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Abstract

Radiator sludge is caused by hydrothermal corrosion
of ferrous metals that make up the system, with more
than 98 % being magnetite Fe;O4 (e.g., magnetite
sludge). When hot circulating water reacts with
metals such as the steel inside radiator, the build-up
of sludge can be costly, leading to heating
inefficiency or system breakdown through pipes

blockage. Therefore, the sludge must be removed
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from radiator on a regular basis, ending up as waste
to the environment without any further use. Taking
into account the numerous applications of magnetic
iron oxides, as well as the vast number of installed
radiators existing worldwide, it becomes apparent
that magnetite sludge makes a considerable yet cheap
waste meriting further attention towards practical
applications. In this work, we isolate and characterize

magnetite sludge from radiator, providing evidence
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about the magnetic nature of the iron oxide phase for
the first time. Following, we exploit the sludge as
sorbent material towards hydrogen sulfide H,S
removal. Due to trace amounts of catalytic elements
in the sample from the steel body of radiator, this
shows a high removal capacity of 2.68 mmol H,S per
gram of sorbent at room temperature, thus surpassing
literature-reported values of synthetic magnetite
Fes04 nanoparticles (0.1-1.5 mmol H,S per gram of
sorbent in the range 30-120 °C). This finding is
important taking into consideration that there is an
ever-increasing need towards an efficient removal of
hydrogen sulfide H,S at room temperature by low-

cost sorbents.

Keywords: Magnetite; Radiator sludge; °'Fe
Maossbauer spectroscopy; Magnetic iron oxides;

Hydrogen sulfide sorption

1. Introduction

Magnetite FesO, is a term used in plumbing to
describe the black iron oxide sludge often seen in
radiator water. The solid derives from hydrothermal
corrosion of the steel body of radiator by hot
circulating water (3 Fe + 4 H,O 2> Fe304 + 4 Hy),
and as it builds-up, creates a number of potential
problems, such as blockages and reduction in heating
efficiency. In order to ensure a steady operation and
avoid system breakdown, the sludge has to be
removed usually by venting/flushing. In this case, the
obtained blackish water containing suspended
magnetite FesO, particles is right after discarded
without any further use. Although radiator sludge is
known among technicians, no report in the literature
deals or even discusses on the structural features and
application aspects of this inexpensive waste

material. This is quite surprising when considering
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that magnetite Fe;O,4 holds numerous applications in
magnetic recording, pigments, catalysis, ferrofluids,
biomedicine and wastewater treatment [1-6]. In
striking contrast, other iron-rich wastes, such as red
mud, have been extensively studied and explored
instead, as for instance in construction industry,
catalysis or environment [7-11]. In the case of red
mud one may argue that this is a massive and cheap
byproduct of worldwide aluminum production;
nevertheless, since there is an enormous number of
globally installed radiators in houses, hotels, working
places etc., the amount and low cost of magnetite
sludge that could be potentially collected should not
be neglected, albeit rough estimates are missing from
the literature. Hydrogen sulfide H,S is a smelly,
irritating and corrosive contaminant present in crude
petroleum, natural gas and biogas. It is also found as
a pollutant in air due to the hydrolysis of metal
sulfides rocks, anaerobic respiration, rotten
vegetation and hydrodesulfurization of gasoline.
Therefore, the removal of hydrogen sulfide H,S from
fuel sources or air has become a great necessity, and
to this aim, several inexpensive materials and
methods have been developed in this context [12-14].
Among them, nanostructured iron oxides, including
magnetite FesO,, are potential sorbents for
desulfurization, due to their low cost and good
sorption properties, the latter based on the surface
chemical reaction between hydrogen sulfide H,S and
iron oxide towards the formation of iron sulfide FeS.
In addition, it is possible to regenerate the sorbent by
mild heating of the iron sulfide layer in air (4 FeS + 7
0, 2> 2 Fe,03 + 4 SO,) [15-21]. However, still
remains a great challenge to achieve better removal
capacities at low temperature, preferably at room
temperature. This is mainly due to the fact that the

involved chemisorption phenomena between iron
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oxide and hydrogen sulfide H,S are generally favored
at high temperature due to kinetical barriers. Based
on these grounds, herein we have isolated and
characterized magnetite sludge from radiator for the
first time. The structure, composition, size and
morphology of the isolated solid were confirmed by
X-ray diffraction, X-ray fluorescence, atomic force
microscopy, °'Fe Mdssbauer spectroscopy and
magnetic measurements. The iron oxide waste was
tested in hydrogen sulfide H,S removal, showing
much better sorption capacity at room temperature
than that of literature-reported synthetic magnetite
Fe;O, nanoparticles in the range 30-120 °C. The
better performance in this case is mainly ascribed to
the catalytic presence of trace elements in the sludge
from the steel body of radiator. The low cost and
relatively high removal capacity of magnetite sludge
make this waste an appealing sorbent towards

hydrogen sulfide H,S removal at low temperatures.

DOI: 10.26502/ jnr.2688-85210032

2. Materials and Methods

Radiator sludge was isolated from the blackish water
collected through venting by centrifugations and
washings with water and acetone prior to drying.
Every liter of blackish water afforded 0.5-1 g of
sludge in the form of a strongly magnetic black solid
(N, BET specific surface area = 10 m? g%). It is
important to note that the amount of magnetite sludge
within radiator is even greater than that isolated by
venting, as most of the solid tends to build up at the
bottom of the metallic body. The sitting sludge can
be fully collected only after disconnecting and
draining the whole metallic body or through pump
power flushing. A handmade apparatus, the flow
chart of which is depicted in Scheme 1, was used for
hydrogen sulfide H,S removal evaluation. Adsorption
experiments were conducted in a 4 mm inner
diameter stainless steel 316 reactor at atmospheric

pressure and ambient temperature 25 °C.

HiS Scrubbers

J
X o

I NaOH solution (dSOa solution

@ R

GBV: Gas Ball Valve
GFM: Gas Flow Meter

Scheme 1: Handmade experimental apparatus for hydrogen sulfide H,S sorption experiments.

Breakthrough measurements were carried out under
the following conditions. The inlet hydrogen sulfide
H,S concentration was C;, = 53 ppm in a mixture
with high purity argon gas (> 99.999 %). The height
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of the sorbent bed was 3.3 cm and the contained
sorbent mass was 0.5411 g. A schematic illustration
of inlet-outlet streams and of a breakthrough curve is

illustrated in Scheme 2.
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Scheme 2: Schematic illustration of the experimentally developed breakthrough curve.

The volumetric gas flow rate was I'{gas =943 mL
min™ while the gas hourly space velocity was GHSV
= 1853 h™. The outlet hydrogen sulfide H,S
concentration was measured continuously using an
Xgard Bright gas detector instrument provided by
CROWCON Ltd. and recorded using an akYtec
MSD200 data logger provided by akYtec GmbH. The
breakpoint time was considered as the time elapsed
until the hydrogen sulfide H,S outlet concentration
reached 5 % of the inlet concentration. The
breakthrough q(t,) and the saturation q(ts) sorption
capacity were calculated according to equation 1
which was proposed by Castrillon et al. [22].

q(®) = o [I.{gas . fot (1 - @) ~dt—e- Vads] 1)

1000'mgqgs Cin

where Ci, (mgws L) is the hydrogen sulfide H,S
concentration in the inlet stream, m,ys (g) is the
adsorbate mass, Vgas (mL min?) is the gas stream
flow rate, C(t) (Mmgwzs L™) is the hydrogen sulfide
H,S concentration in the outlet stream, t (min) is the
time passed since the gas flow started, ¢ is the sorbent
bed porosity, and V4 (mL) is the sorbent bed bulk
volume. X-Ray Diffraction (XRD) was conducted on
background-free Si wafers using Cu Ka radiation
from a Bruker Advance D8 diffractometer. Elemental

analysis was performed using radioisotope-induced
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X-ray Fluorescence (XRF) spectroscopy. Annular
radioisotopic *°Cd and ?**Am sources were used for
sample excitation, fixed coaxially above a Si(Li)
detector in a 2n geometry. Atomic Force Microscopy
(AFM) images were obtained in tapping mode with a
Bruker Multimode 3D Nanoscope (Ted Pella Inc.)
using a microfabricated silicon cantilever type TAP-
300G, with a tip radius of < 10 nm and a force
constant of approximately 20-75 N m?™. 5Fe
Madssbauer spectrum was collected in transmission
geometry at 300 K using constant-acceleration
spectrometers, equipped with *’Co(Rh) sources kept
at room temperature. Velocity calibration of the
spectrometers was carried out using metallic o-Fe at
300 K and all I1somer Shift (IS) values are given
relative to this standard. The experimentally recorded
spectra were fitted and analyzed using the IMSG
code [23]. Magnetic measurements in powdered form
(e.g., magnetization M versus applied magnetic field
H) were carried out at room temperature using a
Vibrating Sample Magnetometer (VSM) Lakeshore
model 7300.

3. Results and Discussion
The XRD pattern of radiator sludge is presented in
Figure 1. The pattern exhibits well defined and

relatively sharp diffraction peaks, indicating high
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crystallinity for the sample. In particular, the
diffraction peaks at 18.4, 30.2, 35.6, 43.2, 57.2 and
62.6 degrees 20, correspond to the atomic diffraction
planes of the ferrimagnetic spinel-type structure of
either magnetite Fe;O, or maghemite y-Fe,O; (ICDD
PDF 00-019-0629 or 00-039-1346 respectively) [24],
both sharing similar XRD patterns. Nevertheless, by

DOI: 10.26502/ jnr.2688-85210032

elucidating information about the exact nature of the
iron oxide phase present in the sample is provided
below using *>'Fe Mdssbauer spectroscopy. Lastly, the
average crystalline domain size of the iron oxide
spinel-type phase in the sample was approximately
estimated via the Scherrer formula [25] to be 34 nm,

as derived from the diffraction peaks with the larger

a closer look at the diffraction peaks, these seemed to intensities.
better match the magnetite FesO, phase. More
(311) ——WR
—— maghemite
—— magnetite
3
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2
2
o) (440)
[
= (220) (400) (511)
(111) (533)

10 20 30 40
2 theta (degrees)

50 60 70 80

Figure 1: XRD pattern of radiator sludge. The peak positions of the magnetite and maghemite spinel-type phases

taken from the corresponding ICDD pdfs and the Miller indices (hkl) of the corresponding atomic diffraction planes

for the magnetite phase are also included.

The qualitative elemental composition of radiator
sludge was determined by means of XRF
spectroscopy. The prevailing characteristic elemental
energies that compensate for the displaced electrons
from their atomic orbital positions are registered in
Figure 2. From this spectrum the element of iron (Fe)

possesses the greatest contribution; residual or
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additive elements from the steel body of radiator, like
Copper (Cu), Zinc (Zn), Manganese (Mn), Chromium
(Cr) and Titanium (Ti), were additionally observed in
the sample, however, to a less extent. Particularly the
presence of Cu, Zn and Cr in the sample may
assisting its hydrogen sulfide H,S removal capacity at

room temperature, as it is discussed below.
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Figure 2: XRF spectrum collected from radiator sludge.

AFM images were also collected in order to study the
morphological properties and interconnection of the
particles present in the sample (Figure 3).
Accordingly, the sludge presented a uniform spatial
distribution of roughly spherical shaped particles
with a particle size distribution attributed to particles
with average diameter of 17 nm. This average
particle size was less but comparable to the average
crystallite size obtained above from X-rays and the
approximate Scherrer formula (34 nm). The observed
discrepancy is common in the literature and mainly

stems from the fact that XRD does not distinguish

(O]

Journal of Nanotechnology Research

between particle and grain sizes, especially when
strong aggregation forces occur between particles
towards large grains. Indeed, AMF confirmed the
presence of such aggregates as a result of strong
magnetic interactions between individual particles.
Figure 4 characteristically shows a massive cluster of
aggregated particles with thickness of 155 nm.
Although such extremely large clusters were rarely
observed in the sample, this information is indicative
of the strong tendency of the magnetic particles to

form large agglomerates.

Section Analysis

A
17.66 nm

L J
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Figure 3: (a) AFM image of single particles in radiator sludge; (b,c) the morphology and size of the particles are

more distinguished along with the performed cross section analysis of a particle; (d) particle size distribution based

on statistical analysis of several numbers of particles.

= 155.14nm

s =

Figure 4: (a) AFM image of an aggregated cluster in radiator sludge; (b) morphology and angular position of the

cluster; (c) performed cross section analysis of the cluster.

The nature of the iron-containing phase in the sample
was conclusively elucidated by means of the atomic-
57|:e

spectroscopy. The *’Fe Méssbauer spectrum of the

level-probing  technique  of Madssbauer
sample recorded at room temperature (300 K) is
shown in Figure 5. The corresponding hyperfine
parameters are listed in Table 1. It is well known that
magnetite Fe;O, adopts the inverse spinel-type
structure [Fe**(Fe**Fe?")0%,] yielding a spectrum at
room temperature which is composed of a
superposition of contributions corresponding to iron

ions in different crystallographic sites (A and B), as

Journal of Nanotechnology Research

well as in different electron valence states (Fe** and
Fe®* respectively) [26]. At temperatures above
Tverway = 119 K (for bulk magnetite Fe;0,) the iron
ions (Fe** and Fe®") in the B sites of the crystal lattice
are in an electron hopping state, making preferable to

consider them as Fe?%*

ions, which could account for
a sextet with assimilated intensity in the spectrum
[27-29]. Thus, one sextet accounts for Fe*" ijons in the
A sites and one sextet corresponds to Fe*** jons in
the B sites of the crystal lattice. These components

are dominating the spectrum.
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Figure 5: Mossbauer spectrum of radiator sludge at room temperature (300 K).

ABys Or
Site-Phase (mlri 9 (mrrf/s) %?1 ?nrlsz)s (knge) ABp< ?I:fz;{l)}hf>8hf A (%) | Color
Ma?g?;;:gsFes+ 028 | 018 | -001 | 498 3/0 36 | Brown
Maghettie §e2'5+ 068 | 022 | 005 | 478 12/0 46 | Green
SPN;:;PM 0.38 0.11 0.51 0 0 1 Magenta
Coﬁggiier‘t?tfhf 050 | 0.4 -0.01 488 114/0 17 Cyan

Table 1: Mossbauer parameters of radiator sludge collected at room temperature (300 K). IS is the isomer shift

(relative to a-Fe at 300 K), I'/2 is the half line-width, QS is the quadrupole splitting, 2¢ is the quadrupole shift, Bhf

is the central value of the hyperfine magnetic field, ABys is the spreading of By and A is the relative spectral

absorption area of each component, assignment and color of which are discussed in the text. Typical errors are
0.02 mm/s for IS, T'/2, 2¢ and QS, =+ 3 kOe for Bys and + 5 % for A.

Analyzing further the Mdssbauer parameters of these
the Fe**
absorption area (A) of 36 %

components, component acquires an

(brown color

component) and the Fe?**

component of 47 % (green
color component). The ratio A(Fe**)/A(Fe***) = 0.77
is quite different from the nominal 0.5 expected for
magnetite FesO,, indicating that the corresponding
stoichiometry is shifted towards an oxidized version
of non-stoichiometric magnetite (Fe;,O4) for the

phase represented by these components. Moreover,
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the shape of the resonant absorption lines of these
components contains an asymmetric broadening with
increased spreading towards the inner (regarding the
velocity scale) side, or lower hyperfine magnetic
fields (Byy) of the lines, which is characteristic feature
for the presence of superparamagnetic relaxation due
to the reduced particle sizes of this phase in the
sample, in comparison to the narrow and symmetric
resonant lines observed for bulk magnetite Fe;O,4 [30,

31]. In addition, in the case of magnetite Fe3O,
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particles in the nanosized range, there are some
features that distinguish the nanodispersed from the
bulk crystals. In particular, the contribution from the

surface Fe?%*

ions play a significant role in the case
of nanoparticles. This contribution, called the
“surface factor” [26, 27, 30], is important and
acquires size-dependent characteristics. For example,
magnetite Fe;sO, nanoparticles on the order of 10 nm
exhibit Tyewasy above 300 K and hence no electron

25 jons can be observed in the

hoping of Fe
Massbauer spectrum. In our case, the observation of
Fe?** jons indicates the presence of particles with
average size above 10 nm. A third magnetically split
component (cyan color component), also with very
asymmetrically broadened resonant lines and
collapsing By characteristics, as well as a minor
quadrupole split component (magenta color
component) is required to be included in the fitting
model to account for the increased asymmetry of the
outer resonant lines and the minor contribution in the
center of the spectrum, respectively. The parameters
of these components fall in the range of the average
values for the corresponding parameters of the A and
B site magnetically split components. The features
described above reveal a system of magnetite Fe;O,4
particles that experience different types of
superparamagnetic relaxation effects; the larger in
size particles acquire “bulk” characteristics with slow
superparamagnetic relaxation, while the smaller one
experience faster superparamagnetic relaxation at

room temperature.

At this point it should be mentioned that maghemite
v-Fe,Os-which shares a similar XRD pattern with

magnetite Fe;O4-presents an entirely different

Journal of Nanotechnology Research
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Madssbauer spectrum at room temperature, which is
also characterized by two sextets, one for the Fe**
ions on the tetrahedral A-sites and one for the Fe***
ions on the octahedral B-sites. However, the acquired
hyperfine  parameters of the two sextets
corresponding to the maghemite y-Fe,O; phase are IS
= +0.23 mm/s, QS = 0.00 mm/s and By = 500 kOe
and IS = +0.35 mm/s, QS = 0.00 mm/s and B; = 500
kOe, respectively for each sextet. Thus, the
Madssbauer hyperfine parameters between maghemite
v-Fe,O; and magnetite Fe;O, particles at room
temperature differ significantly from each other.
Furthermore, at room temperature, magnetite Fe;O,
and maghemite y-Fe,O; exhibit well defined
magnetic hyperfine splitting (sextets) only for
particles with a diameter larger than 15 nm; for
smaller ones, low temperatures are needed to slow
down the superparamagnetic relaxation of these iron
oxide phases [32]. In the present case, the appearance
of magnetically split components (sextets) in the *'Fe
Massbauer spectrum confirms the existence of
particles with sizes above 15 nm in accordance with
the X-ray and AFM results. Magnetite sludge was
strongly attracted by Nd-magnet. Quantitative
information on the magnetic properties of the sample
was unfolded through its magnetization M versus
magnetic field H measurement at room temperature.
This measurement appears in Figure 6 and reveals, as
expected, a material with ferrimagnetic character
showing a saturation magnetization of Mg = 79.7
emu/g and coercive field of Hc = 99 Oe (inset). The
typical values of the corresponding parameters for
bulk magnetite Fe;O, are Mg = 93 emu/g and He = 4
Oe, while for magnetite FesO,4 nanoparticles the Mg
value is 85 emu/g and the Hc 11 Oe [33, 34].
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Figure 6: Hysteresis loop of radiator sludge at room temperature.

The decreased Mg value of the sample is attributed to
the shifted stoichiometry and the reduced sizes of the
magnetite Fe;O,4 particles, as well as the distribution
of their sizes, as evidenced by the *’Fe Méssbauer
spectroscopy measurements. Furthermore, the origin
of the sample must be considered. Even though
radiator sludge is consisted dominantly by magnetite
Fes04 nanoparticles, it is important to note that there
are also some non-ferrimagnetic residuals that affect
the magnetic properties of the sample, such as the
non-ferrous elements detected by XRF in Figure 2. In
addition, magnetite Fe;O, is generally prone to
surface oxidation towards the formation of a thin y-
Fe,O5 layer that could further decrease the magnetic
performance of the sample. On the other hand, the
increased coercivity value might be the result of
magnetite doping with the non-ferrous elements (e.g.,
zinc-doped magnetite) [35], which tend to create
local structural distortions, such like grain
boundaries, twinning or extortions, that induce shape
anisotropy through change in the aspect ratio of the
crystal structure. The magnetite sludge was following
tested in hydrogen sulfide H,S removal as described

in the materials and methods section. According to
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the experimental results shown in Figure 7, the
breakthrough time was equal to t, = 97.79 min while
the saturation time was equal to t; = 100.02 min.
Breakthrough and saturation capacities were
calculated using equation 1 at 25 °C and found 90.3
MOH2s/0ags (1€, 2.65 mmolyps/gaes) and 91.4
MQH2s/Jags (i.€., 2.68 mmoly,s/gags) respectively. For
reasons of comparison, Table 2 indicatively shows
the removal capacities of some standard materials
from the literature in the temperature range 30-120
°C. Apparently, the performance of magnetite sludge
at 25 °C is better than that of synthetic magnetite
Fe;O, nanoparticles, iron oxides Fe,O; and iron
oxide-modified activated carbon Desorex® in the
temperature range 30-120 °C. Considering that
magnetite sludge is a raw waste material that has not
undergone any further treatment, as well as that
sorption experiments have been carried out at 25 °C,
the removal capacity of 2.68 mmol H,S per gram of
sorbent at room temperature is quite a promising
result. Moreover, this value could be further
increased by increasing temperature, thus favoring
stronger chemical bonding and reaction between the

iron oxide sorbent and hydrogen sulfide H,S. As
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mentioned earlier, magnetite sludge contains residual
or additive elements from the steel body of radiator
(e.g., Zn, Cu and Cr). These elements can strongly
withhold
solubility

small
the

sulfur through the extremely
(KSP) Of
corresponding sulfides. In fact, the K, values for ZnS
(2.0x10%), CuS (1x10°%) and Cr,S; (1x10) are

orders of magnitude smaller than that of FeS (4.9 x

product constants

10%®), thus further assisting hydrogen sulfide H,S
retention in the form of highly insoluble metal

sulfides. Interestingly, the better catalytic activity of

1.0
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magnetite sludge over synthetic magnetite FesO,
(e.g., from Aldrich) was tested by a simple chemical
experiment, namely the catalytic decomposition of
hydrogen peroxide H,0,. To this aim, 200 mg of
magnetite sludge or commercial magnetite Fe3O,
were placed in a test tube and 2 mL 30 % viv
hydrogen peroxide H,O, (Supelco) were added. It
was observed that frothing due to catalytic
decomposition of hydrogen peroxide H,O, into O,
gas was significantly higher in the case of magnetite

sludge, thus suggesting its better catalytic activity.

0.9 4
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Figure 7: Experimental results for the breakthrough curve of magnetite sludge at 25 °C.

Breakthrough

Sample T capac. Overall capac. SgeT Ref.

Code (°C) (MMoOly2s/Gads) (MmOlio5/Jads) (m’g™)
Fe,03 30 0.02 - 5 [16]
Fe,0; 120 0.24 - 5 [16]
Fes04 30 0.07 - 26 [16]
Fes0, 120 1.48 - 26 [16]
Desorex K43- 30 258 8.6 1005 [22]
Desorex K43-Fe 30 0.82 12 952 [22]
Desorex K43Na 30 4.58 8.2 815 [22]
Magnetite 25 2 65 268 10 [this
sludge work]

Table 2: Breakthrough and overall hydrogen sulfide H,S removal capacities of different materials under various

sorption process conditions.
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4. Conclusions

Magnetite sludge is an iron oxide waste product
formed within radiator body by the reaction of steel
metal with circulating hot water. As the sludge builds
up over time, it causes a number of technical
problems in the operation of the system, such as low
heating efficiency and blockage of pipes, leading to
system breakdown. Hence, the sludge must be
removed from radiator in order to maintain the
system; nevertheless, the isolated sludge is often
discarded to the environment without any further use.
Since magnetite Fe;0, is an inexpensive yet valuable
technological material present in large quantities
inside radiator bodies, herein we have acknowledged
for the first time that magnetite sludge is an important
source of cheap waste that is worth converting to a
valuable product. The magnetite sludge isolated from
radiator was characterized by XRD, XRF, AFM, *'Fe
Massbauer spectroscopy and magnetic
measurements, providing evidence for the structure
and morphology of the iron oxide phase. Following,
the performance of magnetite sludge as sorbent for
hydrogen sulfide H,S removal was investigated. The
sludge_exhibited a quite efficient removal capacity of
2.68 mmol H,S per gram of sorbent at room
temperature, probably due to the presence of residual
or additive elements from the steel body of radiator
that might act catalytically in the process. Overall,
magnetite sludge appears as an attractive, low cost
and efficient sorbent towards hydrogen sulfide H,S
removal at 25 °C, thus surpassing synthetic magnetite
FesO4 nanoparticles in the literature with values of
0.1-1.5 mmol H,S per gram of sorbent at 30-120 °C.
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