery
and recycling.15

■ ADVANCED AUDIENCE BACKGROUND

Most strategies for magnetic NP catalysts rely on a
pseudohomogeneous species anchored to a heterogeneous
particle.16,17 While such schemes can generate powerful
catalysts, the synthetic effort involved in catalyst preparation
precludes their use from many industrial applications and almost
certainly from simple classroom or laboratory demonstrations.
For such applications, simpler metal-coated reduced iron NPs,
prepared in two steps, and used for click reactions,18

cyclopropanations,19 Suzuki couplings,20 and transfer hydro-
genations,21 offer a more attractive option to instructors.
Simpler still, monometallic reduced,22 or mostly reduced iron
NPs have been used for hydrogenations,22−24 Grignard-type
reactions,25 dehydrogenation of ammonia borane,26 and many
other reactions. Unfortunately, such reduced particles often
readily oxidize, limiting their utility in classroom demonstra-
tions, where inert conditions are infeasible.
Alternatively, iron oxide NPs (Fe2O3 or Fe3O4) have been

used to catalyze a range of oxidation reactions,27,28 cross-
dehydrogenative couplings,29 and aldehyde−alkyne−amine
couplings (A3).30 Similarly, copper ferrite (CuFe2O4) NPs31

have been used to catalyze similar A3 coupling reactions,32 cross-
dehydrogenative couplings33 as well as click reactions,34,35

Demonstration

pubs.acs.org/jchemeduc

© XXXX American Chemical Society and
Division of Chemical Education, Inc. A DOI: 10.1021/acs.jchemed.5b00106

J. Chem. Educ. XXXX, XXX, XXX−XXX

pubs.acs.org/jchemeduc
http://dx.doi.org/10.1021/acs.jchemed.5b00106


hydrosilylation,36 in addition to various other cross coupling
reactions.37−41

Such commercially available, stable, and easily handled iron
oxide NPs offer instructors ideal candidates for demonstrations
of magnetic nanocatalysts. In search of a reaction catalyzed by
simple magnetically recoverable NPs and exhibiting a distinct
color change, we adapted an established toxicological coloro-
metric assay42 used for the detection of H2O2, in this case a
proxy for specific enzymatic activity. The oxidation of
tetramethylbenzidine (TMB) with H2O2 catalyzed by Fe3O4
NPs represents the final step of the assay and is associated with a
distinct visible color change (Scheme 1). Since reduced TMB

(TMBre: colorless) oxidizes (TMBox: green), the solution
quickly takes on a vibrant green color. This NP catalyzed
TMB oxidation serves as the basis for the demonstration.

■ DEMONSTRATION DETAILS
The instructor should carry out the demonstration in front of a
group of general, organic, inorganic, or green chemistry students
in a classroom or tutorial43 setting. Alternatively, the
demonstration could be performed as part of a chemistry
outreach presentation at which the students guess when the
solution will change color. The demonstration requires
hydrogen peroxide, water, TMB, Fe3O4 NPs, a magnet, and at
least four screw-top vials (or higher volume vessels for larger
group sizes). A detailed set of instructor notes and sample lesson
plan are available in the Supporting Information.
Start by preparing blank vials that each separately contain two

of the three necessary reaction components (H2O2, Fe3O4 NPs,
and TMB). For the blank without H2O2, water can be used
instead. After the three blanks have been prepared, a fourth vial
will be prepared with all the reaction components. Very little
TMB (∼1−5 mg, either the tip of a spatula or a single 1 mg
tablet) is needed to produce a distinct color change. A similar
weight of Fe3O4 NPs would suffice to catalyze the reaction,
although the instructor may want to add more (∼50 mg) for a
more dramatic effect when they are pulled from solution. A
solvent volume of ∼10 mL is appropriate, though if the
demonstration is being conducted for a large number of
students, the reagent quantities can all easily be scaled. The
following vessels should be prepared: (a) H2O2 + Fe3O4 NPs,
(b) H2O2 + TMB, (c) Fe3O4 NPs + TMB, and (d) H2O2 +
Fe3O4 NPs + TMB (Figure 1). Each vial should be capped and
shaken for thorough mixing. The purpose of blanks A−C is to
demonstrate to students that all three reaction components are
necessary for the reaction to proceed quickly and effectively; no
two reagents alone will allow the production a color change in a
short time period.

■ HAZARDS
TMB is a mild skin, eye, and respiratory irritant. Avoid breathing
in dust. It can be disposed of with typical flammable organic
waste streams. Fe3O4 NPs can be disposed of in solid or metal
waste streams. H2O2 is a powerful oxidant as well as a skin and

eye irritant; it can cause burns and corrodes skin tissue.
Typically, the more benign 3% solution available at a pharmacy
will suffice if the water-soluble form of TMB (the HCl salt) is
used. Otherwise, the more concentrated, and more dangerous
30% solution available from chemical suppliers may be
necessary.44

■ RESULTS AND DISCUSSION
No color change, or visual evidence of any reaction (bubbling,
precipitation, etc.), should be apparent right away in the blank
reactions (A−C), but in less than a minute, the TMB in the
fourth vial will oxidize, and a distinct color change will be visible.
By placing the external magnet against the side of the flask, the
instructor can pull the NPs out of suspension (Figure 2), decant

off the liquid, rinse the particles with water, then add more H2O2
and TMB to demonstrate the recyclablility of the catalyst. While
the NPs are in suspension, the solutions containing them (A, C,
D) will appear opaque and black. Upon application of the
external magnet, the particles start to move toward the side of
the flask and out of suspension. As the particles collect at the
side of the flask, the underlying color of the solution is revealed
(clear for A and C, but blue/green for D). After decantation of
the reaction supernatant, the particles can be easily resuspended
in more solvent by simply closing the vial and shaking as before.
The demonstration is best run all at once within the span of

about 5 min, rather than drawn out over the course of a lecture
period, because some of the blanks will slowly start to change
color over time, lessening the contrast between the catalyzed
system and the uncatalyzed blanks. Blank B (H2O2 and TMB,
but no catalyst) will turn discernably blue/green after ∼20 min,

Scheme 1. Oxidation of TMB with H2O2 Catalyzed by Fe3O4
NPs

Figure 1. Solution colors after 1 min for (a) H2O2 + Fe3O4 NP, (b)
H2O2 + TMB, (c) Fe3O4 NP + TMB, and (d) H2O2 + Fe3O4 NP +
TMB.

Figure 2. Magnetic retrieval of Fe3O4 NPs from a solution of H2O2 +
TMB + Fe3O4 NP.
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not as vibrant as vial D, but perceptible nonetheless. Likewise,
blank C (Fe3O4 and TMB, but no H2O2) will also turn
noticeably blue/green after ∼2 h unless kept in the dark because
visible light can slowly promote the air oxidation of TMB.
Instructors can involve students in the activity by having them
decide how to run the necessary blanks.
While NPs and microparticles often display drastically

different reactivities, we were unsuccessful at elucidating this
point with the present demonstration; both NPs (∼50 nm) and
microparticles (<5 μm) successfully catalyzed the reaction. Such
a small amount of TMB is required (∼1 mg) to elicit a color
change that using a substoichiometric amount of catalyst would
be operationally difficult and would not allow for the striking
visual of catalyst of removal (because there would be too little to
see). We therefore use an excess of catalyst, thereby obviating
one of the benefits of NP catalysts (high surface area to volume
ratio meaning many accessible active sites). Since we use an
excess of Fe3O4, the number of accessible active sites does not
limit the reaction in any appreciable way, so both micro- and
nano- particles are effective at catalyzing the reaction.
The short time frame required (less than 10 min), largely

qualitative results, and absence of common and transferable
laboratory techniques make this more suitable as a demon-
stration for classroom discussion of catalyst recovery and
recycling rather than an exercise for a full laboratory period.
Nevertheless, the relative ease of the protocol and generally
innocuous nature of the reagents make this suitable for a hands-
on activity.

■ DEMONSTRATION FOR VARIOUS AUDIENCES

Given the accessibility that the color change reaction affords, a
wide variety of audiences may find this demonstration
interesting and informative, even if the nuances of catalysis
and NPs are too advanced. Indeed, the demonstration was well
received by a broad range of groups including grade-school
students, STEM teachers in training, and advanced organic
chemistry students. We taught the grade school students ways to
identify when a chemical reaction has taken place, including
changes in color, and played a guessing game with them, asking
which vials they thought would change color after we added
various combinations of reagents (both fresh and recycled).
With the STEM teachers in training, we were able to bring up
the topic of catalysis and they came away with the understanding
that a catalyst should remain unchanged after the reaction, so it
theoretically should be recyclable. More importantly, discussion
of the development of the demonstration stressed the
importance of carefully choosing demo reactions and processes
with strong visuals. Feedback solicited from this teachers in
training audience included: “The contrast between the rate of
reaction in the noncatalyzed reaction versus the nanoparticle vial
reaction and its reuse in a second reaction shows its effectiveness
as a reusable catalyst.” and “Very cool. My favorite part was how
you could recycle/reuse the nanoparticles.” The advanced
organic chemistry students already had a deeper understanding
of the role of a catalyst enabling an alternative reaction pathway
with a lower energy barrier, so for them we used the
demonstration to showcase this point as well as introducing
them to green chemistry concepts.

■ SUMMARY

The demonstration described offers instructors of general or
green chemistry courses a visual example for discussing the

recovery and reusability of magnetic NP catalysts. The
demonstration highlights several axioms of sustainable chem-
istry. First, the mode of catalyst separation requires no extra
material input and minimal energy. Second, the reuse of the
catalyst for subsequent reactions ensures very little catalyst will
ultimately enter the waste stream. The oxidation of TMB, and
associated color change, allows students to observe that a
reaction has occurred, and it can serve as a visual proxy for
reactions perhaps more relevant to the curriculumalcohol
oxidation, A3 coupling, or cross-dehydrogenative couplingbut
that would otherwise require more time and sophisticated
spectroscopic techniques to determine reaction progress.
Magnetic retrieval and subsequent reuse of the Fe3O4 NPs
offers a visual example of easy catalyst recycling techniques.
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synthesis, protection, functionalization, and application. Angew. Chem.,
Int. Ed. 2007, 46 (8), 1222−1244.
(4) Polshettiwar, V.; Luque, R.; Fihri, A.; Zhu, H.; Bouhrara, M.;
Basset, J.-M. Magnetically recoverable nanocatalysts. Chem. Rev. 2011,
111 (5), 3036−3075.
(5) Hudson, R.; Feng, Y.; Varma, R. S.; Moores, A. Bare magnetic
nanoparticles: sustainable synthesis and applications in catalytic organic
transformations. Green Chem. 2014, 16 (10), 4493−4505.
(6) Furlan, P. Y.; Melcer, M. E. Removal of Aromatic Pollutant
Surrogate from Water by Recyclable Magnetite-Activated Carbon
Nanocomposite: An Experiment for General Chemistry. J. Chem. Educ.
2014, 91 (11), 1966−1970.
(7) Andraos, J.; Dicks, A. P. Green chemistry teaching in higher
education: a review of effective practices. Chem. Educ. Res. Pract. 2012,
13 (2), 69−79.
(8) Stacey, J. M.; Dicks, A. P.; Goodwin, A. A.; Rush, B. M.; Nigam, M.
Green Carbonyl Condensation Reactions Demonstrating Solvent and
Organocatalyst Recyclability. J. Chem. Educ. 2013, 90 (8), 1067−1070.
(9) Simeonov, S. P.; Afonso, C. A. M. Batch and Flow Synthesis of 5-
Hydroxymethylfurfural (HMF) from Fructose as a Bioplatform
Intermediate: An Experiment for the Organic or Analytical Laboratory.
J. Chem. Educ. 2013, 90 (10), 1373−1375.

Journal of Chemical Education Demonstration

DOI: 10.1021/acs.jchemed.5b00106
J. Chem. Educ. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jchemed.5b00106
mailto:rhhudson@colby.edu
mailto:jlkatz@colby.edu
http://dx.doi.org/10.1021/acs.jchemed.5b00106


(10) Reed, S. M.; Hutchison, J. E. Green Chemistry in the Organic
Teaching Laboratory: An Environmentally Benign Synthesis of Adipic
Acid. J. Chem. Educ. 2000, 77 (12), 1627.
(11) Crumbie, R. L. Environmentally Responsible Redox Chemistry:
An Example of Convenient Oxidation Methodology without
Chromium Waste. J. Chem. Educ. 2006, 83 (2), 268.
(12) Ragsdale, R. O.; Vanderhooft, J. C.; Zipp, A. P. Small-Scale
Kinetic Study of the Catalyzed Decomposition of Hydrogen Peroxide.
J. Chem. Educ. 1998, 75 (2), 215.
(13) Abad, A.; Corma, A.; García, H. Bridging the gap between
homogeneous and heterogeneous gold catalysis: supported gold
nanoparticles as heterogeneous catalysts for the benzannulation
reaction. Top. Catal. 2007, 44 (1−2), 237−243.
(14) Roduner, E. Size matters: why nanomaterials are different. Chem.
Soc. Rev. 2006, 35 (7), 583−592.
(15) Wang, D.; Astruc, D. Fast-Growing Field of Magnetically
Recyclable Nanocatalysts. Chem. Rev. 2014, 114, 6949.
(16) Gawande, M. B.; Branco, P. S.; Varma, R. S. Nano-magnetite (Fe
3 O 4) as a support for recyclable catalysts in the development of
sustainable methodologies. Chem. Soc. Rev. 2013, 42 (8), 3371−3393.
(17) Zeng, T.; Yang, L.; Hudson, R.; Song, G.; Moores, A. R.; Li, C.-J.
Fe3O4 Nanoparticle-Supported Copper(I) Pybox Catalyst: Magneti-
cally Recoverable Catalyst for Enantioselective Direct-Addition of
Terminal Alkynes to Imines. Org. Lett. 2011, 13 (3), 442−445.
(18) Hudson, R.; Li, C.-J.; Moores, A. Magnetic copper-iron
nanoparticles as simple heterogeneous catalysts for the azide-alkyne
click reaction in water. Green Chem. 2012, 14 (3), 622−624.
(19) Ishikawa, S.; Hudson, R.; Masnadi, M.; Bateman, M.;
Castonguay, A.; Braidy, N.; Moores, A.; Li, C.-J. Cyclopropanation of
diazoesters with styrene derivatives catalyzed by magnetically
recoverable copper-plated iron nanoparticles. Tetrahedron 2014, 70
(36), 6162−6168.
(20) Zhou, S.; Johnson, M.; Veinot, J. G. C. Iron/iron oxide
nanoparticles: a versatile support for catalytic metals and their
application in Suzuki-Miyaura cross-coupling reactions. Chem.
Commun. 2010, 46 (14), 2411−2413.
(21) Hudson, R.; Chazelle, V.; Bateman, M.; Roy, R.; Li, C.-J.;
Moores, A. Sustainable Synthesis of Magnetic Ruthenium-Coated Iron
Nanoparticles and Application in the Catalytic Transfer Hydrogenation
of Ketones. ACS Sustainable Chem. Eng. 2015, 3, 814.
(22) Kelsen, V.; Wendt, B.; Werkmeister, S.; Junge, K.; Beller, M.;
Chaudret, B. The use of ultrasmall iron(0) nanoparticles as catalysts for
the selective hydrogenation of unsaturated C-C bonds. Chem. Commun.
2013, 49 (33), 3416−3418.
(23) Hudson, R.; Hamasaka, G.; Osako, T.; Yamada, Y. M. A.; Li, C.-
J.; Uozumi, Y.; Moores, A. Highly efficient iron(0) nanoparticle-
catalyzed hydrogenation in water in flow. Green Chem. 2013, 15 (8),
2141−2148.
(24) Hudson, R.; Riviere, A.; Cirtiu, C. M.; Luska, K. L.; Moores, A.
Iron-iron oxide core-shell nanoparticles are active and magnetically
recyclable olefin and alkyne hydrogenation catalysts in protic and
aqueous media. Chem. Commun. 2012, 48 (27), 3360−3362.
(25) Bedford, R. B.; Betham, M.; Bruce, D. W.; Davis, S. A.; Frost, R.
M.; Hird, M. Iron nanoparticles in the coupling of alkyl halides with aryl
Grignard reagents. Chem. Commun. 2006, No. 13, 1398−1400.
(26) Sonnenberg, J. F.; Morris, R. H. Evidence for Iron Nanoparticles
Catalyzing the Rapid Dehydrogenation of Ammonia-Borane. ACS
Catal. 2013, 3 (6), 1092−1102.
(27) Shi, F.; Tse, M. K.; Pohl, M. M.; Brückner, A.; Zhang, S.; Beller,
M. Tuning Catalytic Activity between Homogeneous and Heteroge-
neous Catalysis: Improved Activity and Selectivity of Free Nano-Fe2O3
in Selective Oxidations. Angew. Chem., Int. Ed. 2007, 46 (46), 8866−
8868.
(28) Rak, M. J.; Lerro, M.; Moores, A. Hollow iron oxide nanoshells
are active and selective catalysts for the partial oxidation of styrene with
molecular oxygen. Chem. Commun. 2014, 50 (83), 12482−12485.
(29) Zeng, T.; Song, G.; Moores, A.; Li, C.-J. Magnetically
Recoverable Iron Nanoparticle Catalyzed Cross-Dehydrogenative

Coupling (CDC) between Two Csp3-H Bonds Using Molecular
Oxygen. Synlett 2010, 2010 (13), 2002−2008.
(30) Zeng, T.; Chen, W.-W.; Cirtiu, C. M.; Moores, A.; Song, G.; Li,
C.-J. Fe3O4 nanoparticles: a robust and magnetically recoverable
catalyst for three-component coupling of aldehyde, alkyne and amine.
Green Chem. 2010, 12 (4), 570−573.
(31) Hudson, R. Copper Ferrite (CuFe2O4) Nanoparticles. Synlett
2013, 24 (10), 1309−1310.
(32) Kantam, M. L.; Yadav, J.; Laha, S.; Jha, S. Synthesis of
Propargylamines by Three-Component Coupling of Aldehydes,
Amines and Alkynes Catalyzed by Magnetically Separable Copper
Ferrite Nanoparticles. Synlett 2009, 2009 (11), 1791−1794.
(33) Hudson, R.; Ishikawa, S.; Li, C.-J.; Moores, A. Magnetically
Recoverable CuFe2O4 Nanoparticles as Highly Active Catalysts for
Csp3-Csp and Csp3-Csp3 Oxidative Cross-Dehydrogenative Coupling.
Synlett 2013, 24 (13), 1637−1642.
(34) Anil Kumar, B. S. P.; Harsha Vardhan Reddy, K.; Madhav, B.;
Ramesh, K.; Nageswar, Y. V. D. Magnetically separable CuFe2O4 nano
particles catalyzed multicomponent synthesis of 1,4-disubstituted 1,2,3-
triazoles in tap water using ‘click chemistry’. Tetrahedron Lett. 2012, 53
(34), 4595−4599.
(35) Li, C.-J.; Moores, A.; Ishikawa, S.; Hudson, R. Ligand Modified
CuFe2O4 Nanoparticles as Magnetically Recoverable and Reusable
Catalyst for Azide-Alkyne Click Condensation. Heterocycles 2012, 86
(2), 1023−1030.
(36) Kantam, M. L.; Yadav, J.; Laha, S.; Srinivas, P.; Sreedhar, B.;
Figueras, F. Asymmetric Hydrosilylation of Ketones Catalyzed by
Magnetically Recoverable and Reusable Copper Ferrite Nanoparticles.
J. Org. Chem. 2009, 74 (12), 4608−4611.
(37) Kumar, A. S.; Reddy, M. A.; Knorn, M.; Reiser, O.; Sreedhar, B.
Magnetically Recoverable CuFe2O4 Nanoparticles: Catalyzed Syn-
thesis of Aryl Azides and 1,4-Diaryl-1,2,3-triazoles from Boronic Acids
in Water. Eur. J. Org. Chem. 2013, 2013 (21), 4674−4680.
(38) Panda, N.; Jena, A. K.; Mohapatra, S.; Rout, S. R. Copper ferrite
nanoparticle-mediated N-arylation of heterocycles: a ligand-free
reaction. Tetrahedron Lett. 2011, 52 (16), 1924−1927.
(39) Zhang, R.; Liu, J.; Wang, S.; Niu, J.; Xia, C.; Sun, W. Magnetic
CuFe2O4 Nanoparticles as an Efficient Catalyst for C-O Cross-
Coupling of Phenols with Aryl Halides. ChemCatChem 2011, 3 (1),
146−149.
(40) Swapna, K.; Murthy, S. N.; Jyothi, M. T.; Nageswar, Y. V. D.
Nano-CuFe2O4 as a magnetically separable and reusable catalyst for
the synthesis of diaryl/aryl alkyl sulfidesvia cross-coupling process
under ligand-free conditions. Org. Biomol. Chem. 2011, 9 (17), 5989−
5996.
(41) Swapna, K.; Murthy, S. N.; Nageswar, Y. V. D. Magnetically
Separable and Reusable Copper Ferrite Nanoparticles for Cross-
Coupling of Aryl Halides with Diphenyl Diselenide. Eur. J. Org. Chem.
2011, 2011 (10), 1940−1946.
(42) Liang, M.; Fan, K.; Pan, Y.; Jiang, H.; Wang, F.; Yang, D.; Lu, D.;
Feng, J.; Zhao, J.; Yang, L.; Yan, X. Fe3O4 magnetic nanoparticle
peroxidase mimetic-based colorimetric assay for the rapid detection of
organophosphorus pesticide and nerve agent. Anal. Chem. 2013, 85 (1),
308−312.
(43) Hudson, R.; Luska, K. L. Recording Tutorials To Increase
Student Use and Incorporating Demonstrations To Engage Live
Participants. J. Chem. Educ. 2013, 90 (5), 527−530.
(44) Notes: TMB is light sensitive, so it should be stored in a dark
location. Additionally, in the absence of a catalyst, the oxidation of
TMB can proceed slowly if exposed to visible light. Therefore, blank
solutions should be prepared just prior to or during the demonstration,
but the reactions do not need to be run in the dark because the visible-
light promoted oxidation occurs significantly slower than the catalyzed
reaction. The effect of pH is limited to the hue of the color change
reaction, but the demonstration was otherwise effective when run under
acidic, neutral, and basic conditions.

Journal of Chemical Education Demonstration

DOI: 10.1021/acs.jchemed.5b00106
J. Chem. Educ. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.jchemed.5b00106

