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Abstract

Superparamagnetic iron oxide nanoparticles (SPIONs) were investigated owing to their potential relaxometric properties for
magnetic resonance imaging (MRI) applications. For this purpose, shape- and size-controlled SPIONs were prepared using
various reducing agents via a facile chemical coprecipitation method. The optimization of reaction parameters such as stir-
ring rate, temperature, reaction time, and pH was carried out to study the particle’s growth, size, and shape of nanoparticles
(NPs). Transmission electron microscopy (TEM) images reveal that the spherical (9.1 + 1.5 nm)- and cubic (11.7+ 1.8 nm)-
shaped NPs were attained using NH,OH and NaOH as reducing agents, respectively. X-ray diffraction (XRD) analysis of
as-synthesized SPIONs shows the formation of magnetite (Fe;O,) phase having cubic inverse spinel structure. The vari-
ous oxidation states of Fe were investigated via X-ray photoelectron spectroscopy (XPS) by analyzing Fe 2p spectra of
SPIONs. The magnetic character and chemical stability of SPIONs were monitored in the synthetic seawater (SW) having
salinity 36.03 g L™!; which is the critical requirement for oil reservoir applications. Spin—spin (7,) relaxation signals were
attained using miniaturized Acorn Area analyzer to determine the relaxometric properties. The transverse relaxivities (r,)
for MNP-NH,OH (41.0 mM~! s=!) and MNP-NaOH (28.5 mM~! s™!) were 2.11 and 1.47 times higher than MNP-KOH
(19.4 mM~! s71), respectively. This study affirms that by controlling the reaction parameters, we can selectively design Fe;0,
NPs of desired size and shape, which give enhanced T,-relaxation and excellent relaxivity properties in SW for potential
MRI applications associated with oil reservoirs.
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Introduction
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Superparamagnetic iron oxide nanoparticles (SPIONs) have
supplementary material, which is available to authorized users.

received substantial interest owing to their potential appli-
cations in the field of magnetic storage (Liu et al. 2005),
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biomedical field, e.g., hyperthermia treatments (Shi et al.
20009; Jiang et al. 2014), targeted drug delivery (Kim et al.
2008b; Maeng et al. 2010), and contrast agents for magnetic
resonance imaging (MRI) (Wang et al. 2010). In the past
2 decades, researchers extensively investigated SPIONSs as
contrast agents for biomedical imaging. Recently, hydro-
philic and hydrophobic SPIONs have also been reported as
contrast agents for MRI of the oil reservoirs (Chi et al. 2016;
Zhang and Daigle 2017). However, the efficiency/contrasting
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ability of these nano-contrast agents remains a challenging
area of research.

The contrasting ability of MRI contrast agents is conven-
tionally represented by longitudinal (r;) and transverse (r,)
relaxivities, which can be evaluated from spin-lattice (7))
relaxation and spin—spin (7,) relaxation, respectively. The
positive contrast agents enhance T-relaxation and provide
a brighter image, while negative contrast agents increase the
T,-relaxation and deliver a darker image in MRI (Li et al.
2012). It is well known that T,-relaxation signal depends
on the size and shape homogeneity of NPs; smaller size
delivers higher r, value (Gao et al. 2016). Therefore, the
current research work is focused on investigating the capa-
bility of size- and shape-controlled magnetite (Fe;O,) NPs
as T,-contrast agents by computing r,-relaxivity. For such
applications, the importance of finely tuned size- and shape-
controlled SPIONS is crucial.

Various synthesis protocols such as thermal decomposi-
tion (Unni et al. 2017), hydrothermal (Kolen’ko et al. 2014),
solvothermal (Patsula et al. 2016), thermolysis (Cha et al.
2010), microemulsion (Okoli et al. 2012), polyol (Abbas
et al. 2014), and coprecipitation method (Yazdani and Sed-
digh 2016; Khan et al. 2017) have been adopted to control
the size and shape of SPIONs. Amongst these, coprecipi-
tation is one of the most convenient, widely adopted, and
commercially viable methods for aqueous phase synthesis of
magnetite NPs. Moreover, coprecipitation can be performed
at a relatively low temperature within short reaction time.
The synthesis involves coprecipitation of Fe* and Fe?* (2:1)
in the presence of a reducing agent under an inert atmos-
phere to produce magnetite (Fe;0,) NPs based on chemical
equation (1) (Roth et al. 2015):

2Fe3t + Fe?t + SOH™ — Fe;O, + 4 H,0. (1)

To achieve the distinctive characteristics of magnetite
NPs, various reducing agents such as NH,OH (Tajabadi and
Khosroshahi 2012), KOH (Du et al. 2009), NaOH (Sayar
et al. 2006), and (C,H;),NOH (Mascolo et al. 2013) have
been utilized in coprecipitation method. The addition of dif-
ferent precipitants manipulates the pH of precursor’s (Fe**
and Fe®*) solution to reach around 9-10 at which Fe;0,
NPs produced. The mechanism of Fe;O, NPs formation
during coprecipitation was not clearly understood. Recently,
reaction pathways of magnetite NPs have been investigated
based on the rate of addition of a reducing agent into precur-
sor’s mixture (Ahn et al. 2012). Upon fast addition, goethite
(x-FeOOH) and ferrous hydroxide (Fe(OH),) are the key
intermediates controlling phase transformation and growth
of stable Fe;O, NPs.

The magnetite NPs reveal a variety of applications due
to their high saturation magnetization (M2"* ~92 emu g™")
(Nikiforov et al. 2013). The magnetic characteristics of
Fe;0, are size dependent and show superparamagnetic
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characteristics at room temperature when their size is
<25 nm (Khosroshahi and Tajabadi 2016). This phenom-
enon allows the suitability of SPIONs in various MRI appli-
cations. However, it is difficult to control the size and shape
of Fe;0, NPs during the synthesis as only kinetic factors are
available to monitor the growth. To overcome this obstacle,
various approaches were adopted such as the use of chelat-
ing agents and tight control over reaction parameters, i.e.,
temperature, pH, metal cation concentrations, stirring rate,
and type of reducing agent. In addition, various surfactants
can be added to the reaction mixture, where micelle con-
trol the size and shape of NPs in continuous phase (Willard
et al. 2004). However, it is laborious work to remove sur-
factant from nanoparticle’s surface entirely, which results
in decreasing their superparamagnetic characteristics. Thus,
controlling size and shape of SPIONs without using sur-
factant remain a challenging task.

Over the years, researchers investigated the effect of dif-
ferent reaction parameters on particle size of Fe;0, NPs
synthesized via coprecipitation protocol. The average crys-
tallite size of magnetite NPs gradually decreased from 24.0
to 22.3 nm until 700 rpm and then contrarily increased to
25 nm until 900 rpm (Rahmawati et al. 2017). The effect
of temperature (20, 70 °C) and NH,OH concentration
(0.9-2.1 M) was also studied on size and magnetic proper-
ties of Fe;0, NPs (Tajabadi and Khosroshahi 2012). The
role of pH has been investigated on structural, optical, and
magnetic properties of Fe;O, NPs. The complete coprecipi-
tation of magnetite NPs occurred at high pH 10 (Wu et al.
2008; Rani and Varma 2015). It is challenging to synthesize
pure magnetite phase with less concentration of OH™ ions
efficiently.

The size of Fe;0, NPs controlled between 8 and 50 nm
by varying the amount of urea decomposition via adjusting
the reaction time (Jiang et al. 2004). Furthermore, the role
of reaction parameters on particle size has also been inves-
tigated during coprecipitation and the smallest particle size
attained was 40.9 nm with a polydispersity of 0.194 (Sayar
et al. 2006). The observed particle size was still higher than
the critical diameter (D, ~25 nm) for magnetite NPs to
behave like superparamagnetic materials. It is hard to find a
comprehensive published work which systematically focuses
on the influence of all possible parameters on size, shape,
and magnetic properties of magnetite NPs. In most of the
reported studies, only one or two parameters are considered
together, which may not be sufficient to fully understand the
effects of interdependent optimum conditions for shape- and
size-controlled coprecipitation of Fe;0, NPs.

In the present work, we experimentally optimized a range
of possible reaction parameters to obtain relatively smaller
particle size (< 15 nm) and various shapes of SPIONs via
chemical coprecipitation. We extensively investigated the
role of stirring rate, temperature, reaction time, pH, and
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type of reducing agent on nucleation, particle’s growth, size,
shape, and morphology of SPIONs via TEM. The synthe-
sized SPIONs were further characterized by various material
characterization techniques. Finally, 7,-relaxation measure-
ments and relaxometry properties of synthesized SPIONs
were investigated in harsh saline water to determine the pos-
sibility of these contrast agents for MRI of the oil reservoirs.
The presented work describes the novelty in terms of synthe-
sis of shape-controlled SPIONs under optimum conditions
without using a surfactant and determination of relaxometric
properties using a miniaturized revolutionary instrument,
i.e., Acorn Area analyzer.

Experimental
Synthesis of SPIONs

SPIONs were prepared via chemical coprecipitation of
Fe3* and Fe** (2:1) using NH,OH as a reducing agent.
The mixing was performed by overhead Teflon stirrer in
Ar atmosphere. A series of experiments (E1-E16, Table 1)
were conducted to optimize the stirring rate, temperature,
pH, and reaction time for synthesis of SPIONs. After opti-
mizing the reaction parameters with NH,OH, three experi-
ments (E17-E19, Table 1) were further performed to study
the effect of reducing agents (NH,OH, KOH, and NaOH) on
particle shape, size, and magnetic properties of SPIONs. The

magnetite NPs synthesized by various reducing agents were
labeled as MNP-NH,OH, MNP-KOH, and MNP-NaOH,
respectively. For each experiment, 0.5 mL of conc. HCI was
mixed with 50 mL of deionized water to make it acidified
(pH 1.5) and purged it with Ar gas for 15 min. Then, 0.6 M
FeCl;.6H,0 and 0.3 M FeCl,-4H,0 solutions were prepared
in acidified water. The precursor’s solutions were mixed and
heated up to a certain temperature. Then, required amount
of reducing agent be vigorously poured into the iron pre-
cursor’s solution at a particular stirring rate. The color of
solution changed to brownish black or black showing the
NPs’ growth. The reaction mixture was continuously heated
and stirred for a particular time, and tetramethyl ammo-
nium hydroxide (TMAH, 25 wt%) was added dropwise to
stabilize the synthesized particles. The mixture was cool
down to ambient temperature. The NPs were centrifuged
at 15,000 rpm, washed with ethanol, and dried at 80 °C for
24 h. The schematic representation of SPIONs’ formation
under optimized reaction conditions is provided in Fig. 1. A
detail of material characterization techniques and prepara-
tion of synthetic seawater (SW) is provided in ESI section.

T,-relaxation measurements

To assess the feasibility of synthesized magnetite NPs as
T,-contrast agents, relaxation measurements were performed
using a portable NMR-based Acorn Area particle analyzer
(Xigo Nanotools, USA). For each measurement, 1 mL

Table 1 Various experimental

o . Experiment #  Stirring
conditions for synthesis of

Tempera- Reaction pH

Precipitating agent  Observed parameter

magnetite NPs rate (rpm) ture (°C) time (h)
El 100 80 1.0 9.0 NH,OH Effect of stirring rate
E2 300 80 1.0 9.0 NH,OH
E3 500 80 1.0 9.0 NH,OH
E4 700 80 1.0 9.0 NH,OH
ES 500 20 1.0 9.0 NH,OH Effect of temperature
E6 500 40 1.0 9.0 NH,OH
E7 500 60 1.0 9.0 NH,OH
E8 500 80 1.0 9.0 NH,OH
E9 500 80 0.5 9.0 NH,OH Effect of reaction time
E10 500 80 1.0 9.0 NH,OH
Ell 500 80 2.0 9.0 NH,OH
E12 500 80 4.0 9.0 NH,OH
E13 500 80 1.0 45 NH,OH Effect of pH
E14 500 80 1.0 6.0 NH,OH
E15 500 80 1.0 7.5 NH,OH
El6 500 80 1.0 9.0 NH,OH
E17 500 80 1.0 9.0 NH,OH Effect of precipitating agent
E18 500 80 1.0 9.0 KOH
E19 500 80 1.0 9.0 NaOH

The molar ratio Fe**/Fe?* (2:1) in all these experiments
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Fig. 1 Schematic representation of SPIONs formation during chemical coprecipitation

aqueous dispersion of magnetite NPs, prepared in SW, was
kept in NMR sample tube. A standard pulse sequence, i.e.,
Carr—Purcell-Meiboom-Gill (CPMG), was applied to meas-
ure T,-decay curve (Coates et al. 1999). All the experimental
parameters such as tau (7) value, recycle delay, NMR filed
strength, resonating frequency, and number of scans are pro-
vided in our recent research work (Ali et al. 2018). T,-relax-
ation curves versus various concentrations of magnetite NPs
were recorded, and each measurement was repeated three
times to attain the average T, value, which help to determine
the contrasting ability in terms of r, value.

Results and discussion

A critical optimization of reaction parameters was per-
formed to control the size, shape, and superparamagnetic
characteristics of the synthesized NPs. The effect of vari-
ous parameters such as (i) stirring rate, (ii) temperature,
(iii) reaction time, and (iv) pH was comprehensively inves-
tigated via TEM. A detailed discussion of these parameters
on particle’s growth, size, and morphology is provided in
ESI section along with their corresponding TEM images
(Figs. S1-S4). After optimization of all the reaction condi-
tions, the effect of various reducing agents on size and shape
of SPIONs was examined. The synthesized MNP-NH,OH,
MNP-KOH, and MNP-NaOH nanomaterials were further
characterized and their chemical stability was monitored in
SW. Finally, T,-relaxation measurements and relaxometry
properties of SPIONs were investigated in SW for potential
MRI application.
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Role of reducing agents on shape of SPIONs

The reducing agents have a significant effect on size,
shape, and magnetic properties of magnetite NPs. The
saturation magnetization of magnetite NPs also increased
as the strength of reducing agent decreased as follows
(Gribanov et al. 1990): KOH > NaOH > NH,OH. Based
on the preliminary studies, the effect of reducing agents,
i.e., NH,OH, KOH, and NaOH on the synthesis of SPI-
ONs was investigated. Rest of the optimized parameters,
i.e., stirring rate ~ 500 rpm, temperature ~ 80 °C, reaction
time ~ 1.0 h, and pH 9.0, were kept constant (E17-E19,
Table 1). The correspondent (a—c) TEM images and (d—f)
histograms are provided in Fig. 2. The different shapes of
magnetite NPs observed by various reducing agents indi-
cate that their strength plays a vital role in controlling the
growth rate of crystal facets in different directions. The
spherical-shaped NPs were mainly prepared with NH,OH
having average particle diameter~9.1 + 1.5 nm (Fig. 2a).
The spherical shape was predominantly formed due to its
least surface free-energy compared to other shapes (Kim
et al. 2003). However, KOH gives a mixture of spherical-
(~9.4+1.9 nm) and irregular (~ 18.7 +£2.5 nm)-shaped NPs
(Fig. 2b). Owing to the highest strength of KOH, the faster
growth rate of crystal facets observed in various direction.
Moreover, NaOH mainly produces cubic-shaped magnetite
NPs having average size ~11.7 + 1.8 nm (Fig. 2c). The cubic
shape of magnetite NPs was dominantly formed due to the
faster crystal growth along (1 1 1) direction as compared
to (1 0 0) plane (Yang et al. 2011). The comparison indi-
cates that the smaller spherical- and cubic-shaped NPs were
achieved using NH,OH and NaOH, respectively, which are
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Fig.2 a—c TEM images (insets: HRTEM images), and d—f histograms of samples (S17-S19) synthesized via NH,OH, KOH, and NaOH, respec-

tively

much lower than the reported size (~40 nm) of magnetite
NPs under optimized conditions (Daou et al. 2006; Sayar
et al. 2006). The crystal structure of magnetite NPs was fur-
ther investigated via HRTEM as presented in the insets of
Fig. 2a—c. The observed separation of lattice fringes matches
well with the reported d-spacing value of 0.253 nm, which
correspond to (3 1 1) crystal plane of magnetite structure.

The magnetic NPs show superparamagnetic behavior
below the critical size (D,). The approximate value of D,
can be calculated for spherical-shaped magnetite NPs using
Eq. 2 (Khosroshahi and Tajabadi 2016):

Vp = kT /K, )

where V,, is volume of spherical-shaped NPs, k;, denotes
Boltzmann constant, and T is absolute temperature. The
magnetic anisotropy constant (K) is temperature depend-
ent, and its value is 1.35x 10* J m™ at 300 K for Fe;0,
NPs (Yoon 2011). From the above equation, the estimated
D, value for superparamagnetic behavior of magnetite
NPs is ~25 nm. Our TEM results indicate that as-synthe-
sized MNP-NH,OH, MNP-KOH, and MNP-NaOH NPs
have sizes <25 nm which affirm their superparamagnetic
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behavior. The comparative study confirms that controlling
reaction parameters and selectively choosing reducing agents
during coprecipitation, we can selectively design SPIONs of
the desired size and shape for advanced applications.

(a) MNP-NaOH
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Fig.3 a XRD and b Raman spectra of SPIONs synthesized using
NH,OH, KOH, and NaOH

Structural properties and phase analyses

The phase, crystal structure, and purity of SPIONs were
investigated via X-rays diffraction (XRD) analysis. Figure 3a
displays the diffraction patterns of SPIONs prepared using
three different reducing agents (NH,OH, KOH, and NaOH).
The observed diffractograms match-well with standard pat-
tern (JCPDS card-71-6339) suggesting the formation of
magnetite phase (Sun et al. 2012). The five characteristics
peaks appeared at 20=30.50°, 35.87°, 43.65°, 57.54°, and
63.28° assigned to (220),(311),(400),(511),and (44 0)
crystalline planes, respectively. Moreover, Fe;0, NPs exhibit
a cubic inverse spinel structure (Fd-3m space group) (Cor-
nell and Schwertmann 2003). The average crystallite size of
magnetite NPs was evaluated from (3 1 1) diffraction plane
using Debye—Scherrer equation (Ali et al. 2017b, a). It was
found to be ~11.2, ~12.0 and ~ 13.9 nm for MNP-NH,OH,
MNP-KOH, and MNP-NaOH, respectively (Table 2). The
unit cell parameters (a) and cell volume (V) for SPIONs are
also provided in Table 2. The comparison shows estimated
values of average crystallite sizes of SPIONs are consist-
ent with unit cell parameters. The average crystallite size,
cell parameters, and cell volume increase in the following
order: NH,OH < KOH < NaOH. This order indicates that the
reducing agent plays a pivotal role in controlling the dimen-
sions and crystal structure of particles. Moreover, calculated
values of crystallite sizes are also agree-well with particles
sizes estimated from TEM images. It is well-established
that y-Fe,O; and Fe;O, reveal similar XRD profiles (Zhang
et al. 2013). Therefore, SPIONs were further characterized
by surface-enhanced Raman scattering (SERS) and X-ray
photoelectron spectroscopy (XPS) techniques, which exclu-
sively identify the presence of y-Fe,05; and Fe;0, phases.
The phases of iron oxides NPs were elucidated via SERS
technique by detecting their Raman active phonon modes.
Figure 3b shows Raman spectra of as-synthesized powder
materials. The observed Raman spectra are similar and show
the broad bands with low signal-to-noise ratio. The broad
characteristic band in each spectrum having two shoulders
observed around ~670 cm™! and ~705 cm™! corresponded
to phonon modes (A,,) of Fe;0, and y-Fe,0;, respectively

Table2 Summary of various parameters evaluated from XRD, Raman, TEM, and BET results of SPIONs

SPIONs XRD Raman TEM BET
Sample Crystallite  Unit cell Unit cell Phase Surface composition  Shape Size (nm) Specific Diam-
size (nm) ~ parameter  volume composi- surface area eter Dgpr

(A) (A% tion (m?g™) (nm)

MNP-NH,OH 11.2 8.299 571.7 Fe;0, Fe;0,+v-Fe,04 Spherical 9.1+1.5 101.4 114

MNP-KOH 12.0 8.303 572.4 Fe;0, Fe;0,+v-Fe,04 Spherical 9.4+19 815 14.2

Irregular  18.7+2.5
MNP-NaOH 139 8.326 577.2 Fe;0, Fe;0,+v-Fe,04 Cubic 11.7+1.8 753 154
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(Shebanova and Lazor 2003; Jubb and Allen 2010). This
indicates the coexistence of Fe;O, with y-Fe,O; phase at
the surface due to overoxidation of NPs surfaces. Moreo-
ver, two broad bands having center near ~505 cm~! and
340 cm™! associated with E, and T,, modes of the admixture
(Fe;0,, y-Fe,03), respectively (Zhang et al. 2013). A similar
phenomenon, i.e., the coexistence of Fe;0, with y-Fe,0;
at the outermost surface of magnetite NPs, is reported in
the literature (Kolen’ko et al. 2014). This is due to the oxi-
dation—reduction phenomenon of magnetite NPs surfaces
under basic conditions. Another reason is described and sup-
ported by the mechanism of mixing domain at the molecular
level during synthesis process (Wang and Shaw 2014).

X-rays photoelectron spectroscopy technique was fur-
ther utilized to determine the oxidation states of constitu-
ent elements present in SPIONSs. Figure 4a, b shows Fe 2p
spectra of MNP-NH,OH, MNP-KOH, and MNP-NaOH
before and after 50 s etching. XPS profiles of Fe in Fig. 4a
exhibit two separate peaks appeared at binding energies
of 711.0 and 724.5 eV (spin—orbit splitting, A =13.5 eV)
assigned to Fe 2p;,, and Fe 2p,,, of y-Fe,O; phase. Fur-
thermore, the appearance of satellite peaks at 719.0 eV in
Fe profiles (encircled in Fig. 4a) confirms the presence of
v-Fe,O; phase. It is well-established that Fe 2p;,, spectrum
does not shows satellite peak for Fe;O, (Wang et al. 2014;
Liu et al. 2015). After 50 s of etching (Fig. 4b), Fe 2p5,, and
Fe 2p,,, peaks shifted to the binding energies of 710.6 and
724.1 eV (A=13.5 eV) with no satellite peak, which con-
firms the presence of Fe;O, phase in the bulk material. The
observed spectra match-well with the standard Fe;O, sample
(Yamashita and Hayes 2008).

The specific surface area and porosity of SPIONs syn-
thesized by NH,OH, KOH, and NaOH were estimated from
the N, adsorption—desorption isotherms. The isotherms

were attained by plotting the relative pressure (P/P,)
against volume adsorbed (cm® g~! at STP), as provided in
Fig. 5a. Brunauer, Emmett, and Teller (BET) surface area of
MNP-NH,OH, MNP-KOH, and MNP-NaOH was found to
be 101.4, 81.5, and 75.3 m? g™, respectively. The average
diameter of NPs (Dgpp) was also estimated from BET sur-
face area (Mascolo et al. 2013), and the values were found
to be 11.4, 14.2, and 15.4 nm, respectively (Table 2). The
adsorption isotherms indicate that NPs’ sizes of synthesized
materials are in good agreement with their TEM results.
The pore sizes (20.0, 13.9, and 12.4 nm) and pore volumes
(0.47,0.28, and 0.24 cm? g_l) were also evaluated from Bar-
rett—Joyner—Halenda (BJH) adsorption isotherms (Fig. 5b),
respectively. Furthermore, BET and BJH results suggest that
synthesized SPIONs are slightly mesoporous.

Chemical stability and magnetic properties
of SPIONs

The magnetic character and chemical stability of mag-
netite NPs in the harsh saline environment have vital role
for their ultimate well-logging application. Therefore, the
magnetic properties and stability of SPIONs were examined
in SW having salinity 36.03 g L™! and pH 8.0. For each
test, 10.0 mg of nano-powder was dispersed in 2.5 mL of
deionized water by ultrasonication for 30 min. Figure 6a—c
demonstrates the stable dispersion of (a) MNP-NH,OH, (b)
MNP-KOH, and (¢) MNP-NaOH in SW environment in
the absence of an applied magnetic field. It was observed
that synthesized Fe;O, NPs possess hydrophilic character-
istics due to the presence of —OH groups on their surface
due to the hydroxylation phenomenon during coprecipita-
tion (Shaterian and Aghakhanizadeh 2013). After apply-
ing a magnetic field, SPIONs showed magnetic behavior
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——MNP-KOH
——MNP-NH,OH | g,

Before Etching
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3/2

Fe 2p

Sat. peak

Intensity (a.u.)
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Fig.4 XPS (Fe 2p) profiles of SPIONs (a) before and (b) after 50 s etching
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and strongly attracted to the magnet, as demonstrated in
Fig. 6d—f. Moreover, SPIONs persisted chemical stability
in the saline environment for 1 week, because the magnetite
nanoparticles are pH dependent and their surface gets oxi-
dized in aqueous medium when pH <7 (Sayar et al. 2006).
Owing to their chemical stability and magnetic behavior,
these NPs can be utilized as 7,-contrast agents for MRI of
fluids present within the oil-bearing rocks.

Relaxometry studies of SPIONs

NMR T,-relaxation measurements were carried out for
various concentrations of as-synthesized SPIONs, and
relaxivity properties (r, values) were assessed for targeted
oil reservoir applications. For each synthesized nanomate-
rial, six various concentrations such as 0.001, 0.005, 0.010,
0.025, 0.050, and 0.100 mM having Fe concentrations, i.e.,
0.03, 0.015, 0.030, 0.075, 0.150, and 0.300 mM were pro-
duced to measure relaxometry characteristics of SPIONs
in SW. T,-relaxation signals as well as T, values of (a)
MNP-NH,OH, (b) MNP-KOH, and (c) MNP-NaOH hav-
ing various Fe (mM) are presented in Fig. 7. It was observed
that increase in concentration of magnetite NPs enhanced the
T,-relaxation signal. This phenomenon can be explained by
NMR relaxation which occurred owing to the exchange in
energy of neighboring protons in SW. The magnetic mate-
rial induces field inhomogeneity and de-phase the magnetic
moments of protons in the presence of an applied magnetic
field, which increased the surface relaxation. The enhanced
surface relaxation values, i.e., 78, 157, and 110 ms against
Fe (0.300 mM) concentration observed for MNP-NH,OH,
MNP-KOH, and MNP-NaOH, respectively. The compari-
son indicates that MNP-NH,OH exhibits the better relaxa-
tion due to the smaller size and higher surface area of NPs.
The incorporation of SPIONs in SW enhanced the surface
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relaxation of water protons, which enable the NMR well-log-
ging at higher speed. Therefore, MNP-NH,OH can be prom-
ising NMR T,-contrast agent for well-logging application.

To estimate the relaxometry properties in terms of trans-
verse (r,) relaxivity, the inverse of relaxation time (1/7, sh
values were plotted against various Fe (mM) concentrations
(Fig. 7d) by the following equation (3):

1/T, = 1/T5 + r,[Fe], 3)
where T, is the relaxation time of NPs dispersion, 77 is the
relaxation time of SW, and r, is the transverse relaxivity. The
r, values were found to be 41.0, 28.5, and 19.4 mM~! g~!
for MNP-NH,OH, MNP-KOH, and MNP-NaOH,
respectively. The comparison shows that the r, values for
MNP-NH,OH (spherical) and MNP-NaOH (cubic) are 2.11
and 1.47 times higher than MNP-KOH (irregular), respec-
tively. The spherical- and cubic-shaped SPIONs showed
higher relaxivity owing to their smaller size, better shape
homogeneity and higher surface area as compared to the
irregular-shaped SPIONs. Moreover, the observed r, value
for MNP-NH,OH (41.0 mM~" s7!) is ~7.8 times greater

than commercial contrast agent (Gd-DTPA, r,=5.3 mM~!
s~!) and found competitive with ultrasmall magnetite NPs
(r,=35.1 mM~! s7!) (Li et al. 2012). The enhanced sur-
face relaxation and observed relaxivity properties indicate
that the synthesized SPIONs can be efficiently utilized as
T,-contrast agents for MRI applications.

Conclusions

Shape- and size-controlled SPIONs have been successfully
prepared via chemical coprecipitation protocol without
using surfactant. The optimum reaction conditions for the
synthesis were found to be (i) stirring rate ~ 500 rpm; (ii)
temperature ~ 80 °C; (iii) reaction time~ 1.0 h; and (iv) pH
9.0. Among all the studied parameters, the effect of pH,
temperature, and reducing agent was significant on the size,
shape, and magnetic properties of SPIONs. Our straight-
forward approach to synthesize SPIONs of spherical- and
cubic-shaped having size (9.1 +1.5 nm) and (11.7 4+ 1.8 nm)
Jjust by changing the reducing agent, i.e., NH,OH and NaOH,
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respectively, is more advantageous as compared to some
previously reported thermal decomposition strategies (Kim
et al. 2008a; Yang et al. 2008). The spherical shape was
predominantly formed due to its least surface free-energy
compared to other shapes, while cubic shape was primar-
ily observed owing to the faster crystal growth along (1 1
1) direction as compared to (1 0 0) plane. The magnetite
phase of SPIONs was confirmed XRD and XPS analyses.
The synthesized SPIONs were found stable in saline water.
The enhanced NMR T),-relaxation and excellent transverse
relaxivity properties of SPIONs in SW exhibit their potential
utilization as 7,-contrast agents for MRI of oil reservoirs.
Future work will be focused on the utility of these SPIONs
in brine/oil saturated carbonate and sandstone rock cores for
NMR signals separation and their quantification.
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