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Abstract: This study investigated the relationship between variations in the size distribution and the specific surface 
area of SiO2 nanoparticles and the in(stability) and rheology of their colloidal dispersions and their resulting silica-
poly(acrylamide) hybrids. Thus, SiO2 nanoparticles with size distribution in the range 40-173 nm, corresponding 
to 70-26 m2/g of specific surface area, were used in the studies. The results show a correlation between the average 
particle size distribution/the specific-surface area of silica nanoparticles with the in(stability) and the rheology of 
their dispersions, such that an increase in the particle size distribution from 40 to 173 nm corresponds to a decrease 
in dispersion instability index from 0.913 to 0.112. However, in the silica-poly(acrylamide) hybrids, a change in the 
particle size distribution from 40 to 173 nm corresponds to an increase in the nanofluid instability index from 0.1913 
to 0.929. In the hybrid materials, interactions between polymer chains and nanoparticles lead to size-induced stability 
and rheological behaviour, such that the broadening of the FTIR peak around 1,000 cm-1 in the nanohybrids was related 
to an Si-O-H bending vibration that arose because of dominating hydrogen bonding arising from the interaction of the 
hydroxyl groups and the amide groups in the polymer. The rheological characteristics of the hybrid nanofluids show 
that the relative viscosity and shear sensitivity of the colloidal dispersions or their hybrids can be tailored by the average 
particle size distribution of the nanoparticles. 
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1. Introduction
Nanofluids are essentially produced by suspending nano-sized particles or composites in a fluid medium that 

may or may not contain surfactants, macromolecules, or ionic salts.1,2 The essential characteristics of many nanofluid 
variants are governed by a range of physical, chemical, thermal, and rheological factors such as solid volume fraction, 
viscosity, conductivity, heat transfer coefficients, the concentration of materials or their type, structure, size, shape 
and concentration, distributions and size of constituent nano-particulates.3-5 Therefore, studies on nanofluids typically 
concern providing an account of how such properties are influenced, measured, and characterised.6,7

Many colloidal nanofluids have the potential for applications in a range of fields, including solar collectors/cells,8 
electrolyte membranes,9 heat exchangers,10,11 (micro)electronics,12 computed tomography (CT) imaging,13 drug release,14 
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dye removal,15 enhanced oil recovery,16,17 fire resistance,18 flame retardance,19 surface coatings,20 photocatalysis,21 and 
so on. Many of the materials are composed of purely inorganic materials stabilised in a liquid medium. This category 
includes dispersions of fullerene in water,22 dispersions of silica in water,23 and dispersions of carbon nanotubes in 
water.24 Another category is that of organic-inorganic hybrids that have been fabricated with desired morphology and 
structure. Some of the well-reached examples are dispersions of polybenzimidazole/silica,25 dispersions of polyimide/
titanium dioxide,26 and dispersions of polyvinyl alcohol/graphene oxide.27

The stability of colloidal nanoparticles or nanocomposite dispersions involves controlling how the dispersed 
particulates are suspended and dispersed, thus ensuring that nucleation and inter-particulate attractions/collisions 
are minimised.28 Typically, stability is achieved by the formation of an electrical double-layer (zeta potential) that 
is defined as the potential difference between the dispersion medium and the stationary layer of fluid attached to 
the nanoparticles.29 It can also be attributed to a steric hindrance phenomenon that is typically caused by the use of 
suitable macromolecules in the formulation. The presence of macromolecular polymer species that can cause covalent 
functionalisation in the nanofluids30 or ionic salts that can affect charge separation and distribution are other factors.31 
Stability or lack of it in nanofluids can be studied by elementary sedimentation techniques which evaluate how the 
dispersed nanoparticles remain suspended or become settled with time.32

The viscosity of colloidal nanofluids is considered to be an important property that governs the application of 
dispersions.33 Size distribution of the nanoparticles used in nanofluids is also an essential parameter.34 Despite this 
knowledge, some researchers argue that the number of studies carried out on the effect of particle size on viscosity of 
nanofluids is inadequate.35 For the majority of such reports, it has been argued that the particle size range considered in 
the studies was limited.11 Thus, any attempt that underpins how the viscosity of colloidal dispersions affects performance 
properties such as concentration, volume fraction, stability, and hydrodynamics, becomes important.36 Such importance 
cannot be overemphasised since many studies rely on theoretical modelling where often the effect of viscosities on 
material behaviour is underestimated.37

In this work, experimental studies were undertaken with the view of understanding how the average particle size 
distribution (APS) of SiO2 nanoparticles and their specific surface area (SSA) have an effect on the viscosity of the 
nanofluids and their resulting polymer/nanoparticle hybrids. In addition, such variants were studied on how they affect 
the (in)stability of the colloidal silica dispersions or their resulting polymer/nanoparticle hybrids. 

2. Materials and methods
The colloidal silica samples used in this study were obtained from the University of Leeds, Nouryon, the Merck 

Group, and CWK Bad Köstritz. Each material was an aqueous solution of approximately 50% solids. The materials 
were studied for their average particle distribution and zeta potential before they were used in the preparation of the 
test samples. Polyacrylamide was obtained from SNF FLOERGER, France, with a relative density of 0.9 g/cm3 and a 
molecular weight of 3-5 MDa.

3. Experimental
A Dynamic Light Scattering (DLS) technique, using a Malvern Zeta Sizer Nano ZS, was used as the basis for the 

particle size studies and zeta potential measurements. Dilute dispersions of the samples were placed in polystyrene 
cuvettes and DTS 1060 capillary cells, respectively, for the particle size studies and zeta potential measurements.

The specific surface area of the silica particles was determined by means of an Accelerated Surface Area and 
Porosimetry System 2020, utilising a liquid nitrogen flow. Each dispersion was priori dried in an oven at 85 °C 
overnight in order to obtain a solid residue. Each sample was then placed in the heating chamber of the instrument, 
where a flask was connected to a degassing mechanism, leading to a further drying of the samples for 3 hours at 120 °C. 
After reaching a steady vacuum, nitrogen gas was pumped into the flask following which the specific surface area was 
measured.

SEM microscopy was carried out using a Joel JSM-6610LV scanning electron microscope, coupled with an Oxford 
Instruments X-max80 EDS spectrometer. A drop of each diluted material was added to an SEM stub, to which a strip 
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of copper tape was priori attached. Each stub was then allowed to dry before it was coated with a 30 nm layer of gold, 
using a Quorum Q150RS device.

The stability studies were carried out to investigate and understand the nature of sedimentation and flocculation 
of the samples using a LUMiSizer (Lum GmbH, Germany), a dispersion analyser centrifuge that measures the near-
infrared light transmission under the influence of centrifugal force. For each sample, 0.5 mL was pipetted in a 
polycarbonate capillary cell and sealed carefully with a sealing cap. The sample tubes were inserted into the equipment 
and centrifuged for about 50 min at 2,600 rpm (light factor 1, 25 °C, 870 nm NIRLED). The software attached to the 
instrument was used to record the real-time transmission profiles at designated time intervals. 

The rheological studies were carried out using a Physica MCR 301 rheometer (Anton Paar, Austria). To control the 
shear rate across the radius, a cone and plate geometry was chosen to measure the viscosity. In this, the measuring gap 
was pre-set to the standard 0.098 mm value as set out by the instrument manufacturer. The experimental temperature 
was set at 25 °C, controlled by the “TC30” temperature controller system which can manage the sample temperature 
from 0 up to 1,000 °C. During each measurement, approximately 0.7 mL of the sample was deposited onto the device’s 
lower geometry plate. Prior to the measurements, the set-up was calibrated using standard oil and pure water to test 
the accuracy of the rheometer. The results were compared with the manufacturer’s reliable data. All experiments were 
carried out under a shear-rate-controlled mode.

4. Results and discussions
4.1 Characteristics of the various colloidal silica materials

Many physical-chemical properties of nanofluids depend on the size and the morphological state or surface of 
their constituent nanoparticles.38 Therefore, at first, an in-depth characterisation of the various nanomaterials considered 
for this study was undertaken. The average particle size distribution, zeta potential, and microstructure were studied to 
determine the dispersion characteristics. Table 1 shows a summary of the characteristic average particle size distribution 
(nm), polydispersity index (PDI), zeta potential (mV), and specific surface area (m2/g) of the various silica dispersions 
or their particles. The plots associated with the adsorption/desorption properties of the nanoparticle powders, from 
which the specific surface area data was obtained, are presented as Figure 1.

Table 1. Characteristic average particle size distribution (nm), polydispersity index (PDI), zeta potential (mV), and specific surface area (m2/g) of the 
various silica dispersions or their particles

Sample reference Average particle size (nm) PDI Zeta potential (mV) SSA (m2/g)

SiO2 (172.5 nm) 172.5 ± 2.1 0.18 ± 0.01 -52.7 ± 1.0 26.2 ± 4.01

SiO2 (116.5 nm) 116.5 ± 3.0 0.11 ± 0.02 -48.2 ± 1.6 34.1 ± 6.7

SiO2 (86.9 nm) 86.9 ± 3.8 0.091 ± 0.03 -47.8 ± 0.9 38.5 ± 4.01

SiO2 (86.8 nm) 86.8 ± 1.8 0.083 ± 0.001 -46.6 ± 0.5 51.9 ± 7.01

SiO2 (40.6 nm) 40.6 ± 4.2 0.089 ± 0.04 -41.4 ± 1.7 70.1 ± 6.1

The particle size distribution for the various SiO2 samples is shown in Figure 2. In each case, a monomodal 
distribution of the particles is seen. This also indicated that for each material, the primary particles and their size 
distributions are determined. Hence, the poly dispersity index (PDI) of all the colloidal materials was < 0.2. For the 
individual samples, a correlation between the size distribution and the SSA is demonstrated by comparing the data given 
in Table 1. This shows that the higher the average size distribution, the lower the SSA. In these, range of SSA values are 
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therefore seen, with the larger SSA values corresponding to silica particles more porous than those with low SSA. The 
zeta potential values associated with the SiO2 variants are shown in Figure 3. All the colloidal silica dispersions exhibit 
a zeta potential in the range that is appropriate for good dispersion stability. Thus, in nanofluids, having zeta potential 
values in the range 40-60 mV is believed to correspond to excellent dispersion stability.39
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Figure 1. Plots associated with the adsorption/desorption properties of the nanoparticle powders from which specific surface area values were 
determined: (a) SiO2 (172.5 nm), (b) SiO2 (116.5 nm), (c) SiO2 (86.9 nm), (d) SiO2 (86.8 nm) and (e) SiO2 (40.6 nm)
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Figure 2. Particle size distribution for the various SiO2 samples, with the average particle size indicated for each material
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Figure 3. Zeta potential plots for the various SiO2 samples, with the corresponding average particle size indicated for each material

The morphological characterisation of nanoparticles or nanocomposites is important because it helps understand 
what the shape of individual particles is and essentially how uniform the shape is in the materials.40 The surface 
morphology characteristics of the SiO2 samples, obtained from SEM analyses, are represented in Figure 4. In all cases, 
the morphologies show that the SiO2 nanoparticles exhibit well defined spherical particles. In this, primary particles can 
be seen. Assessment of the sizes of the nanoparticles and their distribution shows good agreement with the data given 
in Figure 2, and summarised in Table 1. This also shows how well dispersed the colloidal dispersions were. In the SiO2 
(172 nm) colloidal silica material, a range of particle sizes can be seen. This material has a PDI value of 0.18, relatively 
the largest in all the materials studied. Again, a good correlation between the SEM images and the PDI values given in 
Table 1 can be seen.
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Figure 4. SEM images of the SiO2 nanoparticles: (a) SiO2 (172.5 nm), (b) SiO2 (116.5 nm), (c) SiO2 (86.9 nm), (d) SiO2 (86.8 nm) and (e) SiO2 (40.6 
nm)

4.2 Interactions in the SiO2/HPAM nanohybrids

The FT-IR spectra obtained from the SiO2 nanoparticles, the HPAM material used in formulation and the SiO2/
HPAM nanohybrids are presented in Figure 5. The spectral peaks seen at around 1,200 cm-1 arise due to Si-O-Si 
asymmetric stretching. Those observed around 800 and 490 cm-1 are associated with Si-O-Si symmetric stretching and 
bending. The presence of the key silica functional groups and their persistence in the SiO2/HPAM nanohybrids show 
that a successful fabrication has taken place. The broadening of the peak around 1,000 cm-1 in the nanohybrids can also 
be an indication of typical Si-O-H bending vibration that generally arises because of hydrogen bonding events becoming 
significant and arising from interaction of the hydroxyl groups and the amide groups in the polymer.30,41 In addition, the 
appearance of the peak in the vicinity 3,200 to 3,700 cm-1 indicates the vibration of -OH, SiO-H and N-H groups. Thus, 
the overall strong functional group interactions seen between the SiO2 and the HPAM material are the results of the 
increased viscosity in the nanofluids relative to the colloidal dispersions, as discussed in the next sections.
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Figure 5. FT-IR spectra obtained from the SiO2 nanoparticles, the HPAM material used in formulation and the SiO2/HPAM nanohybrids
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4.3 Effect of particle size distribution on the (in)stability characteristics of the silica dispersions

Figure 6 and Figure 7 show the plots of the instability index of the aqueous dispersions of the SiO2 nanoparticles 
and how these relate to the average particle size and the specific surface area. The highest instability observed in 
the dispersion with the lowest average particle size distribution arises due to its large specific surface area. In this 
composition, the particles have a low thermodynamic stability and tend to agglomerate over time-hence the greatest 
instability index over time.42 Furthermore, the particles in the colloidal silica dispersions are governed by Brownian 
motion, which is considered to be a diffusion process that is governed by the Stokes-Einstein equation.43 Brownian 
motion is a characteristic of the particles in the colloidal system and is affected by the size of the particles and the 
viscosity of the medium. Thus, particle motion in the dispersion becomes greater when the average particle size is 
higher. Hence, as the size of the silica particles increases, the Brownian movement becomes less.44
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Figure 6. (L) Instability index values of the aqueous dispersions of the SiO2 nanoparticles after 2,500 s and (R) Variation of the instability index with 
time in the aqueous dispersions of the SiO2 nanoparticles
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Figure 7. Comparison of the instability index values of the aqueous dispersions of the SiO2 nanoparticles at different times: (L) as a function of the 
average particle size and (R) as a function of the specific surface area
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A comparison of the DLS characteristics of the nanoparticle dispersion presented in Table 1, with the overall 
results given in Figure 6 and Figure 7, clearly shows the limitation of the DLS technique, since it was not able to 
carefully examine the roles that possible artifacts such as aggregation and sedimentation of particles play during 
these measurements.45 Additionally, the DLS measurements are limited in observing how these effects occur within 
experimental times. Thus, testing the instability index becomes important in understanding the effects of particle size or 
particle morphology on sedimentation in dispersed systems.

4.4 Effects of the poly(acrylamide) polymer on the silica particles and their (in)stability 
characteristics as per their size distribution

The dispersion stability of the SiO2/HPAM nanohybrids was also investigated using the lumisizer technique 
in order to understand how the APS distribution of the nanoparticles affects the sedimentation behaviour. Thus, the 
instability characteristics of the colloidal nanoparticle dispersions are presented in Figure 8 and Figure 9. These relate 
to the associated light transmission properties across the test tubes of the SiO2/HPAM nanohybrids, obtained from the 
lumisizer studies.

The trends seen in Figure 8 and Figure 9 show that the instability index is higher where the average particle size 
of the silica nanoparticles is higher, and lower with a decreased average particle size. When the APS is higher, the 
resulting nanohybrids exhibit greater potential for sedimentation because of a higher open hybrid-bed structure which 
makes the material more sensitive to the applied centrifugal force. Figure 5 shows that the poly(acrylamide) polymer 
chains produce surface-modified silica nanoparticles. Such effects have been reported in SiO2/HPAM,46 SiO2/Xanthan-
Gum/HPAM47 and SiO2/Graphene-Oxide.48 In another study, the colloidal dispersion of a specific SiO2/HPAM showed 
improved dispersion stability compared to that of pure HPAM and neat SiO2 dispersions.49 In the current study, this 
means that interactions are formed between the polymer and the nanoparticles. The result of this interaction is that 
polymer-nanoparticles that are formed exhibit an overall size dependent stability characteristic.
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Figure 8. (L) Instability index values of the SiO2/HPAM nanohybrids after 2,500 s, (R) Variation of the instability index with time in the SiO2/HPAM 
nanohybrids

The overall effects observed in Figure 8 and Figure 9 are contrary to the traditional steric stability that the presence 
of polymers such as poly(3-cyanopropyl)methyl siloxane or poly(dimethysiloxane) offer in influencing the stability 
of colloidal dispersions. In these, it was thought that nitrile functional groups in the polymers adsorb onto the particle 
surface or protrude into the cobalt-based colloid to provide stabilisation.50 Similar stabilisation has been reported where 
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surface modification of the silica nanoparticles is achieved by (3-glycidoxypropyl)trimethoxy silane species.51 However, 
as the current results show, interaction between the SiO2 and the HPAM persists resulting in an overall size dependent 
stability behaviour. Studies have established that HPAM chains become adsorbed on the surface of silica nanoparticles 
due to hydrogen bonding. This results in physical crosslinking between the silica particles and the polymeric chains of 
HPAM.52
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Figure 9. Comparison of the instability index values of the SiO2/HPAM nanohybrids after at different time (L) as a function of the average particle 
size, (R) as a function of the specific surface area

4.5 Effects of the poly(acrylamide) polymer on the silica particles and rheology

The influences of the average particle size distribution of the SiO2 nanoparticle on the shear sensitivity of the 
colloidal dispersions were examined at 25 °C. The results presented in Figure 10 show that the effective viscosity of 
the colloidal dispersions is a factor of the average particle size distribution of the nanoparticles. Thus, dispersions with 
higher APS distribution possess higher viscosity. These effects correlate well with a study where an increment in the 
relative viscosity of TiO2-based dispersions was reported with an increase in the particle size distribution.53 In addition, 
higher viscosities were observed where the particle size distribution was greater in some Al2O3-based and CuO-based 
aqueous dispersions.54

In Figure 10, when the average particle size distribution of the SiO2 nanoparticles is increased from 40.6 to 172.5 
nm, it is reasonable to consider that the nanoparticle volume fraction is increased. Thus, the colloidal SiO2 dispersions 
with an overall lower APS distribution behaved as if their total particle concentration was lower. This effect therefore 
corresponds to reports on how the volume fraction of silver-based dispersions enhances the viscosity of the materials.55 

The rheological characteristics of the HPAM/SiO2 nanofluid hybrids are represented in Figure 11. These show 
that the shear viscosities of the nanofluid hybrids decrease first with an increase in shear rate, exhibiting shear thinning 
behaviour. Then, the viscosities approach a near constant value at a shear rate of 1,000 s-1. The rate at which the 
viscosities decreased was greatest in the hybrid material that contained the SiO2 nanoparticles with the highest average 
particle size (lowest specific surface area). This shows that the flow nature of the nanofluids is sensitive to the average 
particle size distribution. Figure 5 has described the nature of the bonding in the nanohybrid materials and how the 
interactions between the hydroxyl groups in the silica and the amide groups in the polymer arise through dominant 
hydrogen bonding. The trends in Figure 11 further show that the initial increase in viscosity, in all the nanohybrids 
relative to the neat-HPAM, was associated with increased inter-molecular interactions in the nanohybrids. 
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Figure 10. Flow characteristics of the aqueous dispersions of the SiO2 nanoparticles
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Figure 11. Flow characteristics of the HPAM/ SiO2 nanofluids in comparison the HPAM polymeric material

5. Conclusions
This study demonstrated how HPAM/SiO2 hybrid nanofluids can be prepared and evaluated for long term (in)

stability and characteristic flow. In this, a range of techniques including DLS, lumisizer testing and rheology were 
employed. These show that a correlation exists between the average particle size distribution of SiO2 nanoparticles 
or their specific surface area with the stability and rheology of their dispersions. It also shows that when HPAM/SiO2 
hybrid nanofluids are formed, the average particle size distribution of the SiO2 nanoparticles also plays a key role on the 
stability and the rheology of the nanohybrids. In these, the organic-inorganic associations formed in the hybrids arise 
because of interactions largely between the hydroxyl groups in the silica and the amide groups in the polymer, through 
dominant hydrogen bonding. These lead to a size dependent stability and viscosity properties in the various materials. 
Thus, the overall results could be critical in understanding how colloidal stability is dictated in similar dispersions and 
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nanofluids and how macromolecular movements are enhanced or retarded by incorporating SiO2 nanoparticles with 
specific particle size or specific surface area in polymer solutions.
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