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Abstract: Nanoparticle additives increase the thermal conductivity of conventional heat transfer
fluids at low concentrations, which leads to improved heat transfer fluids and processes. This study
investigates lignin-coated magnetic nanocomposites (lignin@Fe3O4) as a novel bio-based magnetic
nanoparticle additive to enhance the thermal conductivity of aqueous-based fluids. Kraft lignin was
used to encapsulate the Fe3O4 nanoparticles to prevent agglomeration and oxidation of the magnetic
nanoparticles. Lignin@Fe3O4 nanoparticles were prepared using a pH-driven co-precipitation method
with a 3:1 lignin to magnetite ratio and characterized by X-ray diffraction, FT-IR, thermogravimetric
analysis, and transmission electron microscopy. The magnetic properties were characterized using
a vibrating sample magnetometer. Once fully characterized, lignin@Fe3O4 nanoparticles were
dispersed in aqueous 0.1% w/v agar–water solutions at five different concentrations, from 0.001%
w/v to 0.005% w/v. Thermal conductivity measurements were performed using the transient line heat
source method at various temperatures. A maximum enhancement of 10% in thermal conductivity
was achieved after adding 0.005% w/v lignin@Fe3O4 to the agar-based aqueous suspension at
45 ◦C. At room temperature (25 ◦C), the thermal conductivity of lignin@Fe3O4 and uncoated Fe3O4

agar-based suspensions was characterized at varying magnetic fields from 0 to 0.04 T, which were
generated using a permanent magnet. For this analysis, the thermal conductivity of lignin magnetic
nanosuspensions initially increased, showing a 5% maximum peak increase after applying a 0.02 T
magnetic field, followed by a decreasing thermal conductivity at higher magnetic fields up to
0.04 T. This result is attributed to induced magnetic nanoparticle aggregation under external applied
magnetic fields. Overall, this work demonstrates that lignin-coated Fe3O4 nanosuspension at low
concentrations slightly increases the thermal conductivity of agar aqueous-based solutions, using a
simple permanent magnet at room temperature or by adjusting temperature without any externally
applied magnetic field.

Keywords: lignin@Fe3O4; lignin nanocomposites; thermal conductivity measurements; magnetic
nanoparticles; lignin; transient line heat source method

1. Introduction

Heat transfer is a crucial phenomenon encountered in many devices, such as power
generators, solar thermal systems, high-energy laser optics, electronic cooling devices,
and heat exchangers [1,2]. Enhancing the thermal performance of such systems is crucial
from an energy-saving perspective, which could be achieved by improving the thermal
conductivity of conventional heat transfer fluids used on a larger industrial scale [1–5]. Over
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the past three decades, several studies have approached this effort by dispersing metallic
nanoparticles in fluids, demonstrating an increase in thermal conductivity compared to the
carrier fluid [6,7]. Examples of such nanoparticle types include Fe3O4, silver oxide, and
gold nanoparticles. In addition, the surface-to-volume ratio of nanoparticles potentially
boosts contact with the fluid, reflecting enhanced thermal properties [8,9].

Experimental studies coupled with theoretical analyses, mathematical models, and
computer simulations help to explain possible enhancement mechanisms or the abnormal
behavior observed for the thermal conductivity of nanofluids [10]. For instance, Maxwell’s
classical model considered a dilute spherical particle suspension to increase thermal con-
ductivity while ignoring the interactions among the particles [2]. Conversely, the dynamic
model considers magnetic nanoparticles’ random motion leading to the macromixing effect.
This model concluded that the Brownian motion of the particles due to micromixing, clus-
tering under a magnetic field, and improved heat conduction are the common mechanisms
that enhance the fluid thermal conductivity [10]. Among metallic nanoparticles suspended
in fluids, ferrofluids have unique features due to the ability to tailor the thermomagnetic
convection by altering the carrier fluid properties, magnetic field, and temperature [11]. In
addition, iron oxide has unique features such as biocompatibility, biodegradability, and
superparamagnetic properties since these are used in many biomedical, environmental,
and engineering applications [12]. It is one of the few nanoparticles the FDA has approved
for research in cancer drug delivery, the water purification process, and many other in-
dustries to build an energy-efficient device [13,14]. Magnetite nanoparticles (Fe3O4) are of
great interest due to technological applications in high-density magnetic recording media,
catalysts, and clinical uses due to their superparamagnetic properties, higher adsorption
ability, and surface functionalization capabilities [15]. Due to these unique characteristics,
Fe3O4 nanoparticle-based nanocomposites are used to increase the thermal conductivity of
traditional fluids. However, although Fe3O4 nanoparticles have appealing characteristics,
such particles tend to aggregate more due to the strong van der Waals interaction between
the particles [15,16]. Coating nanoparticles using various polymeric or biological materials
is one of the potential solutions to prevent aggregation. Many studies have been performed
using these Fe3O4-based nanocomposites on the requirements in biomedical research and
clinical use [17]. These nanocomposites can change the magnetic behavior, pH, and stability
within the suspension, which ultimately increases the thermal conductivity of colloidal
nanosuspension in the presence of the magnetic field [18].

Lignin is a common sustainable polymeric material that could be utilized to fabricate
sustainable nanocomposites. Among lignin, Kraft lignin is a natural heterogeneous poly-
mer that accounts for 15–30% of the total plant biomass. The structural analysis of Kraft
lignin provides evidence of a higher number of phenolic groups, which helps protect Fe3O4
nanoparticles against agglomeration and oxidation [19]. In addition, Kraft lignin contains
aliphatic thiol and a higher amount of sulfur content, which helps create a hydrophobic
nature of the lignin [20]. Due to the presence of aromatic rings with hydroxyl and methoxy
functional groups, the oxidation propagation reaction can be terminated through hydrogen
donation, resulting in the antioxidant properties of the lignin [20]. It is highly attractive as a
ligand coating due to its hydrophobic nature, antioxidant properties, low cost of synthesis,
and low toxicity. Lignin-based hybrid magnetic nanocomposites have exhibited a better
adsorption rate using an external magnetic field due to good superparamagnetic proper-
ties [18,21]. Due to higher magnetic properties and a higher dispersion rate, lignin-based
Fe3O4 nanocomposites are suitable agents that could enhance the thermal conductivity of
traditional heat transfer fluids under different conditions [17,18,21].

Measuring the thermal conductivity of the low-viscosity fluids and aqueous suspen-
sions at different temperatures presents significant challenges and limitations due to free
convective heat transfer, e.g., particle settling over time makes the fluid unstable. Using
more viscous carrying fluids such as agar stabilizes the particles and prevents them from
settling, enabling thermal conductivity measurements. For example, Ebrahimi et al. [22]
compared the accuracy of thermal conductivity measurements of water and an ethylene gly-
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col/water solution stabilized by agar at different concentrations. The prepared nanofluid
with agar showed high accuracy (within ±2% of those predicted by the Maxwell model).
Hence, selecting the carrier fluid when the thermal conductivity properties of nanocompos-
ite suspensions are measured is a critical aspect that needs to be considered.

In addition to selecting the nanoparticle type, the carrier fluid, and the nanoparticle
concentration, the stabilizing coating or surfactant plays a important role in the nanocom-
posite’s capability to enhance the thermal conductivity of a suspension. For example,
magnetic nanosuspensions of Fe3O4 dispersed in a tetramethyl ammonium hydroxide
solution have shown a maximum 11.5% thermal conductivity enhancement at 313.15 K and
a 3 vol % concentration [23]. Recently, Sahu et al. reported the effect of using multiple sur-
factants for the stabilization of Fe3O4 nanoparticles on heating potentials [24]. Their results
showed that the heating efficacy varied based on the different coatings, proving potential
for clinical applications. Ternary magnetic nanocomposites comprised of reduced graphene,
titanium dioxide, and Fe3O4, showed thermal conductivity enhancements of up to 13.3% at
333.15 K [25]. Polymers are also attractive coating materials for inorganic nanoparticles,
which generate nanocomposites with enhanced thermal conductivity capable of performing
as thermal interface materials for thermal management applications [26]. Bimetallic iron
nanocomposites have also shown enhanced magnetic characteristics at different tempera-
tures [27]. However, to our knowledge, there is a lack of thermal conductivity studies of
bio-based polymer nanocomposites, including lignin@Fe3O4.

This experimental study seeks to obtain a better understanding of the effective thermal
conductivity enhancement of agar-based aqueous suspensions using magnetite nanopar-
ticles with and without lignin functionalization. Both magnetic nanoparticle types were
dispersed in agar-based aqueous solutions to avoid convective effects, generally observed
in water, to optimize the thermal conductivity measurements. Additionally, previous stud-
ies highlight the importance of using permanent magnets to tune the magnetic response of
aqueous suspensions, including a low-cost magnetic field generation without a continuous
energy supply [28] and enhanced pollutant adsorption removal rates from aqueous solu-
tions [29]. Hence we also seek to better understand thermal conductivity measurements
using rare Earth permanent magnets. In this study, the thermal conductivity of aqueous
lignin@Fe3O4 agar-based suspensions are studied as a function of concentration, external
magnetic field, or temperature. We discuss aspects related to the stability of the colloidal
suspension under non-uniform magnetic fields generated when exposing the suspension
to permanent magnets and their effect on the thermal conductivity measurements at room
temperature. Thermal conductivity result comparisons between lignin@Fe3O4 nanopar-
ticles and uncoated Fe3O4 nanoparticles are also analyzed under no externally applied
magnetic fields for five concentrations at five different temperature conditions.

2. Materials and Methods
2.1. Materials

Kraft lignin (95% purity, 5% moisture) and ammonium hydroxide solution (28–30%)
were supplied by Sigma-Aldrich (St. Louis, MO, USA). Ultra-pure type I water (EMD water
purification system) and ACROS organics pure agar (99% pure) were used as received
without any further purification. To synthesize the Fe3O4 nanoparticles, 98% iron (II)
chloride and iron (III) chloride were utilized. A sonication bath (Branson 5800, Marshall
Scientific, Hampton, NH, USA), a high-shear mixer (Turrax T-25, Cole-Parmer, Vernon
Hills, IL, USA), and an overhead stirrer (IKA RW 20, Delft, The Netherlands) were used to
stir and homogenize the colloidal suspensions.

In this study, Fe3O4 nanoparticles were synthesized using the co-precipitation
method similar to Massart’s procedure [30], Petrie’s procedure [31], and Westphal’s
procedure [32]. The Fe3O4 nanoparticles were encapsulated with Kraft lignin solubilized
in 1 wt% ammonium hydroxide to produce a 3:1 w:w ratio of lignin@Fe3O4 nanoparticles.
The detailed procedure to synthesize lignin@Fe3O4 nanoparticles has been reported in
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our previous publications [33–35], and a summary of the procedure can be found in the
supplementary materials.

Lignin@Fe3O4 and Fe3O4 nanopowders were dispersed in 0.1% w/v aqueous agar
solutions at a concentration of 0.001% w/v, 0.002% w/v, 0.003% w/v, 0.004% w/v, and
0.005% w/v, respectively (Figures 1 and 2). The colloidal suspensions were sonicated in a
sonication bath for 4 h for complete dispersion. After 4 h of sonication, an ultrasonication
homogenizer was used for 10 min for every sample for complete dispersion. The overhead
stirrer was used for 5 min for every sample to mix the agar and nanoparticles solution.
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w/v, 0.003% w/v, 0.002% w/v, and 0.001% w/v (left-to-right) in 0.1% w/v aqueous agar solution.

2.2. Characterization Techniques

Various techniques were utilized to analyze the synthesized lignin@Fe3O4 nanoparti-
cles and pure Fe3O4 nanoparticles. Fourier transform infrared spectroscopy (FT-IR) (Nicolet
iS550 Spectrometer, Thermo Fisher Scientific, Waltham, MA, USA) was used to obtain the
chemical structure of lignin@Fe3O4 nanoparticles. Thermogravimetric analysis (TGA, Q500,
TA instruments, New Castle, DE, USA) was used to determine the thermal stability of
the nanoparticles and the percentage of lignin encapsulation at the Fe3O4 nanoparticles’
surface. The thermal analysis procedure consisted of a temperature ramp from ambient
temperature (~22 ◦C) to 800 ◦C at a ramp rate of 10 ◦C/min under constant nitrogen flow
in the sample chamber (90 mL/min).

The microscopic images of the lignin@Fe3O4 and uncoated Fe3O4 nanoparticles were
obtained using a JEOL JEM-2010F High-resolution Transmission Electron Microscope
(Nanolab technology, Milpitas, CA, USA). A dilute suspension of the samples (0.0002 wt%)
was prepared. Then, one drop of each sample was placed on one Lacey Carbon 300-mesh
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copper TEM grid and dried overnight. The dried TEM grids were then placed in the
microscope and the images were obtained. X-ray diffraction (XRD) and Rigaku Smart
XRD (Tokyo, Japan) with 40 kV voltage and 44 mA current identified the nanoparticles’
crystalline structure. The magnetic properties of the particles were characterized using a
Quantum Design Physical Property Measurement System (PPMS; San Diego, CA, USA)
with a Vibrating Sample Magnetometer (VSM) option. Each powdered sample was loaded
in a Quantum Design powder sample holder, and the loaded sample holder was snapped
in a brass half-tube sample holder for each magnetization measurement. The magnetic
moment of each of the two powdered samples was measured from −4 T to 4 T at 300 K.
Additionally, temperature-dependent magnetization measurements were collected at 0.1 T
(1000 Oe) from 2 to 300 K.

The thermal conductivity of the colloidal suspensions was measured using a TEMPOS
thermal properties analyzer equipment (METER group’s device, Pulman, WA, USA) with
a KS-3 sensor probe, which uses the transient line heat source method. It has a probe
consisting of a needle with a heater and temperature sensor inside. The system monitors
the sensor’s temperature when a current passes through the heater. Cole Parmer’s water
bath (Staffordshire, UK) was utilized to keep the sample at the desired temperature of
25 ◦C, 30 ◦C, 35 ◦C, 40 ◦C, and 45 ◦C, respectively. Each suspension was poured inside the
sample holder and kept inside the water bath for 4 h for uniform temperature distribution
throughout the sample, which was measured using a thermocouple. A KS-3 probe was
used to measure the thermal conductivity of the nanosuspension. Each suspension was
analyzed at the five different stabilized temperature conditions previously mentioned
under no externally applied magnetic field. The schematic diagram to measure the thermal
conductivity of the aqueous nanosuspensions is shown in Figure 3.
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Figure 3. Schematic diagram showing the experimental procedure to measure the thermal conductiv-
ity of aqueous agar-based magnetic suspensions.

To measure magnetic field-dependent thermal conductivity measurements of the
colloidal suspensions at room temperature (~22 ◦C), a neodymium magnet with a maximum
field strength of 550 mT was utilized. Using a magnetic meter (PCE-MFM 3000 AC/DC,
PCE Instruments, Jupiter, FL, USA) and prior to any thermal conductivity measurements,
the magnetic field strength was measured at the center of the flask as the neodymium
magnet was placed at different distances. Table S1 (Supplemental Information) shows the
measured magnetic field strengths at different distances. After this calibration, each the
suspension was placed in a 50 mL flask, with a 24/40 adapter holder at a known distance
from the magnet, and the KS-3 probe was used to measure the thermal conductivity of each
suspension. Note that all thermal conductivity measurements were conducted at room
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temperature to avoid potential issues with temperature sensors. Full system calibration is
suggested for future studies where temperature and externally induced magnetic fields are
applied. A photograph of the setup utilized can be seen in Figure S1.

3. Results and Discussion
3.1. Morphological Characterization: Transmission Electron Microscopy (TEM)

Lacey carbon TEM grids were used to prepare the Fe3O4 and lignin@Fe3O4 nanoparti-
cle samples. Figure 4A–C shows the dispersed nanoparticles, indicating the lignin encap-
sulation at the surface of the nanoparticles. Lighter regions are observed surrounding the
magnetic core (Figure 4C), confirming the presence of lignin. Although the lignin coating
does not entirely cover the iron oxide core, dispersion of lignin@Fe3O4 was achieved. For
comparison purposes, uncoated Fe3O4 formed larger aggregated structures (Figure 4D,E).
Previous studies have confirmed that the higher the ratio of lignin in the nanoparticles, the
better they are dispersed in the solution. This is because of the dispersant nature of lignin
in many industrial and laboratory-scale applications [31,36]. Recently, we demonstrated
the adsorptive and magnetic response of lignin:Fe3O4 at a mass ratio of 3:1 [33]. Hence,
we used the same ratio for analyzing the thermal conductivity enhancement caused by
introducing lignin@Fe3O4 into agar-based suspensions in this study.
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Figure 4. TEM images for a 3:1 mass ratio preparation of lignin@Fe3O4 nanoparticles (A–C) indicate
the encapsulation of lignin at the surface of Fe3O4 nanoparticles. (D–F) show uncoated clusters of
Fe3O4 nanoparticles. The lignin encapsulation avoids aggregation of the Fe3O4 nanoparticles.

3.2. Thermogravimetric Analysis (TGA) and Magnetization Properties

From the TGA curves (Figure 5), it is noted that neat Kraft lignin lost almost 61.88%
of its original mass at ~800 ◦C, with the initial decomposition starting at ~200 ◦C. Further-
more, a rapid weight loss of ~45% for Kraft lignin was observed at temperatures between
100 ◦C and 400 ◦C. Below 100 ◦C, the TGA results confirmed water evaporation initially
present in the as-received lignin. On the contrary, uncoated Fe3O4 only lost 0.84% solid
content within the same temperature heating range. This result confirms the high thermal
stability of the untreated magnetic nanoparticle. The lignin@Fe3O4 nanocomposites, on
the other hand, lost 11%, indicating a 16.6 wt.% loading of lignin coating onto the magnetic
nanoparticles’ surfaces. Most of the weight loss of lignin@Fe3O4 occurred between 300 ◦C
and 700 ◦C, where the lignin decomposition occurs (Figure 5), confirming the presence of
lignin in the nanocomposite.
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Figure 5. Thermogravimetric analysis (TGA) of Kraft lignin, Fe3O4, and lignin@Fe3O4.

The magnetization measurement results determined via VSM at 300 K (~27 ◦C) are
shown in Figure 6. The VSM measurement was normalized with the weight of the measured
sample. The results showed that pure Fe3O4 nanoparticles have slightly higher saturation
magnetization (Ms) than lignin@Fe3O4 nanoparticles. Lignin-coated Fe3O4 showed an Ms
of 74 emu/g, whereas pure Fe3O4 had an Ms of 76 emu/g. The slight Ms difference is
attributed to the Fe3O4 content. Additional information about the magnetic properties of
the lignin@Fe3O4 nanocomposite compared with the uncoated Fe3O4 was obtained through
magnetization–temperature profile measurement using the same VSM system (Figure 7).
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The magnetization curves at 300 K showed that pure Fe3O4 nanoparticles have a
slightly higher magnetization than that of lignin-coated Fe3O4 (Figure 6). The results were
confirmed through a magnetization vs. temperature profile in a 0.1 T externally applied
magnetic field (Figure 7). Although the pure Fe3O4 nanoparticles do have a slightly higher
magnetization than lignin-coated Fe3O4 above ~200 K, no substantial differences in the
magnetization measurements were observed at any temperatures. This result confirms
that lignin presence and encapsulation at the surface of the Fe3O4 nanoparticles does not
significantly affect the nanocomposite magnetic properties using a 3:1 mass ratio of lignin
to Fe3O4 in the preparation of the lignin magnetic nanocomposites. We have demonstrated
the effect of increasing the lignin to magnetite ratio in a separate study, and similar results
were obtained [35]. Magnetization increased linearly with temperature up to 100 K for both
lignin@Fe3O4 and pure Fe3O4 and remained almost constant above 200 K, with a value of
~53 emu/g for both uncoated Fe3O4 and lignin@Fe3O4.

Additional characterization analysis of the lignin@Fe3O4 prepared using a 3:1 mass
ratio of lignin to Fe3O4 and uncoated Fe3O4 nanomaterials can be found in the Supple-
mental Materials (Sections S1 and S2). These analyses include FT-IR and XRD. FT-IR
validated the lignin presence on the Fe3O4 cores, and XRD confirmed Fe3O4 as the iron
oxide nanoparticle structure.

3.3. Thermal Conductivity Measurements of Lignin@Fe3O4 and Fe3O4 Aqueous Agar Suspensions

Thermal conductivity for the nanomaterial colloidal suspensions increased with in-
creasing concentrations and temperatures, as shown in Figure 8. For the lowest lignin@Fe3O4
concentration analyzed, around 0.001% w/v, there was no noticeable change in thermal
conductivity compared to the aqueous agar suspension. However, as the concentration
increased, a noticeable increase in thermal conductivity of 10% was observed when adding
0.005% w/v of lignin@Fe3O4 and raising the temperature to 45 ◦C. This thermal conductiv-
ity boost is possibly due to the interaction between nanoparticles and Brownian motion.
The short distance between the particles increases interparticle and particle–fluid interac-
tions in more concentrated suspensions. The collision between the nanoparticles due to
Brownian motion and the thermal interaction of dynamic nanoparticles with the carrier
fluid molecules increases [37]. The vigorous and relentless interactions between the liquid
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molecules and nanoparticles at the molecular and nanoscale levels translate the energy into
conduction at the macroscopic level due to the absence of bulk flow [37]. Additionally, at
higher temperatures, the carrier fluid’s viscosity is decreased, resulting in greater Brownian
motion of nanoparticles, ultimately generating convection-like effects that remarkably
increase conductivities. These motions and collision between the base fluid molecule carry
the energy and travel in a mean-free pathway, increasing the thermal conductivity of the
base fluid. Increasing the temperature and concentration not only increases the particle
Brownian motion and interaction between the nanoparticles and molecules of the base
fluid and facilitates the energy transfer mechanism but also increases the critical heat flux
and substantial increment of the heat transfer coefficient that results in the enhancement
of thermal conductivity [38]. This study, however, uses agar-based aqueous solutions as
the base fluid and seeks to discover if significant thermal conductivity changes are also
observed. For all trials, the thermal conductivity of base fluid was boosted by only 10%
with the addition of 0.005% w/v lignin@Fe3O4 nanoparticles at 45 ◦C. This concludes that
lignin@Fe3O4 nanoparticles increase the thermal conductivity of conventional heat transfer
fluids, including agar-based aqueous solutions.
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To compare the lignin coating effect on the thermal conductivity of the Fe3O4 nanosus-
pension, the thermal conductivity of pure Fe3O4 nanoparticles was also measured and
the results are shown in Figure 9. Similar to the effect of lignin@Fe3O4 nanoparticles
dispersed in agar-based aqueous suspensions, the thermal conductivity of suspensions
containing only an Fe3O4 nanoparticle increased with increasing concentration and tem-
perature. Note, however, the enhancement of thermal conductivity of lignin@Fe3O4 was
around 3% higher than the uncoated Fe3O4 nanoparticles, slightly larger at higher concen-
trations. This increase in the thermal conductivity results is possibly due to the increased
colloidal stability of the lignin-modified Fe3O4 in the suspension, leading to less aggregated
nanostructures within the agar-based aqueous solution. This study used pH-induced
precipitation to prepare hydrophobic lignin-based magnetic nanoparticles. Such a chemical
modification method reduces its hydrophilicity and enhances the hydrophobic nature of
lignin-based magnetic nanoparticles, which ultimately increases the dispersion rate and
stability [18,39,40] and, therefore, the thermal conductivity. In addition, as shown in the
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TEM images, the lignin encapsulation helped in particle size dispersion, which significantly
enhanced the thermal conductivity [39].
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The thermal conductivities of various lignin@Fe3O4 colloidal nanosuspensions at
different magnetic fields at room temperature are shown in Figure 10. With increasing
magnetic field strength up to 0.02 T, the thermal conductivity was improved; however, the
enhancement decreased drastically with further magnetic field strength increases. This
peak maximum thermal conductivity has been reported for ferrofluids containing carbon
nanotubes [41]. It is, however, the first time that this is reported for coated magnetic
nanoparticles dispersed in an agar-based aqueous solution. The alignment of magnetic
nanoparticles, which alters the thermophysical properties of magnetic nanofluids, in the
direction of the magnetic field was responsible for the improvement of the suspension’s
thermal conductivity [28,41–43]. As the magnetic field increases, the magnetization of the
nanoparticles generates an attraction force stronger than the electrostatic attraction; this,
in conjunction with the alignment of the magnetic dipoles, induces the formation of a
chain-like structure [11,28,42,43]. The length of chains increases with increased magnetic
field until the path length of the sample cell [44]. These clusters are believed to enhance the
thermal conductivity of lignin@Fe3O4 nanoparticles by up to 5% compared with its base
fluid. With increment fields greater than 0.02 T, the nanoparticles likely feel force strong
enough to move them towards the external magnet [28]. As the nanoparticles move to
the vessel’s wall [11], the thermal conductivity decreases due to the lower concentration
of nanoparticles dispersed in the fluid. Figure 11 shows similar results for the case of
pure Fe3O4 nanoparticles; in this case, the conductivity increment, of 5%, induced by the
magnetic field was just slightly lower than that caused by the lignin@Fe3O4 nanocomposite.
In both cases, the enhancement is due to the aggregation effect and alignment of the
nanoparticles [45,46].
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4. Conclusions

A 10% maximum thermal conductivity enhancement was achieved after adding
lignin@Fe3O4 nanocomposites and pure Fe3O4 nanoparticles (0.005% w/v) in agar aqueous
solutions at 45 ◦C. The thermal conductivity was improved as a function of concentration
and temperature. Applying a magnetic field using a permanent magnet on the colloidal
suspension with a magnetic field up to 0.02 T led to a maximum peak increase in each
suspension’s thermal conductivity, followed by a thermal conductivity decrease at higher
magnetic fields for the uncoated and lignin-coated magnetic nanoparticle suspensions,
respectively. The enhancement in thermal conductivity is attributed exclusively to magnetic
nanoparticles. The decrease in thermal conductivity at higher magnetic fields is attributed
to potential aggregate formation for both types of particles within the agar solution. Neg-
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ligible differences, ~0.5%, were observed for the thermal conductivity of lignin@Fe3O4
compared with pure Fe3O4 for the same concentration and magnetic field strength. This
slight difference in the thermal conductivity is attributed to the surface characteristics and
magnetic behavior of the Fe3O4 and lignin-coated Fe3O4 nanoparticles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/magnetochemistry10020012/s1, Figure S1: Thermal conduc-
tivity measurements of lignin@Fe3O4 agar-based aqueous suspensions at room temperature using a
permanent magnet; Table S1: Magnetic field strengths as a function of distance for the permanent mag-
net. Section S1. Detailed procedure for the synthesis of lignin@Fe3O4 nanoparticles [47]; Figure S2.
Experimental apparatus used for the synthesis of lignin@Fe3O4 nanoparticles; Section S2. FT-IR
Analysis; Figure S3. FT-IR spectra of lignin, Fe3O4 and lignin@Fe3O4.; Section S3. X-ray diffraction
(XRD) analysis; Figure S4: XRD spectra of neat lignin, pure Fe3O4, and 3:1 ratio of lignin@Fe3O4
nanoparticles. Six peaks at 30◦, 35◦, 43◦, 53◦, 57◦, and 63◦ correspond to the miller indices of 220, 311,
400, 422, 511, and 440, respectively, indicating particles have face-center cubic lattice structure [48,49].
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