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Abstract

:

Nanofluids (NFs) synthesized via the suspension of diverse nanoparticles into conventional thermal fluids are known to exhibit better thermal, optical, tribological, and convective properties, photothermal conversion, and heat transfer performance in comparison with traditional thermal fluids. Stability is pivotal to NF preparation, properties, performance, and application. NF preparation is not as easy as it appears, but complex in that obtaining a stable NF comes with the harnessing of different preparation parameters. These parameters include stirring duration and speed, volume, density, base fluid type, weight/volume concentration, density, nano-size, type of mono or hybrid nanoparticles used, type and quantity of surfactant used, and sonication time, temperature, mode, frequency, and amplitude. The effect of these preparation parameters on the stability of mono and hybrid NFs consequently affects the thermal, optical, rheological, and convective properties, and photothermal conversion and heat transfer performances of NFs in various applications. A comprehensive overview of the influence of these preparation characteristics on the thermal, optical, rheological, and properties, photothermal conversion, and heat transfer performance is presented in this paper. This is imperative due to the extensive study on mono and hybrid NFs and their acceptance as advanced thermal fluids along with the critical importance of stability to their properties and performance. The various preparation, characterization, and stability methods deployed in NF studies have been compiled and discussed herein. In addition, the effect of the various preparation characteristics on the properties (thermal, optical, rheological, and convective), photothermal conversion, and heat transfer performances of mono and hybrid NFs have been reviewed. The need to achieve optimum stability of NFs by optimizing the preparation characteristics is observed to be critical to the obtained results for the properties, photothermal conversion, and heat transfer performance studies. As noticed that the preparation characteristics data are not detailed in most of the published works and thus making it mostly impossible to reproduce NF experimental studies, stability, and results; future research is expected to address this gap. In addition, the research community should be concerned about the aging and reusability of NFs (mono and hybrid) in the nearest future.
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1. Introduction


The advent of nanotechnology has brought about significant technological advancement in many fields of study. The birth of NFs as advanced thermal fluids in the area of thermal management is a laudable and notable feat. NFs (mono and hybrid) have been extensively researched and proven to be better than conventional thermal fluids, and this is due to their enhanced thermophysical and convective properties [1,2,3,4,5,6,7,8,9,10,11,12,13]. The application of diverse mono and hybrid NFs in various thermal systems has been studied experimentally [5,6,12] and numerically [14,15,16,17], and found to improve heat transfer characteristics better than traditional thermal fluids. NFs have been investigated in the various types of convective heat transfer studies, such as natural [18,19,20,21,22], mixed [23,24], and forced convection [25,26,27,28,29,30] at laminar, turbulent, and transition regimes. These studies showed the enhancement of heat transfer performance with the HNFs found to be better thermal fluids than MNFs. In addition, the use of mono and hybrid NFs in heat transfer systems such as solar collectors [12,31,32,33], radiators [34,35,36], refrigerators [37], mini-channel [38], microtubes [39,40], heat pipes [20,41], air-conditioning [42], heat exchangers [43], etc, have been studied. The deployment of NFs in these thermal transporting devices showed improvements in the heat transfer and flow characteristics than when conventional thermal fluids were used. Furthermore, mono and hybrid NFs/NPs have been employed as coolants (metal rolling process and metal machining operation) [44,45,46,47], lubricants (automobile) [48,49,50,51], thermal storage materials [52,53,54], sensors [55,56,57], drilling muds [58,59], chemically enhanced oil recovery material [60,61,62], etc, and are better thermal fluids/materials than the conventional thermal fluids/materials.



The suspension of diverse NPs into various base fluids to synthesize NFs has been proven to possess superior thermal properties compared with the traditional thermal fluids. Current research progress has revealed that the suspension of HNPs (mixing of two or more NPs) in different base fluids possessed better convective and thermal properties than MNFs [2,4,12]. MNF and HNF preparation appears to be a simple practice but complex in the true sense of it. Stability, which is the even distribution of mono and hybrid NPs in the base fluid, is key to the results associated with the thermal [63,64] and convective properties [65,66,67,68] and performance [68,69,70,71] of mono and hybrid NFs in various areas of their application. The stability of mono and hybrid NFs has been proven to significantly affect their thermal properties [72,73,74,75,76,77,78,79,80,81] and convective heat transfer performances [65,82,83]. The instability is marked by sedimentation and agglomeration of the mono and hybrid NPs suspended in the base fluid. This consequently leads to inaccurate results when the resultant mono and hybrid NFs are deployed in different applications [65,67,69,70,71,84,85]. This goes to show that obtaining good and desirable stability of mono and hybrid NFs is crucial. However, the stability of mono and hybrid NFs are strongly connected to preparation variables, such as stirring time, rate, temperature, sonication time, power, frequency, amplitude, and dispersion fraction (where a surfactant is used) [7,75,77,81,86,87,88,89]. The sonication variables (time, power, mode, frequency, and amplitude) are related to the sonication energy required to achieve homogenized and stable mono and hybrid NFs [74,78,90,91].



Based on the above comments and the available literature in the public domain regarding the influence of stability on the thermal, optical, and rheological properties, photothermal conversion, and performance characteristics of NFs, we thought it necessary to conduct an overview of this laudable subject. The effects of the preparation methods (one- and two-step strategy), sonication characteristics (sonication mode, time, frequency, power/energy density, and amplitude), stirring, and the deployment of surfactants on stability that consequently impact the properties and performance of mono and hybrid NFs in different areas of application have been well compiled and critically reviewed. This is prompted by the need to bring to the front burner the challenges and ways forward concerning the stability of NFs (mono and hybrid) and the attendant problems. A major feature of this review paper is the foremost consideration of mono and hybrid NFs for their stability, heat transfer performances, and thermal properties as influenced by the preparation characteristics. This work is expected to be a good guide for researchers in NF studies toward achieving good stability and improved results. This paper is divided into six parts. The first part is the general introduction of the paper. In the second part, the preparation methods, characterization techniques, and stability monitoring tests for mono and hybrid NFs are highlighted and discussed. Part 3 involves the effects of preparation characteristics of MNFs on their stability, properties (thermal, optical, and rheological), and performances (photothermal conversion, heat transfer, and solar collector efficiency), while part 4 addresses the influence of the preparation characteristics of HNFs on their stability, thermal, optical, and rheological properties, and heat transfer performances. The challenges and future research directions are discussed in part 5 of this paper. Finally, the conclusion and recommendations are provided in part 6. A schematic diagram of the work carried out in this paper is provided in Figure 1.




2. NF Formulation, Characterization, and Stability


2.1. Formulation Techniques


MNFs and HNFs are formulated through the suspension of MNPs and HNPs, respectively, into conventional thermal fluids, namely, base fluids, of which their stability is very important to the measurement of the thermophysical properties and convective studies. Fundamentally, MNFs and HNFs are formulated using a one- and two-step process (Figure 2). By this, the latter entails two processes, namely, (i) synthesis of MNPs or HNPs in the powdery form and (ii) suspension of MNPs or HNPs into the base fluids. The most reported process in the literature is the two-step process for the formulation of MNFs and HNFs, which can encourage their large-scale formulation at a low cost and an industrial utilization. The shortcoming of the two-step process relates to the sedimentation and agglomeration of MNPs and HNPs due to the Van der Waals forces of attraction among the particles [92]. The one-step process consists of the simultaneous production of MNFs and HNFs by way of synthesis and suspension of MNPs and HNPs in the base fluids. This technique is advantageous as it improves the homogeneity and stability of MNFs and HNFs and eliminates arduous procedures, such as drying and storing in comparison with the single-step process by reducing the agglomeration tendency of MNPs and HNPs [92,93]. However, the industrial application of this technique is impracticable except for low vapor-pressure fluids. This technique is also not cost-effective [94]. In addition, various one-step process techniques have been reported in the literature [93,95,96].




2.2. Characterization Techniques


Numerous techniques have been reported in the literature for the characterization of MNFs and HNFs for their MNP and HNP shapes, sizes, distribution, functional groups, crystalline structure, surface morphology, dispersion, elemental composition, saturation, magnetization, etc. These techniques include Raman spectroscopy, X-ray diffractometer, high-resolution transmission electron microscopy, Fourier transform infrared spectroscopy, scanning electron microscopy, vibrating sample magnetometer, energy-dispersive X-ray spectroscopy, light scattering, and transmission electron microscopy [1,17,78,97,98,99,100,101]. The most used technique for characterizing MNFs and HNFs is transmission electron microscopy (TEM), followed by scanning electron microscopy (SEM) and the X-ray diffractometer (XRD). These most used techniques are often engaged as a stand-alone technique or with other techniques for MNF and HNF characterization. TEM is used to determine the size, shape, and dispersion of MNPs and HNPs in MNFs and HNFs, respectively, while the SEM detects surface morphology and elemental mapping. XRD is used to show the crystalline structure and grain size of MNPs and HNPs contained in MNFs and HNFs, respectively.




2.3. Stability Improvement and Tests


2.3.1. Stability of NFs


The suspension of MNPs and HNPs in various base fluids introduces charges into the base fluids, which leads to the formation of an electrical double layer (EDL) around the particle surface [102]. Therefore, MNFs and HNFs are referred to as electrically conducting fluids. By applying a potential across these fluids, oppositely charged electrodes tend to attract the MNPs or HNPs and EDL. The formation of EDL is strongly connected to the volume fraction, size, surface charge of the particles, and concentration of ions in the base fluids. The stability and even distribution of MNPs or HNPs in the base fluids are vital in the application of MNFs and HNFs because the thermophysical (mostly κ and μ) and optical properties, and the efficiency of the same are significantly related to the concentration of MNPs or HNPs in the suspension [103,104]. Improving the stability of MNFs and HNFs to reduce agglomeration and sedimentation with the two-step process has led to the utilization of four techniques, namely, ultrasonication, surfactant addition, surface modification, and pH control.




2.3.2. Stability Improvement Techniques


Sonication


Sonication is one of the techniques deployed to obtain homogeneous mixtures of NPs suspended in selected base fluids. Several studies demonstrated that sonication affected κ, absorbance wavelength, μ, cluster size, surfactants, the diameter of CNTs, and particle size [74,78,79,85,105,106,107]. For NFs, a sonication time spanning a few minutes to several hours has been documented. It can be deduced that an optimum sonication time (mainly due to the Brownian motion of MNPs or HNPs) occurred where the variable investigated either reduced (for μ and κ) or increased (for CNT diameter, particle, and cluster size). An optimum sonication time ranging from 12 min [108] to 60 h [105] has been reported in the literature for MNFs and HNFs. This reflects the need to optimize sonication time as it relates to other variables to achieve improved stability. However, this is mostly not the case for most of the studies on the formulation of MNFs and HNFs, except for very limited studies that have optimized the sonication parameters [74,85,109]. Sonication of NFs has been reported to be carried out using the following three different types of ultrasonicators: probe-type, sonication-bath type, and shaker-type [68,80,110]. Figure 3 shows the sonication of HNF.




Addition of Surfactants


Surfactants are complex chemical compounds that create an electrostatic repulsion to overcome magnetic attraction (for magnetic NPs) and Van der Waals interaction between NPs to avoid their sedimentation in the suspended base fluids [111]. The primary reason for surfactant use in NF formulation is to aid the stability of NPs in the base fluid [111]. Surfactants lower the interfacial tension between NPs and base fluid to enhance the stability of NFs. The use of surfactants promotes the stability of NFs by increasing the EDL between NPs. Surfactants such as cetyl trimethyl ammonium bromide (CTAB), sodium dodecyl sulphate (SDS), gum Arabic (GA), oleic acid (OA), polyvinyl pyrrolidone (PVP), nanosperse AQ, dodecyl trimethyl ammonium bromide, sodium dodecylbenzene sulfonate (SDBS), and hexa decetyl trimethyl ammonium bromide have been used in the literature to stabilize MNFs and HNFs [73,95,104,112,113,114,115]. A list of some surfactants used in NF studies is given in Table 1. An increase in κ, zeta potential (ZP), surface tension, and the μ of MNFs and HNFs due to the use of surfactants has been reported [95,103,106,109]. However, the effectiveness of surfactants at >60 °C was reported to reduce due to weak bonds between surfactants and NPs, which, when finally broken, may lead to sedimentation and thus the instability of MNFs and HNFs [112]. Different surfactants have been used by various researchers to stabilize MNFs and HNFs formulated from diverse NPs and HNPs and suspended in different base fluids [13,18,73,78,109,116,117]. Therefore, it can be concluded that the stability of MNFs and HNFs based on the use of surfactants is dependent on the type and nature (magnetic or not) of NPs or HNPs, the base fluid type (ionic or non-ionic), and the type of surfactants used.




Control of pH


The stability of MNFs and HNFs can be improved by adjusting the pH. By suspending NPs into a base fluid, surface electric charges are produced on the resultant NF, which can be manipulated by altering the pH value. The surface electrostatic charges affect the stability of NF. An alteration of the pH value farther from the isoelectric point (IEP) enhances the NF stability. The pH of NF determines the IEP of the suspension, and this can be altered to improve the stability to avoid sedimentation and agglomeration. The IEP of some NFs is provided in Table 2. Additionally, the surface electric charge can be determined using ZP. The ZP measures the repulsion between NPs and increases with a rise in the particles suspended in the base fluid [73,118]. A high ZP (absolute value) indicates the stability of NFs due to a strong electrostatic repulsion between NPs, while a low ZP shows instability due to the weak electrostatic repulsion of particles. With a ZP value of >60 mV, a very stable NF is formulated; a value of >30 mV implies a stable NF, whereas <20 mV indicates weakness in NF stability [73,96,103]. Zawrah et al. [73] reported the modification of the pH of Al2O3/water NF (with a surfactant of SDBS) from 5 to 10 using NaOH because the IEP of the NF was around 6.3. Similar pH alterations to improve NF stability were carried out in other studies [85,106,119,120,121]. The pH of MNFs and HNFs is given in Table 3.




Functionalization of Nanoparticles


The surface modification or functionalization of NPs is another technique employed to improve the stability of NFs. This stability-enhancing method is surfactant-free but needs materials for functionalization. Although this technique is not widely studied, it is a promising method for the formulation of more stable MNFs and HNFs [104,105,136]. Owing to the importance of the stability of MNFs and HNFs, the measurement of this parameter is key to the further use of MNFs and HNFs in terms of thermophysical properties and convective heat transfer studies.





2.3.3. Stability Test Methods


Visual Inspection


The simplest method to check the stability of MNFs and HNFs is by visual inspection. In other words, it is a visual observation of the MNF and HNF samples at daily or weekly, or monthly intervals to see how the NPs or HNPs sediment with time. This is not a scientific method for checking the stability of MNFs and HNFs, as reported in the literature [74,104,137,138]. However, this method is always used in addition to other stability monitoring techniques that are scientific [74,104,109,137,138].




Zeta Potential


ZP is a method used to determine the stability of MNFs and HNFs. As earlier stated, the ZP of MNFs and HNFs is strongly connected to the repulsive force between the NPs or HNPs. This technique is mostly used to measure the stability of MNFs and HNFs, as reported in the literature by several authors [1,73,98,121,131]. The degree of stability of MNFs and HNFs can be determined using this method based on the obtained ZP values. It is worth mentioning that this stability-checking technique is often used along with other techniques.




Ultraviolet-Visible Spectrophotometer


This method seems to be the most employed of all the methods for monitoring the stability of MNFs and HNFs. The absorbance or transmittance of the MNFs and HNFs at the peak wavelength can be deployed to monitor the stability of MNFs and HNFs [20,79,85,109,139,140]. One distinguished merit of this method is the capability to check stability at regular intervals for a long time (days to months) [141], which other methods cannot offer. Thus, it provides an instantaneous measurement of the stability of MNFs and HNFs. Similar to other techniques, it is always used along with other methods such as visual inspection and ZP.




Checking of Thermophysical Properties


The stability of mono and hybrid NFs is also monitored by measuring their thermophysical properties over time. Garbadeen et al. [18] and Joubert et al. [20] monitored the stability of MWCNT/DIW and Fe2O3/DIW NFs for 250 min and 20 h, respectively, by measuring the μ. Likewise, in other studies, Yu et al. [142] and Ijam et al. [139] monitored the stability of Fe3O4/kerosene and GO/DIW-EG (60:40) NFs by measuring their κ for 360 min and 7 days, respectively. The use of κ to monitor the stability of NFs was corroborated by the work of Wang et al. [106], which reported a strong relationship between κ and the stability of NFs (Al2O3/W and Cu/W). Both Mahrood et al. [143] and Arani and Pourmoghadam [144] reported the use of density to monitor the stability of carboxymethyl cellulose-based Al2O3 and TiO2 NFs (before and after) and EG-based Al2O3-MWCNT NF (five times in 14 days), respectively. Additionally, Babu and Rao [145] used turbidity to check the stability of water-based Al2O3 NF. The literature showed that two or more of these reported NF stability monitoring techniques were used to check the stability of mono and hybrid NFs.







3. Influence of Preparation Characteristics on Stability, Properties, and Performance


3.1. Mono NFs


3.1.1. Thermal Properties


The influence of sonication time (2.5–10 min) of DIW-based Fe3O4 (0.494–2.428 wt%) + CNT (0.105–1.535 wt%) NFs on κ was investigated [146]. GA and TMAH are used as surfactants to formulate the HNFs for this study. The result demonstrates that the maximum values (15.59% for 0.494% Fe3O4 + 0.105% CNT and 34.26% for 2.428% Fe3O4 + 1.535% CNT at 55 °C) of the κ are recorded when sonication is performed for 5 min. The influence of sonication time (2–8 h) on the stability, κ, μ, specific heat capacity (cp), specific gravity, and pH of DIW-based ZnO and CuO NF (0.1 wt%) was examined [147]. Eriochrome Black T (EBT) is used as a surfactant for ZnO NF, while olylamine is used for formulating CuO and ZnO NF with 0.1 wt% concentration. The stability of the NFs is determined using visual inspection, ZP, and absorbency tests. For all the NFs, the ZP is observed to increase with sonication time, and the ZnO + EBT NF is found to be the most stable. The results demonstrated that the sonication time did not affect the pH and specific gravity of the NFs, whereas the cp, μ, and κ are affected by sonication time. The authors stressed the need to optimize cp, μ, and κ as the stability of the NFs is affected by sonication time. Figure 4, Figure 5 and Figure 6 show the effect of sonication time on the κ, μ, and ρ of MNF and HNF, respectively.



The influence of sonication time (10–160 min) and surfactants (CTAB, OA, and SDS) on the stability and κ of Mg(OH)2 NFs (0.1–2 vol%) was examined [151]. Visual inspection and ZP are tests used to determine the stability of these NFs. It is observed that increasing the sonication time leads to a reduction in ZP and κ values. The NF prepared using CTAB as a surfactant and sonicated for 30 min is noticed to be the most stable with ZP of 53 mV (after 7 days) and 51 mV (after 30 days). The stability and κ of DW-based GNP NF (0.1 wt%) under different amounts of SDBS and SDS (1:3–3:1) were investigated [152]. The stability is checked using visual inspection, UV, and ZP. Results proved that the use of SDBS and SDS yields stable NFs (>30 mV), with SDBS exhibiting better stability than SDS, as indicated by the ZP and UV results. Moreover, the κ of SDS-based NF is higher than that of SDBS-based NF, with the maximum κ obtained using 0.05 g of SDS (2:1) in GNP NF.



The impact of sonication time (20–60 min) on the stability and κ of WO3/EG NFs (0.005–5 wt%) was examined [153]. An increase in the sonication time is observed to enhance κ for all samples of the MNF, with the peak value obtained at 60 min of sonication. Very stable WO3/EG NF is observed as indicated by ZP of 63.8 mV. Up to a 4% increase in κ is reported with a sonication time of 60 min. The response surface methodology scheme is used to optimize the influence of the amounts of MWCNT (0.01–1 w/v), Fe2O3 (0.1–2 w/v), pH (2–10), and volume of EG-W (30–70 v/v) on the κ of MWCNT-Fe2O3 NFs [138]. Maximum κ of 0.534 W/mK is obtained with optimal values of 0.69 w/v (MWCNT), 1.67 w/v (Fe2O3), 44 v/v (EG), and pH of 6.5. These optimal values also resulted in maximum σ, μ, and density (ρ) of 545 μs/cm, 1.2 g/ms, and 1174.6 kg/m3, respectively. The amount of MWCNT in the HNF is noticed to impact κ and other thermal properties the most. A correlation is proposed for the estimation of κ using the amounts of MWCNT and Fe2O3, pH, and volume of EG-W (see Table 4).



The impact of sonication time (10–80 min) on the μ and stability of MWCNT/W NFs (0.1–0.5 vol%) was investigated [149]. The stability is monitored using the visual inspection, UV, and ZP methods. The results revealed that the ZP increases and μ reduces as the sonication time increases to 60 min, after which a reverse trend is observed. Therefore, stable MNFs and the lowest μ are achieved with 60 min of sonication. In addition, the ZP of the MNFs reduces as storage duration increases up to 30 days. A similar study to that of [149], except for the measurement of κ of MWCNT/W NF instead of μ, was conducted [148]. The κ is enhanced as the sonication time increases to 60 min, with a reduction observed as the sonication time further increases. At 60 min of sonication, optimal stability is achieved, as indicated by the highest ZP value and minimum sedimentation of the MNF after 30 days (visual indication).



The stability, κ, and μ characteristics of PVP + Al2O3/DW NFs under varying concentrations (0.5–2 vol%) and sonication times (30–150 min) were studied [83]. Results demonstrated that as the sonication time increases κ is enhanced while μ is reduced to the optimum point. A further increase in sonication time causes the κ to reduce while the μ is increased due to re-agglomeration. It is observed that the optimum sonication time increases as the volume concentration of Al2O3/DW NFs rise leading to a reduction in the average particle size. The sonication times of 60 min (0.5 and 1 vol%), 90 min (1.5 vol%), and 120 min (2 vol%) are recorded in this work, which contradicted the report of [148,149], which published an optimum sonication time for all the studied volume concentrations. With sonication time of 90 min and 120 min, maximum enhancement of κ is 14.6% and 16.1% for 1.5 vol% and 2 vol% Al2O3/DW NFs, respectively, while at 90 min of sonication μ is reduced by 33% (minimum) for 1.5 vol% Al2O3/DW NF. The effect of sonication time (0.5–5 h) on the stability, μ, κ, and ρ of 0.5 vol% Al2O3/DW NF was examined [150]. The studied sonication duration is equivalent to a sonication energy of 8460 (1 h), 16,920 (2 h), 25,380 (3 h), 33,840 (4 h), and 42,300 (5 h) J. By increasing the sonication time, ZP, κ and ρ are enhanced, while the cluster size and μ are reduced. Optimum stability conditions are reached at a sonication time of 5 h leading to optimal ZP (>55 mV), cluster size (105 nm), sonication energy (42.3 kJ), μ (1.63 mPa.s), κ, and ρ values. For 24 h and 30 days of storage of 0.5 vol% Al2O3/DW NF after sonicating for 5 h, the ZP values are observed to be similar. The influence of sonication time on the morphology of NF is presented in Figure 7.



The stability and κ behavior of various types of DW-based CNT NFs (SWCNT, DWCNT, FWCNT, and MWCNTs), formulated using three dispersion techniques (functionalization, bath/SDS, and probe/SDS), were studied [156]. Both the stability and κ of the resultant NFs depend on the dispersion techniques and NPs structure and size. The best stability and highest κ are achieved using the functionalized NFs due to their minimal agglomeration tendency and sedimentation, especially after 400 h. This is followed by probe/SDS and bath/SDS. An order of SWCNT > DWCNT > MWCNT (>10 nm) > MWCNT (10–20 nm) is observed for stability and κ of the NFs. The stability, μ, and κ of 0.1 wt% TiO2/DW NF with and without SDS and horn ultrasonication or bath ultrasonication were examined [157]. The bath ultrasonication is carried out for 3 h while the horn ultrasonication lasted for 15 min. Results showed that the best stability (for 30 days) is achieved with the use of SDS and bath ultrasonication with ZP of 55 mV and particle size of 237.7 nm, followed by SDS and horn ultrasonication with ZP of 47.9 mV and particle size of 176.9 nm. However, the maximum values of μ and κ are achieved using SDS with bath and horn ultrasonication, respectively. Without SDS, the use of a sonication bath and horn resulted in relatively lower κ and μ associated with fair stability (ZP = 31.1–33.3 mV and particle size = 188.2–250.4 nm).



The influence of different surfactants (SDS and PVP), sonication time (0.25–2 h), nano-size (13 nm and 20 nm), NF concentrations (0.1–2.5 vol%), and surfactant mass fractions (0.25–4 wt%) on the stability and κ of DIW-based αAl2O3 NFs was studied [158]. The results demonstrate that the utilization of PVP to formulate the NF exhibits better stability than SDS even after 48 h of preparation. For both surfactants, κ reduces drastically, as the mass fraction increases up to 1.0 wt%, after which a relatively constant κ is noticed when the mass fraction of the surfactants is increased further. The κ of αAl2O3 NF is observed to reduce after preparation, but it enhances with an increase in sonication time and volume concentration. After preparation, no significant difference in κ is observed for samples ultrasonicated for 1 h and 2 h. With the use of SDS and PVP, maximum κ is achieved at different optimum surfactant mass fractions for different volume concentrations, and the SDS is noticed to yield higher values of κ. The αAl2O3 NF with a nano-size of 13 nm exhibited higher κ than the 20 nm-based NF with optimal κ values at 0.5 wt% and 1.0 wt% for SDS and PVP, respectively.



The stability and κ characteristics of γAl2O3/DIW NF under varying volume concentrations (1, 2, and 3 vol%) and sonication duration (15–180 min) were studied [159]. Depending on the volume concentration, polydispersity index (PI), absorbance, and cluster size decreases with an increasing sonication time, while ZP and κ are increased with a sonication time increase. At 150 min of sonication, peak κ and ZP (>50 mV), constant absorbance, and minimum cluster size and PI are achieved. An increase in the volume concentration resulted in an increase in κ, cluster size, and PI, and a reduction in the absorbance after 30 min of sonication. The impact of the sonication time (5–30 min) and energy density (2.4 × 105–1.4 × 106 kJ/m3), and surfactant concentration (0.3–8 wt%) on the aspect ratio, κ, flow behavior, and μ of 0.12 vol% MWCNT/W NF was examined [160]. Using 5 min of sonication (corresponding to 2.4 × 106 kJ/m3), the lowest value of μ and κ are achieved at an optimum surfactant concentration of 3 wt%. The NF exhibits a Newtonian behavior under increasing stress at the optimum surfactant concentration. An increase in the sonication time (and corresponding energy density) is observed to cause a reduction of μ (with increasing stress), κ, and aspect ratio. Therefore, the optimum sonication time to achieve a stable 0.12 vol% MWCNT/W NF is 30 min.



The influence of sonication time (4–100 h) on the κ, nanoparticle cluster size, and stability of ZnO/EG NF (0.5–3.75 vol%) was studied [161]. Increasing the sonication time from 4 h to 60 h results in a decrease in nanoparticle cluster size (459–91 nm) and an increase of κ (21–40%), in which the reverse is observed after a further increase in the sonication time. This implies an improvement of the stability of ZnO/EG NF as the sonication time increased to 60 h through a nanoparticle cluster size reduction leading to the enhancement of κ. After 60 h, the cluster size of the NF increases, leading to the instability and reduction of κ. Using the optimum sonication time of 60 h, a relatively constant κ is observed with no sedimentation for 30 days after preparing 1 vol% ZnO/EG NF. The stability of MWCNT/DW NF under varying sonication times (5–120 min), weight concentrations (0.1–1.5 wt%), and SDS concentrations (0.01–0.4 wt%) was reported [162]. The results demonstrate an optimum stability condition at an optimum sonication time of 90 min (1 × 105 J) and an SDS concentration of 1.5 wt% for MWCNT/DW NF with a weight concentration of 0.1–1.4 wt%, as indicated by the constant values of their absorbance. It is observed that increasing the SDS concentration causes an increase in the sonication energy required to formulate the MWCNT/DW NF.



The influence of sonication time (5–1355 min) on the κ, μ, shear stress, average cluster size, and CNT length of 0.5 wt% MWCNT/EG + 0.25 wt% GA NF were studied [163]. Increasing the sonication time causes the reduction of μ, average cluster size, and CNT length and an increase in κ of the NF. At 1355 min of sonication, maximum κ (23%), minimum μ, lowest average cluster size, and CNT length are recorded owing to optimum stability conditions. The use of the continuous mode of sonication is observed to produce a slightly higher κ than the pulse mode. Figure 8 shows the impact of μ on the shear rate at different sonication times. The influence of aggregate size, sonication time, and temperature on the stability and μ of EG-based Cu NF was examined [164]. Stirring is carried out for 20 min, while sonication took 15–75 min at temperatures of 20–50 °C. Generally, a sonication time increase causes a reduction in the μ value of the MNF, which enhances with a further increase in the sonication time after reaching the lowest μ, while a sonication temperature increase lowers the viscosity of the MNF. Increasing the sonication temperature and time is found to reduce the aggregate size of the NF due to an increase in Brownian motion. At low weight concentrations (1 and 2 wt%), the lowest μ values are obtained at an optimum sonication time of 60 min. However, for 3.8 wt% NF, the lowest μ is attained at an optimum sonication time of 45 min.



The μ behavior of Al2O3/GL NFs under different volume fractions (1–5%), sonication energy densities (5 × 106–4 × 107 kJ/m3), nano-sizes (20–30, 80, and 100 nm), and sonication time (1–8 h) was investigated [74]. The stability is monitored using UV, ZP, and visual inspection techniques. The results demonstrate that the μ of Al2O3/GL NFs reduces with the sonication time (irrespective of volume fraction) to an optimal value and thereafter increases as the sonication time increases. Stable Al2O3/GL NFs are achieved by sonicating 20–30 nm-sized Al2O3/GL NFs for 6 h and 80 nm and 100 nm-sized Al2O3/GL NFs for 3 h. The sonication time of Al2O3 (20–30 nm)/GL NFs corresponds to the energy density of 3 × 107 kJ/m3, while that of Al2O3 (80 and 100 nm)/GL NFs amounts to 1.5 × 107 kJ/m3. An increase in the sonication energy density is noticed to cause a significant reduction in the average particle size. At optimum stable conditions, the MNFs have a pH, ZP, and particle size of 6.44, −504 mV, and 59.6 nm, 6.26, −244 mV, and 128.7 nm, and 4.09, −79 mV, and 118.0 nm for 20–30 nm, 80 nm, and 100 nm-sized Al2O3/GL NFs, respectively. Moreover, at the optimum stability state, the Al2O3 (20–30 nm)/GL NFs are observed to exhibit the highest μ leading to a higher sonication energy density. Figure 9 presents the effect of sonication time on the viscosity of MNFs with different nano-sizes.



The stability and μ characteristics of MgO/EG NFs under different volume fractions (0.1–5%), nano-sizes (21, 105, and 125 nm), and sonication energy density were examined [98]. The optimal stability of the MgO/EG NFs is reached using a sonication energy density of 2.2 × 106 (30 min), 4.4 × 106 (60 min), and 13 × 106 kJ/m3 (180 min) for 21, 105, and 125 nm-sized MgO/EG NFs, respectively. The 21 nm-sized MgO/EG NFs are observed to exhibit the highest μ and pH, followed by 105 nm and 125 nm MgO/EG NFs. The stability of the MgO/EG NFs is reflected by a ZP of 38.5 mv (21 nm), 46.5 (105 nm), and 30.3 mV (125 nm). Increasing the sonication energy density is noticed to reduce μ of MgO/EG NFs in the order of 21 nm > 105 nm > 125 nm. The impact of sonication time (30–180 min) and nano-size (20 and 100 nm) on the stability, pH, and electrical conductivity (σ) characteristics of MgO/EG NFs was experimented with [120]. An optimal sonication time of 60 min (4.4 × 106 kJ/m3) is employed to obtain the stability of MgO/EG NFs with a 20 nm-based NF possessing a higher pH (9.66–10.84) and ZP (47 mV). The MgO/EG NFs with a nano-size of 100 nm are observed to exhibit a higher value of σ than the 20 nm counterpart. Figure 10 provides the σ of different concentrations of NF under varying sonication times.



The stability via sedimentation and κ of MWCNT/EG NFs under the influence of sonication time (1–24 h) and volume fraction (0.05–2.5%) was examined [166]. An increase in the sonication time is observed to enhance the stability of the MWCNT/EG NFs as the particle size becomes smaller and the dispersion of nanoparticles improves. The settling time of the MNFs is noticed to increase as the volume fraction increases. The κ of the MNF enhances as the sonication time and volume fraction increase. The impact of sonication time (0–180 min) on the stability and μ of 0.5 wt% Al2O3/DIW NF was studied [167]. The results prove that an increase in the sonication time from 30 to 60 min causes an enhancement in μ, which diminishes as the sonication time is increased to 180 min. The ZP is noticed to increase as the sonication time increases, while the reverse is the case for the average cluster size and particle size. This reveals that the stability of 0.5 wt% Al2O3/DIW NF is enhanced with an increasing sonication time. The stability and rheological behavior of 0.5 wt% Al2O3/DIW NF under an increasing shear rate (36.7–305.7 s−1) and sonication (1–5 h) were examined [165]. They demonstrated that the stability improvement and reduced μ are noticed with an increase in the sonication time. A Newtonian behavior is observed at lower shear rates (36.7–170 s−1) depending on the temperature. With an increase in the sonication time, consistency indices of the MNF reduce slightly, while no specific trend is observed for the flow behavior indices.



Using the same sample and experimental setup as [165,168] studied the effect of sonication time (0–5 h) on the yield stress and behavior of 0.5 wt% Al2O3/DIW NF under an increasing shear rate (12.2–305.8 s−1) using the Herschel–Bulkley model. A rapid reduction in yield stress is observed at the beginning of sonication (0–2 h), which reduced slowly from 2 h to 5 h of sonication (see Figure 11). The 0.5 wt% Al2O3/DIW NF is found to display a non-Newtonian behavior. With a slight reduction in yield stress at the start of the sonication, no noticeable difference is observed in the yield stress after a prolonged sonication. The flow consistency index is found to increase as sonication time increases, while no specific trend is observed for the flow behavior index under an increasing sonication. The effect of sonication time (1–5 h) on the stability, κ, μ, volume concentration, and storage of Al2O3/W NF at 0.5 vol% was examined [123]. The stability of the MNF is monitored by measuring ρ and used to evaluate volume concentration. It is observed that the sedimentation of the NP is reduced as the sonication time increases, leading to a stability improvement and storage of the NF. Moreover, the volume concentration, κ, and μ of the MNF reduces with the storage period but increase with the sonication time. The need to monitor the stability of NFs using ρ and κ and the enhancement of the thermal performance of NFs as the sonication time increases has been emphasized. In addition, the sonication time is observed to have a larger impact on μ than κ. In Figure 12, the stability of MNFs prepared at different sonication times is provided.



The influence of φ (0.05–0.3 vol%) and sonication time (20–200 min) on the thermal properties (σ, Cp, θ, and κ) of f-MWCNT/DIW NFs was studied [169]. At 80 min of sonication, the 0.1 vol% sample has the highest long-term stability with 39.8 mV. A different optimum sonication time is observed for the thermal properties with 20 min (0.1 vol%), 20 min (0.3 vol%), 120 min (0.1 vol%), and 120 min (0.1 vol%) for κ, Cp, θ, and σ, respectively. A study on the influence of surfactant quantity, volume concentration, and sonication duration (5–30 min) on the stability, dispersion, wettability, and viscosity of oil-based MWCNT NFs was conducted [170]. The results demonstrate the use of a high sonication time (30 min), low surfactant quantity (1:10), and moderate concentration (0.4 vol%) to achieve optimum stability, dispersion, wettability, and viscosity. Two valid theories are proposed—contact line pinning and liquid nano-layering—to describe the role of nanoparticles in enhancing the contact angle of NF.



The impact of sonication times (0–4 h), φ (0.01–0.2%), and temperatures (30–45 °C) on the viscosity of Al2O3/DIW-EG (50:50 vol) NF was investigated [171]. An optimum sonication time of 3 h is achieved for all the studied concentrations with a maximum reduction of viscosity (11.36%) for the 0.2 vol% at 45 °C. The impact order of φ > temperature > sonication time was observed for the viscosity. An investigation of the influence of the sonication power (60–120 W), surfactant fraction (1:10–4:10), sonication (15–60 min), and stirring time 5–20 min of 0.24 vol% TiO2/DIW NF at a sonication frequency of 20 kHz on κ and ZP as stability indicator was carried out [172]. To achieve maximum κ and stability of the NF, stirring time, sonication time, surfactant fraction, and sonication power of 15 min, 60 min, 2:10, and 120 W, respectively, are recorded. The contribution order of surfactant fraction > sonication power > sonication time > stirring time on κ is observed, while that on stability is surfactant fraction > sonication time > sonication power > stirring time.




3.1.2. Zeta Potential


The impact of the sonication time (5–30 h) on the stability characteristics of 0.1 vol% Al2O3/DIW NF using the ZP technique was investigated [173]. An optimum stability is reached at a sonication time of 5 h with a maximum ZP of 34 mV. The influence of pH on the stability of 0.1 wt% Al2O3/DIW NF under varying surfactant concentrations (0.5-critical micelle concentration (CMC) and 1-CMC) and surfactants (SDBS and CTAB) was examined [126]. Techniques of UV, ZP, average particle size, and visual inspection are used to check the stability of the NF with and without surfactants. The 1-CMC-SDBS Al2O3/DIW NF is observed to be most stable with a ZP of below 30 mV, pH of below 6, an average particle size of 123 nm, and a polydispersity index of under 0.3. Moreover, the absorbance of the NF is noticed to reduce as the time (20 days) increases, with 1-CMC-SDBS Al2O3/DIW NF recording the highest value. Under varying sonication amplitudes (20–80%) and a sonication time of 30 min, the stability of the capped and bare Cu/methanol NF with 0.1% wt/vol concentration was studied [174]. The amplitudes correspond to energy and power densities of 0.07–0.42 Wcm−3 and 5–32 Wcm−2, respectively, while the ZP, average cluster size, and PI are used in relation to the stability of the MNFs. Increasing the sonication amplitude from 20% to 80% reveals an increase in stability, as indicated by an average cluster size (from 330 nm to 190 nm) and PI (from 0.229 to 0.162) reduction. The capped Cu/methanol NF is found to be more stable than the bare counterpart with ZP of 38 mV (for six months of storage), PI (<0.2), and average cluster size (<200 nm). Beyond the optimum sonication amplitude of 80%, a significant loss of methanol is observed due to the energy generated through sonication. The effect of sonication time on the ZP of MNFs, indicating the degree of stability and duration after preparation, is presented in Figure 13 and Figure 14, respectively.



The stability and pH of water-based TiO2 NFs (0.1 wt%) subject to the addition of Ag nanoparticles (0.1–0.4 wt%) and sonication time (10–30 min) were studied [127]. The sonication is found to be significant at ≤0.2 wt% of Ag NPs and 10 min of sonication beyond, which it is ineffective. The addition of the Ag particles and a sonication of the mixture is observed to increase the pH of Ag-TiO2 NFs.




3.1.3. Absorbance


The stability of 0.025 w/v% SWCNT/DIW NF under varying sonication time (10–120 min) and power (20–120 W) using 3-mm and 6-mm tips for probe sonicator and centrifuge sonicator was studied [175]. Increasing the sonication power and time is observed to enhance the stability via the absorbent test. Optimum sonication power and time of 120 W and 120 min are attained, respectively. The use of a 6 mm tip for sonication is observed to yield better stability compared to that of a 3 mm tip sonicator (see Figure 15).




3.1.4. Surface Tension


Recently, the influence of sonication amplitude (40% and 100%), sonication time (0.5–4 min), and volume concentration (0.05–0.4 vol%) on the surface tension of ZnO/DW NFs were examined [176]. The following two parameters are considered: surface tension and relative surface tension of NFs. Owing to statistical analysis, sonication amplitude is noticed to have a significant difference in both parameters, while sonication time has a pronounced effect on the relative surface tension, while volume concentration has a significant difference on the surface tension (see Figure 16).




3.1.5. pH


The Taguchi method was used to design and optimize the stability of Fe3O4/DW NF in the absence and the presence of a magnetic field [87]. The parameters optimized are stirring speed (400–800 rpm) and time (30–90 min), surfactant mass (1–4) and types (citric acid, GA, Tween 20, SDS, and CTAB), pH (7–11), initial sonication (20–60 min), and final sonication time (0–40 min). The optimum parameters are reported using citric acid (surfactant), 600 rpm (stirring rate), 20 min (final sonication), 2% (surface mass), 11 (pH), 60 min (stir time), and 60 min (initial sonication) for the stability of Fe3O4/DW NF without magnetic influence. However, the optimum parameters of 800 rpm (stirring rate), acetic acid (surfactant), 0 min (final sonication), 1% (surface mass), 10 (pH), 20 or 40 min (initial sonication), and 30 min (stir time) for the NF stability under the magnetic influence. The stability and pH of TiO2/DW NF (at 0.5 vol%), as measured by the ZP and average cluster size under varying sonication times of 0–180 min, were investigated [124]. It is observed that as sonication time increases, the pH and average cluster size reduces, but the ZP increases. However, at an optimum sonication time of 150 min (ZP = 38.6 mV and average cluster size = 139.4 nm), the best stability is observed. They developed a correlation to estimate the ZP of TiO2/DW NF from the average cluster size and sonication time.



The influence of the pH and SDBS (0–0.15 wt%) on the stability and κ for the aqueous Al2O3 and Cu NFs (0.05–0.8 wt%) was examined [106]. The stability is checked using the ZP. The results demonstrate that for Al2O3 and Cu NFs, the optimal pH, maximum ZP, optimal SDBS weight fraction, and minimum particle size values are ≈8 and ≈9.5, 40:1 mV and 43:8 mV, 0.1 wt% and 0.07 wt%, and 240 nm and 310 nm, respectively. Moreover, maximum κ (18% for Cu/W NF and 15% for Al2O3 NF at 0.8 wt%) is observed at the optimal SDBS and pH values. The optimum stability is observed at the optimal pH, ZP, and SDBS weight fraction values. This work and results are similar to that of [177], except for the weight fraction, the SDBS concentration, and the κ enhancement differences. The stability and κ of aqueous Cu and Al2O3 NF (0.01–0.4 wt%) under varying pH and SDBS concentrations (0–0.14 wt%). At 0.4 wt%, Cu and Al2O3 NFs are enhanced by 11% and 13%, respectively were studied [177].



In another study, the authors of [129] reported similar optimal pH values to that of [106] for water-based Al2O3 and Cu NFs (0.01–0.04 wt%). At these optimal values, the μ and κ of the MNFs are at a minimum and maximum value, respectively. Peak κ enhancement of 13% and 15% and μ of 0.825–0.865 and 0.2–0.86 mPa.s are recorded for Al2O3 and Cu NFs, respectively. At the optimal pH values, the optimum stability of the MNFs is noticed. Figure 17 shows the effect of sonication time on the pH of NF.




3.1.6. Aggregate Size, Sedimentation Time, and Velocity


Nanoparticles in NFs aggregate as the distance between nanoparticles becomes lesser during the collision as the weak force of attraction (van der Waals) increases [178]. At high nanoparticle concentrations, the possibility of nanoparticle aggregation becomes high. The aggregation of nanoparticles in NFs is reported to enhance NF κ. This is connected to the localized particle-rich portion development with a lower thermal resistance to heat transfer compared to the less-particle portion. The formation of larger particle-free sections in the NFs leads to the settling of heavier aggregates (NF instability), which, consequently, reduces the κ and lowers heat transfer. NF stability is related to the aggregation characteristics, which can be determined by nanoparticle size and shape and the interaction energy between nanoparticles and base fluid.



Nanoparticles aggregate due to the force of attraction between the nanoparticles. The stability of CuO NFs (0.1–0.4 wt%) via the sedimentation height under different base fluids (DIW, EG-DIW (50:50 vol%), and EG), stirring rates (400–700 rpm), stirring time (60–75 min), surfactants (PVP, SDS, and Triton X100), sonication time (60–270 min), and sonication frequency (18–24 kHz) was studied [86]. The results show that EG and SDS are the best base fluid and surfactant, respectively, for formulating CuO NF. Increasing the stirring rate of CuO NF causes a reduction in the sedimentation height, but the optimum values are reported for the stirring and sonication time to achieve the lowest sedimentation height. The most stable NF (CuO/EG + SDS (1% volume of NF)) is achieved at a pH of 10.1, sonication time of 75 min, and stirring time of 60 min for 75 days.



Under changing sonication times (30–180 s), amplitudes (10, 30, and 60%), and irradiation methods (pulsed (0.1/0.1 and 1.0/1.0) and continuous (30 s and 90 s)), the stability characteristics of 1 mg/mL Al2O3/W NF through the cluster size was examined [179]. The most stable NF is observed to be formulated using an amplitude of 30%, sonication time of 180 s, and pulsed mode of 0.1/0.1 with a cluster size of <145 nm. They reported a slight difference in the cluster size using continuous and pulsed modes. Figure 18 presents the impact of sonication time on NP cluster size under different amplitudes. It is worth mentioning that nanoparticle shapes have been studied to affect the κ of corresponding NFs, while no significant effect is reported for the viscosity of NFs [169,171]. A higher aspect ratio, which is strongly connected to the surface area to volume ratio of nanoparticle shapes, has been attributed to the improvement in κ and consequently influences the heat transfer of NFs. However, the studies relating preparation characteristics to nanoparticle shapes are lacking in the public domain. The influence of different shapes (brick, blade, and platelets) of boehmite-Al2O3 particles on the stability and κ of boehmite-Al2O3/water NFs was studied [180]. The NF stability was observed to be directly related to the nanoparticle shape, which consequently affects κ. NF with the brick-shaped nanoparticles has the best stability, followed by the platelets and blade-shaped nanoparticles. A similar trend was noticed for the κ.




3.1.7. Thermal Performance of Heat Transfer Devices


The impact of surfactant (Triton X-100) weight concentration (0.1–0.3 wt%) and NF (TiO2/DW) weight concentration (0.3–1.2 wt%) on the overall heat transfer coefficient, thermal resistance, and thermal efficiency of the thermosyphon heat pipe (THP) under varying input powers (100–200 W) and inclination angles (45–90°) were investigated [181]. The results reveal an enhancement in the thermal efficiency of THP with an increase in input power, whereas the reverse is observed for the thermal resistance. Maximum thermal efficiency (94%) and overall heat transfer coefficient (285 W/m2 K), and minimum thermal resistance (0.186) of THP are reached using 200 W of input power and 90° inclination angle, and at optimal 0.2 wt% Triton X-100 and 1 wt% TiO2 NF. Relatively low wall temperature is also achieved using these optimal values at 200 W and 90° inclination. The use of the surfactant reduces the surface tension and increases the stability of the MNF, leading to an enhancement in the heat transfer rate (evaporator), overall heat transfer coefficient, and thermal efficiency of the THP. These findings stress the need to obtain an optimum NF and surfactant concentration in NF studies to achieve better and more reliable results.



The influence of sonication time (1–4 h) on the κ, μ, outlet temperature, electrical, and thermal efficiency of CuO/DW NFs (0.05–0.2 vol%) as coolants in a photovoltaic–thermal solar collector is studied [182]. The results reveal that an increase in the sonication time causes an increase in κ (3.5%), outlet temperature (>65 °C), thermal and electrical efficiency, and a decrease in μ, all as functions of volume concentration. At sonication time of 4 h and volume concentration of 0.2 vol%, optimum κ, μ (7.5%), outlet temperature (>65 °C), power (24.8 W), electrical (15.1%), and thermal efficiency (80.7%) are achieved. It is worth stating that the optimum outlet temperature, power, electrical, and thermal efficiency are achieved at noon and a photovoltaic panel temperature of 45 °C. However, no scientific stability test is carried out except for the visual inspection. This work emphasized the need to optimize sonication variables to enhance the stability, thermophysical properties, and heat transfer performance of NFs thermal transporting systems.



The influence of sonication time (20–40 min) corresponding to the sonication energy density of 57 J/g–290 J/g on the stability, κ, μ, h, and Nu of 1 wt% MWCNT/DIW + 0.25 wt% GA NF employed as a thermal fluid in a horizontal tube under laminar flow (Re = 600–1200) was studied [155]. Increasing the sonication time from 20 min to 40 min results in the enhancement of κ, μ, h, and Nu, which reduces as the sonication time is increased from 40 min to 80 min. Thus, the most stable MNF is achieved at a sonication time of 40 min. Sonicating the MNF for 40 min is shown to yield the highest enhancement of κ (20%), μ, h (32% at Re = 600), and Nu. In addition, the optimum sonication time (40 min) leads to the highest flow consistency index and lowest flow behavior index, as the MNF demonstrates a non-Newtonian behavior. Figure 19 shows the influence of sonication time on the convective heat transfer coefficient of MNF.



The effect of sonication power (30%, 60%, and 90% of power), nano-size (20, 40, and 60 nm), and surfactant (SDS) weight concentration (0.05, 0.07, and 0.09 wt%) on the stability and pool boiling heat transfer performance of CuO/DIW NFs (0.025–0.125 wt%) was studied [67]. The results prove that an optimal sonication power of 60%, nano-size of 20 nm, and 0.05 wt% SDS engaged in the formulation of 0.125 wt% CuO/DIW NF yields the highest boiling heat transfer coefficient enhancement of 38.93%. The weight concentration of CuO NF, mass fraction of SDS, nano-size, and sonication power are observed to influence the heat transfer performance of MNF in boil pooling studies. The sonication power is noticed to contribute the most to the boiling heat transfer coefficient.



A study of the influence of nano-size (8 and 20 nm), weight concentration (0.01–0.2 g/L), and sonication time (30 and 120 min) on the AC breakdown voltages of CNT-transformer oil NF was performed [89]. The higher sonication time (120 min) is observed to produce higher breakdown values for all the studied concentrations compared to 30 min of sonication. This is attributed to the dissipation of more energy at 120 min of sonication, which enables the homogenization and stability of the studied NF. The influence of sonication duration (1–3 h) and moisture (0–210 ppm) on the stability, breakdown voltage, and heat transfer performance of transformer oil-based Al2O3 (0–0.16 vol%) NFs was examined [183]. An increase in the moisture content is observed to reduce the breakdown voltage. At a sonication time of 3 h and using the 0.1 vol% sample, the highest breakdown voltage and heat transfer performance are recorded. Table 5 presents the preparation, stability, properties, and performance characteristics of some mono NFs.





3.2. Hybrid NFs


3.2.1. Thermal, Optical, and Rheological Properties


The influence of stability via the functionalization (solvothermal technique) of MWCNT-γAl2O3/DIW (volume fraction of 0.2–1) NFs on κ was examined [72]. The ZP is used to check the stability of the HNFs. The κ of the functionalized HNF is the highest, with an enhancement of 20.68% over the base fluid. Moreover, the highest stability is recorded for the functionalized HNF with a ZP of −22.3 mV. This emphasizes the impact of functionalization on stability and κ. The effect of the sonication time (0.5–4 h) on κ of DW-based Ag-γAl2O3 NFs (0.005–0.1 vol%) was investigated [79]. The PVP is used as a surfactant for formulating the HNF, while the mixing ratios of 30:70, 50:50, and 70:30 are employed in the study. The HNF with a mixing ratio of 50:50 is noticed to have the highest κ compared to others. The optimum κ of Ag-γAl2O3 (50:50)/DW NF is achieved at a sonication time of 2 h, after which reduction is noticed.



The stability of DW-based ternary NFs (CuO-MgO-TiO2) with a concentration of 0.1–0.5 vol% via the mixing ratios (33.4:33.3:33.3, 50:25:25, 60:30:10, 25:50:25, and 25:25:50), sonication time (20–150 min), and the mass percent of SDS was optimized [78]. The stability is examined using stability time and ZP. The most stable is the HNF, with a mixing ratio of 60:30:10 achieved using a sonication time of 120 min, 0.49 mass% of SDS, a stability time of >40 h, and a ZP of >35 mV. They showed that increasing the sonication power and time enhanced the κ of HNF with a mixing ratio of 60:30:10 to a certain point before it is reduced. The maximum κ is achieved at optimum values of 420 W (sonication power) and 140 min (sonication time). The stability is observed to slightly reduce as the concentration of the HNF increases. The stability of MgO-TiO2/DW NF with volume concentrations of 0.1–0.5 vol% under varying sonication times (20–80 min), mixing ratios (50:50, 80:20, 20:80, 60:40, and 40:60), and SDS weight concentrations, was investigated [84]. The HNF with a mixing ratio of 50:50 has the best stability, as indicated by the highest values of ZP (>38 mV) and stability time (>80 h) and achieved by sonicating for 60 min and using 0.35 wt% of SDS. The highest value of κ is obtained for the HNF with an 80:20 mixing ratio, which is attained at an optimum sonication time of 75 min and sonication power of 350 W.



The effect of stability of DIW-based Cu-Al2O3 NFs (0.0005–0.0105%) at different mixing ratios (0.3:0.7, 0.5:0.5, and 0.7:0.3) on the κ, ρ, and μ via the effective particle diameter, sedimentation velocity, PI, and ZP was investigated [184]. Results show that after 240 h, the HNF with a 0.5:0.5 mixing ratio has the best stability as recorded by the high ZP (>40 mV) moderate polydispersity index, and low sedimentation velocity and particle diameter. The stability of the HNFs over 240 h reveals a slight decrease in κ, ρ, and μ until 50 h; thereafter, constant values are observed. The most stable HNF (Cu-Al2O3 (0.5:0.5)) exhibits the highest κ and ρ, and the lowest μ.



The effect of sonication time (30–120 min), dispersion fraction of SDS (0.6–1.2%), and sonication amplitude (70–80%) on the stability, pH, and σ of DIW-based MgO, ZnO, and MgO-ZnO NFs (0.1 vol%) was optimized [77]. The visual inspection and absorbency tests are used to determine the stability of the MNFs and HNFs. An optimum sonication time of 45 min, dispersion fraction of 1%, and amplitude of 75% are reported to achieve optimum stability via the measurement of pH and σ (see Figure 20 and Figure 21). The stable condition is reached by obtaining the CMC at the point of inflection of pH and σ for the investigated parameters of the sonication time and amplitude, and dispersion fraction. In addition, optimum stability and pH of fMWCNT-γFe2O3 (20:80) NFs (0.1–1.5 vol%) are achieved with an optimal sonication time of 2 h, dispersion fraction (SDS) of 0.5%, and amplitude of 70% [4] (see Figure 21). The σ is measured to determine the CMC of the HNF for each optimized parameter to achieve stable HNFs via the visual inspection and absorbency test. A similar result is obtained by [66] for the formulation of fMWCNT-γFe2O3 (20:80) NFs (0.1–0.4 vol%).



The stability of EG-DW (40:60 wt%)-based GNP-TiO2 and GNP NFs (0.025–0.1 wt%) using different surfactants (PVP, SDS, SDC, CTAB, Triton X100, and SDBS at 1:1), sonication time of 15–90 min, sonication amplitude of 60%, stirring rate of 500 rpm, and stirring time of 30 min for HNFs and 10 min for MNFs was investigated [81]. The stability is monitored using the absorbency test, sedimentation technique, and ZP. The MNFs are observed to be slightly more stable than the HNFs for all cases studied. The most stable HNF and MNF used CTAB as a surfactant and was sonicated for 90 min.



The influence of sonication time (60–240 min), dispersion fractions (0.8–1.3%) of SDS and SDBS, sonication amplitude (50–70%), and frequency (60–80%) on the stability of DIW- and DIW-EG (50:50)-based γAl2O3-γFe2O3 (25:75) NF (0.1 vol%) as measured using σ was investigated [75]. Optimum stability, as related to the CMC, is reached at an optimal sonication time, amplitude, and frequency of 120 min, 70%, and 70% and using 1.1% SDS and 1.12% SDBS for DIW- and EG-DIW based HNF, respectively. The optimal values are obtained at CMC, which is achieved when there is the inflection of σ values (maximum or minimum).



The effect of different surfactants (7), temperature (55–80 C), base fluids (4), and sonication duration (30–240 min) on the viscosity and stability of MWCNT (20%)-CeO2 (80%) NFs was investigated [91]. The most stable HNF, as revealed by the ZP measurement, is the Benzalkonium chloride-based MWCNT-CeO2 NF, while the Span-80-based HNF is the worst. The optimum sonication time corresponding to the peak stability of the HNF is found to depend on the base fluid type in the formulation of the HNFs (therminol VP-I—60 min, DIW—60 min, EG—90 min, and silicone oil—120 min). Viscosity is observed to reduce up to the optimum sonication time and then increases with DIW-based HNF found to demonstrate the lowest marginal viscosity and long-term stability.



The stability, κ, and σ of DIW-based CeO2-MWCNT NFs under varying sonication time (30–180 min), pH (8–11), surfactants (six), and surfactant fractions (5:0, 4:1, 3:2, 2:3, and 1:4), and preparation days (15–90 days) were studied [88]. The test samples are formulated using φ = 0.25–1.50 vol% and subjected to temperature variation of 25–50 °C. The optimum sonication time of 90 min, pH of 9.5, and surfactant fraction of 3:2 is observed for all the tested samples with 30 days and 90 days of optimum stability using CTAB and SDBS, respectively. At the optimum conditions and using CTAB, κ is improved by 27.38% using the 1.50 vol% sample and at 50 °C, while σ is enhanced by 30.1% using SDBS (4:1).




3.2.2. Zeta Potential and Absorbance


The effect of pH on the stability, μ, κ, and σ of naphthenic oil-based SiO2 and SiO2-GNP NFs (0.01–0.08 wt%) was explored [132]. The stability of both MNFs and HNFs is checked using ZP, absorbency test, sedimentation rate, and visual inspection. The NFs are formulated at four different pH values (9, 10, 11, 12), with those at pH 11 found to be the most stable, as indicated by all the stability tests conducted. The instability of NF samples with pH 9, 10, and 12 is observed to reduce the μ, σ, and ZP and increase the κ. It is noted that the addition of SiO2 NPs to GNP NPs improved the stability, μ, and κ of HNFs, and it also reduced σ.



The stability of Al2O3 + TiO2 + SiO2/EG-W (40:60 vol%) NFs at concentrations of 0.05–0.3 vol% using sedimentation, absorbency, ZP, and visualization techniques was studied [109]. Test samples are sonicated for 0.5–10 h. The individual MNF is mixed at a ratio of 0.33 to formulate the HNF. The results reveal that as the sonication time increases, the concentration ratio of the HNF increases. At an optimum sonication time of 10 h, the HNF is stable with a ZP of 25.1 mV. After 14 days, the sample remains stable, with an 80% concentration ratio and its absorbance also remain constant for 10 days.




3.2.3. Photothermal Conversion and Solar Collector Performance


The impact of pH, sonication time (20–120 min), and mass fraction of Sodium hexa meta phosphate (SHMP) as a surfactant on the stability of EG- and EG-W (50:50)-based γAl2O3, CuO, and γAl2O3 + CuO NFs for direct absorption solar collectors was investigated [134]. Generally, absorbance is observed to increase with pH rise and thereafter decrease as pH increases. The reverse is noticed for non-dimensional μ with pH. The results showed that for the EG-based NFs, the optimal pH, sonication time, and SHMP mass fraction are 8.5–10, 6.5–7.5, and 7–8.2, 120 min, 55 min, and 100–120 min, and 1.65, 0.5, and 1.5 for CuO, γAl2O3, and γAl2O3 + CuO, respectively. For the EG-W (50:50)-based NFs, the optimal pH, sonication time, and SHMP mass fraction are 8–9, 7–8, and 7.2–8.5, 120 min, 40–50 min, and 100–120 min, and 1.75, 0.25–0.5, and 1.35 for CuO, γAl2O3, and γAl2O3 + CuO, respectively. At optimal stability conditions, the peak absorbance is found to correspond to the lowest non-dimensional μ. Owing to the stability of the NFs, the extinction coefficient and absorbance of the HNFs are observed to be around the same value as the addition of the extinction coefficient of individual MNFs. The extinction coefficient of EG-W-based NFs is observed to be higher than that of those EG-based NFs.



A similar study to [134], in which only the base fluid is changed to DW from EG-W and EG [85], reported the optimal SHMP mass concentration, pH, and sonication time of 1.5, 0.25–0.5, and 1.25, 8–9, 7–8.2, and 7.5–8.5, and 100–120, 45, and 100–120 min for DW-based CuO, γAl2O3, and γAl2O3 + CuO NFs, respectively. These reported optimal values corresponding to the minimum viscosity of the MNFs and HNFs are achieved at optimal stability conditions leading to optimal absorbency and extinction coefficient. The influence of sonication time (30–240 min) on the stability, pH, and evaporation rate of MWCNT-GNP/seawater NFs (0.001–0.04 wt%) was investigated [71]. The ZP, visual inspection, and absorbency tests are used to check the stability of the HNFs. Increasing the sonication time is observed to increase the ZP and pH values, which decreased as sonication time is further increased. An optimal sonication time of 120 min is observed at which maximum values of pH (7–8), ZP (40.6 mV), absorbency, temperature rise (26.9 °C), light intensity, and evaporation efficiency (61.3%) are recorded, along with the minimum values of evaporation rate and average particle size. An increase in the volume concentration of the HNF results in the ZP reduction. At 0.01 wt%, sonication time of 120 min, and 3.6 suns, maximum evaporation efficiency and minimum evaporation rate are achieved.



The response surface methodology was employed to optimize the mass fraction of ATO-Ag/DIW NFs (0.01–0.2 wt%) and SDS as a surfactant (0.1–0.2 wt%) to maximize κ and solar-weighted absorption percentage [125]. The visual inspection and UV methods are used to monitor the stability of the HNFs. With 0.2 wt% ATO-Ag/DIW NF + 0.15 wt% SDS, a maximum κ of 0.67 W/mK and solar-weighted absorption percentage of 98.90% are obtained. The optimal value of 0.1 wt% for both the HNF and surfactant is achieved using the response surface methodology leading to a solar-weighted absorption percentage of 90.12%. The optimized 0.1 wt% HNF + 0.1 wt% SDS is observed to be more stable than 0.2 wt% HNF + 0.15 wt% SDS, especially for a long time (150 days). The optimized 0.1 wt% HNF + 0.1 wt% SDS is subsequently studied for its thermal performance as a thermal fluid in a direct absorption solar collector. A correlation was proposed to estimate the solar-weighted absorption percentage of the optimized HNF based on the mass fraction of the HNF and surfactant.



Similarly, a response surface methodology scheme was used to optimize the mass fractions of CuO (100–1500 mg/L) + SiO2-Ag (100–1500 mg/L) NFs and SDS mass fraction (200–2000 mg/L) to achieve a stable HNF with maximum k and solar-weighted absorption fraction [64]. The UV technique is used to measure stability. Results demonstrate that the highest solar-weighted absorption fraction (82.84%) is achieved with CuO, SiO2/Ag, and SDS of 383.3, 383.3, and 1614.9 mg/L, respectively. Moreover, with mass fractions of 1216.2, 383.3, and 1614.9 mg/L for CuO, SiO2/Ag, and SDS, respectively, the maximum κ ratio (1.234) is reached. By optimizing via response surface methodology, the optimal mass fractions are 864.7 mg/L (CuO), 206.3 mg/L (SiO2/Ag), and 1996.2 mg/L (SDS) leading to relative κ of 1.231, solar-weighted absorption fraction of 81.78%, and ZP of 38.7 mV. The most significant variable that contributed to the estimation of the relative κ and solar-weighted absorption fraction is the SDS mass fraction. This is found to be contrary to the work of [125], which reported the ATO-Ag (HNP) as the most significant variable in estimating the same. Similar to the work of [125], mathematical regressions are developed to predict the relative κ and solar-weighted absorption fraction of the HNF subject to the mass fractions of CuO, SiO2/Ag, and SDS.



The influence of pH (2–10), surfactant (SHMP) mass fraction (0.2–2%), and sonication time (20–120 min) on the stability, absorption, and κ of DW- and EG-DW (50:50)-based CuO (0.001 vol%)-γAl2O3 (0.04 vol%) NF was studied [135]. A stability check is carried out using UV and visual tests. The optimal pH, surfactant mass fraction, and sonication time of 7–8.2 and 7.5–8.5, 1.35 and 1.25, and 100–120 min for EG-DW- and W-based CuO-γAl2O3 NF, respectively, are reported. It can be noticed that, at optimal stability conditions, maximum absorbance, and κ are recorded. Thus, revealing the dependence of the stability and κ of CuO-γAl2O3 NF on sonication time, surfactant mass fraction, and pH. The optimized HNF is further studied as a thermal fluid in a direct absorption solar parabolic trough collector.




3.2.4. Thermal and Hydraulic Performance of Heat Transfer Devices


The influence of surfactants (SDS and PVP) on the thermal performance (Nu, ΔP, and η) of DW-based Al2O3-Ag NF (0.2 vol%) used as a thermal fluid in a helical heat exchanger was investigated [65]. The weight concentrations of each surfactant are between 0.1 and 0.4 wt%. The results prove that the use of SDS at an optimum concentration of 0.1 wt% leads to the highest heat transfer performance enhancement of 16% compared with DW. At a Reynolds number of 5100, 0.1 wt% SDS + HNF yields a maximum Nu enhancement ratio of 6.28, a minimum ΔP enhancement ratio of 1.03, and a maximum thermal performance ratio of 1.16. Figure 22 and Figure 23 show the effect of different surfactant types and concentrations on the heat transfer enhancement ratio and thermal efficiency of HNFs in a helical heat exchanger, respectively. To investigate the heat transfer performance of TiO2 + SiO2 (50:50)/W-EG (60:40 vol) NFs (0.5–0.3 vol%) in a tube under turbulent flow, [82] optimized the sonication time (0–2 h) for better stability and performance of the HNFs. Visual inspection and absorbency tests are used to monitor stability. After 270 h of storage, the ratio of absorbance showed that the optimal sonication time of 1.5 h yielded the most stable HNF. Table 6 presents the preparation, stability, properties, and performance characteristics of some HNFs.



It is pertinent to mention that the choice of nanoparticles and base fluids to formulate HNFs is critical to their thermal, rheological, and optical properties, photothermal conversion, and convective heat transfer performances and their corresponding applications. The κ, μ, and other thermal properties of nanoparticles and base fluids, the chemical characteristics of base fluids, and the purpose behind the formulation of the HNFs should be carefully considered in choosing the nanoparticles and base fluids to be engaged in various NF-based studies.






4. Future Research Direction


The reviewed literature concerning the influence of the preparation characteristics on the properties and performances of mono and hybrid NFs revealed the huge importance of stability, most especially, the optimum stability conditions to NF research and published results. The complexity of achieving stable conditions for mono and hybrid NFs through the preparation characteristics is also demonstrated. The stability of mono and hybrid NFs is strongly related to the preparation characteristics, such as stirring duration, temperature, and speed, volume, density, and base fluid type, weight/volume concentration, density, nano-size, and type of mono or hybrid NPs used, type and quantity of surfactant used, and finally, the sonication time, mode, temperature, frequency, and amplitude. The future of mono and hybrid NF studies (rheological, optical, and thermal properties and application in diverse areas) is highly dependent on achieving the optimum stability conditions through the optimization of the preparation characteristics, which would yield better, more accurate, and more reliable results, especially in the quest to apply them for improved performance. Stability without stirring and surfactant is observed to be achieved at a relatively longer sonication time. However, this is not the case for most of the cases of MNF and HNF formulation. A schematic diagram of the influence of preparation characteristics on the properties and performance of MNFs and HNFs is provided in Figure 24.



The stability of mono and hybrid NFs has been researched to affect their pH [85,126,132,135], κ [123,132,152,184], μ [85,123,184], ρ [123,184], σ [132,176], ZP values [78,123,126], aggregate size [164], sedimentation time and velocity [78,184,185], cp [184], surfactant type and fraction [65,81,185], storage period [123], absorbency, extinction coefficient, and photothermal conversion [64,85,125,135], light intensity and vapor generation [71], coefficient of heat transfer and Nusselt number [65,67,155,181], and pumping power [149]. Except with the same authors or references to formerly published studies, the public domain is inundated with literature on mono and hybrid NF studies in which the results and stability cannot be reproduced. As one of the great attributes of an experiment is the ability to be reproduced, this is largely lacking in mono and hybrid NF studies, which, in our opinion, needs to be addressed urgently in the future.



It can be deduced from the survey of the reviewed literature in this work and publications on NF preparation and stability that there is still no standard procedure for the formulation of NFs based on the two-step strategy, which involved the deployment of sonication. The diverse results published in the open literature through the various ways deployed by different authors to formulate NFs can be strongly linked to the difference in nanoparticles and base fluid types with various chemical compositions and bonding structures, and thus exhibiting diverse stability mechanisms. The use of a suitable and more generalized formulation procedure is envisioned to promote more stable NFs and better results in terms of the differences in NF applications [89].



With the lack of or insufficient preparation characteristics data to reproduce stable mono and hybrid NFs and subsequent results (rheological, optical, and thermal properties and performance), it is essential to provide detailed preparation characteristics data. This will help to reproduce stable NFs and reliable results. With the increasing number of studies on the HNFs and the future investigation of novel base fluids, NPs, HNPs, and areas of application, it is, therefore, necessary for results to conform, which can only be attained through the optimization of preparation characteristics and provision of a detailed report in the literature. In addition, few studies reported the effects of aging and reusability of MNFs and MNFs, tip width of the ultrasonicator probe, sonication temperature, stirring speed and temperature, and mode of ultrasonicators (continuous and pulsed) on the properties and performance of NFs [82,123,163,164,175,179]. Likewise, very limited studies have been carried out concerning the influence of probe-type and bath-type ultrasonicators on the stability and properties of NFs, which is marked by huge discrepancies [156,157]. Furthermore, the functionalization of HNPs and MNPs is observed to produce more stable HNFs and MNFs, of which limited studies have been published in the open literature [72,156]. The published results in this regard require further investigation to substantiate the existing claims.




5. Conclusions


The preparation of mono and hybrid NFs to attain stable conditions is a complex undertaking that involves various parameters, such as stirring duration, temperature, and speed, volume, density, and base fluid type, weight/volume concentration, density, nano-size, and type of mono or hybrid NPs used, type and quantity of surfactant used, sonication time, modes, frequency, and amplitude. From this present work, it is observed that the formulation of diverse mono and hybrid NFs from various types of NPs and HNPs (with different sizes and shapes), and base fluids involved the use of different preparation parameters and the need to optimize these parameters is important to the stability of NFs and their applications in terms of the thermal, optical, rheological, and convective properties, photothermal conversion, and thermal performance. Furthermore, the stability is established to significantly influence the properties and performance of NFs in various applications. As NF preparation is an experimental exercise, the need to reproduce experiments, stability, and results of mono and hybrid NF studies call for the detailed disclosure of the preparation variables deployed in future studies, which could guarantee the convergence of research findings in terms of accuracy, reliability, and improvement.
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Nomenclature




	NP—nanoparticles
	h, HTC—coefficient of heat transfer (W/m2 K)



	HNF—hybrid nanofluids
	W—water



	HNP—hybrid nanoparticles
	DIW—deionized water



	MNF—mono nanofluid
	DW—distilled water



	TEM—transmission electron microscopy
	EG—ethylene glycol



	SEM—scanning electron microscopy
	Cp—specific heat (J/kgK)



	EDL—electrical double layer
	ZP—zeta potential



	XRD—X-ray diffraction
	IEP—isoelectric potential



	SHMP—sodium hexa meta phosphate
	GL—glycerol



	THP—thermosyphon heat pipe
	SDS—sodium dodecyl sulphate



	UV—ultraviolet
	CTAB—cetyl trimethyl ammonium bromide



	Nu—Nusselt number
	GA—gum Arabic



	ΔP—pressure drop
	OA—oleic acid



	φ—volume concentration
	SDBS—sodium dodecyl benzene sulfonate



	η—efficiency
	TMAH—tetramethylammonium Hydroxide



	μ—viscosity (mPas)
	CMC—critical micelle concentration



	κ—thermal conductivity (W/m K)
	SDC—sodium deoxycholate



	θ—contact angle
	PVA—polyvinyl alcohol



	σ—electrical conductivity (S/m)
	PVP—polyvinyl pyrrolidone



	γ—yield stress
	EBT—Eriochrome Black T
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Figure 1. Overview of present study. 
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Figure 2. Mono and hybrid NF formulation strategies. 
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Figure 3. Ultrasonication of HNF. 
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Figure 4. Thermal conductivity of MWCNT/water NF against ultrasonication time at the temperature of 35 °C and different concentrations. Adapted from [148]. 
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Figure 5. Viscosity of MWCNT/water NF against ultrasonication time at the temperature of 40 °C and concentration of 0.5%. Adapted from [149]. 
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Figure 6. Influence of ultrasonication duration on density of 0.5 vol% Al2O3-water NF at different temperatures. Adapted from [150]. 
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Figure 7. Images of Wet-TEM of 1 wt% MWCNT + 0.25 wt% GA NF sonicated for: (a) 20 min at 0.5 μm scale, (b) 40 min at 0.5 μm scale, (c) 60 min at 0.5 μm scale, (d) 80 min at 0.5 μm scale, (e) 40 min at 200 nm scale, and (f) 80 min at 200 nm scale. Adapted from [155]. 
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Figure 8. Viscosity against shear rate of Al2O3 NF at different sonication time. Adapted from [165]. 
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Figure 9. Influence of sonication time on viscosity of Al2O3–GL NF with volume fractions of (a) 2% and (b) 3%. Adapted from [98]. 
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Figure 10. Influence of sonication time on the electrical conductivity and pH of MgO-EG NF at 20 °C: (a) electrical conductivity and (b) pH. Adapted from [120]. 
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Figure 11. Effect of ultrasonication duration on the yield stress of the Al2O3-water NF. Adapted from [168]. 
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Figure 12. Stability of MWCNT-water NFs formulated at different ultrasonication durations (30 days). Adapted from [136]. 
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Figure 13. Effect of ultrasonic duration on zeta potentials of TiO2—H2O NF. Adapted from [124]. 
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Figure 14. Effect of ultrasonication time on zeta potential of 0.5 vol% MWCNT/water NF at different storage time. Adapted from [148]. 
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Figure 15. Comparison of the absorption spectra for the SWCNT NF dispersed using 3-mm and 6-mm sonication tips. Adapted from [175]. 
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Figure 16. Effects of sonication amplitude (% in the parentheses) and time on STnf of ZnO/DW NFs. Adapted from [176]. 
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Figure 17. Influence of ultrasonication duration on pH value of TiO2–H2O NF with an isoelectric point of TiO2. Adapted from [124]. 
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Figure 18. Effect of sonication time (pulse ratio 0.1/2.0 (s/s)) on average cluster size of alumina NF at different vibration amplitudes. Adapted from [179]. 
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Figure 19. Axial variation of heat transfer coefficient at Re = 1200 ± 100 under varying sonication time using MNF. Adapted from [155]. 
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Figure 20. Effect of dispersion fraction on electrical conductivity and pH of 0.5 vol% MgO-ZnO/DIW NF. Adapted from [77]. 






Figure 20. Effect of dispersion fraction on electrical conductivity and pH of 0.5 vol% MgO-ZnO/DIW NF. Adapted from [77].



[image: Machines 11 00112 g020]







[image: Machines 11 00112 g021 550] 





Figure 21. Effect of sonication time on electrical conductivity and pH of 0.5 vol% MgO-ZnO/DIW NF. Adapted from [77]. 
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Figure 22. Nusselt number enhancement ratio against Reynolds number for hybrid NF at different concentrations of surfactant (SDS or PVP). Adapted from [65]. 
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Figure 23. Thermal efficiency against Reynolds number for helical coil with hybrid NF containing SDS or PVP Adapted from [65]. 
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Figure 24. Influence of preparation characteristics on properties (optical, thermal, and rheological) and performance of mono and hybrid NFs. 
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Table 1. List of surfactants used in nanofluid studies.
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	Name





	Sodium dodecyl sulphate



	Sodium dodecylbenzene sulfonate



	Gum Arabic



	Oleic acid



	Cetyl trimethyl ammonium bromide



	Polyvinyl pyrolidone



	Nanosperse AQ



	Dodecyl trimethyl ammonium bromide



	Hexa decetyl trimethyl ammonium bromide



	Sodium hexa meta phosphate



	Span 80



	eriochrome blackT



	Triton X100



	Tween 80



	Citrus acid



	3-Aminopropyl) trimethoxysilane



	Polyisobutene succinimide



	Sodium deoxycholate



	Poly(vinyl alcohol)



	Polyisobutene succinimide



	Tetramethylammonium hydroxide
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Table 2. Isoelectric points of mono and hybrid nanofluids.
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	Nanofluids
	IEP
	References





	Al2O3
	9.1
	Kumar and Sarkar [122]



	Al2O3
	6.2–6.8
	Zawrah et al. [73]



	MgO
	6.82
	Kumar and Sarkar [122]



	SiC
	7.56
	Kumar and Sarkar [122]



	AIN
	8.12
	Kumar and Sarkar [122]



	Cu
	7.73
	Kumar and Sarkar [122]



	MWCNT
	7.62
	Kumar and Sarkar [122]



	Al2O3
	8.0
	Mahbubul et al. [123]



	TiO2
	6.5
	Mahbubul et al. [124]



	TiO2
	2–4
	Sreekumar et al. [125]



	Sb2O5
	3–5
	Sreekumar et al. [125]



	Al2O3
	8.0
	Cacua et al. [126]



	TiO2
	6.2
	Chakraborty et al. [127]
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Table 3. pH of mono and hybrid nanofluids.
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	Nanofluids
	pH
	References





	Al2O3-TiO2 (8:2, 6:4, 4:6, 2:8)/DW
	5.68–5.75
	Kumar and Sarkar [122]



	Al2O3 + MgO/DW
	8.23
	Kumar and Sarkar [128]



	Al2O3 + SiC/DW
	6.82
	Kumar and Sarkar [128]



	Al2O3 + AIN/DW
	7.56
	Kumar and Sarkar [128]



	Al2O3 + Cu/DW
	8.12
	Kumar and Sarkar [128]



	Al2O3 + MWCNT/DW
	7.73
	Kumar and Sarkar [128]



	Al2O3/DW
	7.62
	Kumar and Sarkar [128]



	Al2O3/DW
	8.0
	Wang and Li [129]



	Cu/DW
	9.5
	Wang et al. [106]



	Cu-Al2O3/DW
	5.5
	Momin et al. [130]



	SiO2-CuO/C/GL-EG (60:40)
	8–9
	Akilu et al. [131]



	SiO2-GNP/naphthenic mineral oil
	9–11
	Qing et al. [132]



	Fe3O4-GNP/DIW
	3, 5, 7, 8, and 10
	Askari et al. [101]



	Al2O3 and Al2O3-Fe (50:50)/DIW
	12
	Okonkwo et al. [133]



	Al2O3/W
	7–8.2
	Menbari et al. [85]



	CuO/W
	8–9
	Menbari et al. [85]



	Al2O3-CuO/W
	7.6–8.5
	Menbari et al. [85]



	Al2O3/EG
	6.5–7.5
	Menbari et al. [134]



	CuO/EG-W (50:50)
	8–9
	Menbari et al. [134]



	CuO/EG
	8.5–10
	Menbari et al. [134]



	Al2O3/EG-W (50:50)
	7–8
	Menbari et al. [134]



	Al2O3-CuO/EG
	7–8.2
	Menbari et al. [134]



	Al2O3-CuO/EG-W (50:50)
	7.2–8.5
	Menbari et al. [134]



	Al2O3-CuO/W
	7.5–8.5
	Menbari et al. [135]



	Al2O3-CuO/EG-W
	7–8.2
	Menbari et al. [135]



	Cu/DIW
	7.43–10.2
	Kamalgharibi et al. [86]



	Cu/EG-DIW (50:50 vol)
	7.8–9.6
	Kamalgharibi et al. [86]



	Cu/EG
	9.85–10.2
	Kamalgharibi et al. [86]



	Al2O3/W
	5.1–5.2 (sonicated) and 5.4 (without sonication)
	Mahbubul et al. [123]



	MgO/EG
	9.66–10.84
	Adio et al. [120]



	Al2O3 (100 nm)/GL
	4.09
	Adio et al. [74]



	Al2O3 (80 nm)/GL
	6.26
	Adio et al. [74]



	Al2O3 (20–30 nm)/GL
	6.44
	Adio et al. [74]



	Cu-TiO2
	7
	Sajid and Ali [92]



	Al2O3-Cu
	5.5
	Sajid and Ali [92]



	Ag-MgO
	5.74
	Sajid and Ali [92]



	SiO2-GNP
	11
	Sajid and Ali [92]



	ZnO/W
	4
	Sajid and Ali [92]



	Al2O3/BDW
	10
	Zawrah et al. [73]



	TiO2
	7
	Chakraborty et al. [127]



	Ag-TiO2
	7.3–8.35 (without sonication) and 7.70–8.69 (sonication)
	Chakraborty et al. [127]
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Table 4. Correlations for the estimation of κ, zeta potential, and solar weighted absorption fraction of NFs based on various preparation characteristics.
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	Authors
	Correlation
	Remark





	Asadikia et al. [154]
	   κ = 0.42 − 0.028 E G + 0.0168 M W C N T + 0.007 F  e 2   O 3  − 0.02 p H −  0.024 M W C N T ∗ E G + 0.021 F  e 2   O 3  ∗ E G + 0.052 p H ∗ E G +  0.01 M W C N T ∗ F  e 2   O 3  − 0.015 M W C N T ∗ p H − 0.015 . F  e 2   O 3  ∗ p H   
	Effect of EG, Fe2O3, MWCNT, and pH on κ (κ).



	Mahbubul et al. [124]
	   Z P = 10.742 + 0.013 A C S − 0.308 S T + 0.003 A C S ∗ S T   

   Z P = 34.021 − 0.06 A C S + 0.096 S T   
	Effect of average cluster size and sonication time on ZP.



	Sreekumar et al. [125]
	   S W A F = 245.66 − 1049.47 ∗ A T O . A G − 2499.67 ∗ S M F +  18,926.22 ∗ A T O . A G ∗ S M F − 810.18 ∗    (  A T O . A G  )   2  + 7961.97 ∗  S M  F 2  − 61,244.95 ∗ A T O . A G ∗ S M  F 2    
	Effect of ATO-AG and surfactant mass fraction (SMF) on solar weighted absorption fraction (SWAF).
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Table 5. Preparation characteristics, stability tests, properties, and performance of mono NFs.
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	Reference
	NFs
	Vol%
	Nano-Size
	Surfactants
	Sonication Time
	Stirring

Time
	Measured Parameters
	Stability Test





	Kamalgharibi et al. [86]
	CuO/EG, DIW, EG-DIW (50:50 vol%)
	0.1–0.4 wt%
	40–50
	PVP, SDS, and Triton X100 (@ 1% vol. of NF) (2-step)
	60–270 min at 18–24 KHz
	60–75 min
	Sedimentation height (75 days)
	Sedimentation method/visual inspection



	Li et al. [164]
	Cu/EG
	1–3.8 wt%
	50 nm
	No surfactant (2-step)
	15–75 min @ 20–50 °C
	20 min
	μ (30 days)
	Visual



	Abadeh et al. [87]
	Fe3O4/DW
	1% (wt)
	20–30 nm
	Citric acid, CTAB, SDS, GA, and Tween 80 (2-step)
	20–60 min (initial); 0–40 min @ 100 amplitude
	30–90 min @ 50 °C and 400–800 rpm
	pH
	ZP



	Afzal et al. [147]
	ZnO and CuO/DIW
	0.1 wt%
	CuO—30–50 nm

ZnO—90 nm
	OA and EBT (0.1 wt%) (2-step)
	2–8 h
	35 min
	pH, μ, κ, cp, specific gravity (24 days)
	UV, ZP, visual inspection



	Mahbubul et al. [123]
	Al2O3/W
	0.5 vol%
	13 nm
	No surfactant (2-step)
	1–5 h @ amplitude 50%, pulse on 2 s and pulse off 2 s
	-



-
	μ, κ, and volume concentration
	ρ and sedimentation



	Mahbubul et al. [124]
	TiO2/DW
	0.5 vol%
	21 nm
	No surfactant (2-step)
	30–180 min @ amplitude 50%, pulse on 2 s and pulse off 2 s
	-
	Cluster size, ZP, pH
	ZP



	Asadi et al. [151]
	Mg (OH)2
	0.1–2 vol%
	20 nm
	CTAB, oleic acid, and SDS (2-step)
	10–160 min
	-
	κ
	ZP, visual



	Wang et al. [106]
	Cu and Al2O3/W
	0.05–0.8 wt%
	Al2O3-25 nm
	SDBS (0–0.15 wt%) (2-step)
	15 min
	-
	pH, particle size, ZP, and κ
	ZP



	Wang and Li [129]
	Cu and Al2O3/W
	0.01–0.4 wt%
	Al2O3-15–50 nm

Cu—25–60 nm
	SDBS (2-step)
	-
	-
	pH, μ, and κ
	-



	Wang and Li [177]
	Cu and Al2O3/W
	0.01–0.4 wt%
	Al2O3-15–50 nm

Cu—25–60 nm
	SDBS (0–0.14 wt%) (2-step)
	1 h
	-
	pH, and κ
	ZP, UV,



	Seong et al. [152]
	GNP/DW
	0.1 wt%
	4 nm
	SDBS and SDS (1:3–3:1) of GNP
	40 min
	-
	ZP, κ
	ZP, visual, and UV



	Khooshechin et al. [67]
	CuO/DIW
	0.025–0.125wt%
	20, 40, and 60 nm
	SDS (0.05–0.09 wt%)
	30%–90% of power
	-
	κ, h, HTC,
	-



	Wei et al. [153]
	WO3/EG
	0.005–5 wt%
	40 nm
	-
	15–60 min
	Not mentioned
	κ
	ZP



	Cacua et al. [126]
	Al2O3/DIW
	0.1 wt%
	<50 nm
	CTAB (0.036 g) and SDBS (0.064 g) (2-step)
	20 min @ amplitude of 30%
	-
	pH, ZP, PI, average particle size
	Visual, ZP, and UV



	Asadi and Alarifi [149]
	MWCNT/W
	0.1–0.5 vol%
	-
	No surfactant (2-step)
	10–80 min
	2 h
	ZP, μ
	ZP, visual



	Asadi et al. [148]
	MWCNT/W
	0.1–0.5 vol%
	<7 nm
	No surfactant (2-step)
	10–80 min
	2 h
	ZP, κ
	ZP, visual



	Michael et al. [83]
	Al2O3/DW
	0.5–2 vol%
	13 nm
	PVP (2-step)
	30–150 min
	1 h
	κ and μ
	ZP (particle size)



	Ghorabee et al. [181]
	TiO2/DW
	0.3–1.2 wt%
	20 nm
	Triton X-100 (0.1–0.3 wt%)
	5 h @ 50 °C
	-
	Wall temperature, thermal resistance and efficiency and h
	-



	Adio et al. [74]
	Al2O3/GL
	1–5 vol%
	20–30, 80, and 100 nm
	No surfactant (2-step)
	1–8 h @ amplitude = 75%, 8 s—on and 2 s—off
	Energy density (5 × 106–4 × 107 kJ/m3)
	μ, energy density, average particle size
	UV, ZP, visual



	Adio et al. [98]
	MgO/EG
	1–5 vol%
	21, 105, and 125 nm
	No surfactant (2-step)
	30–180 min
	Energy density (2.18 × 106–13.9 × 106 kJ/m3)
	μ, energy density, pH, average particle size
	UV, ZP, visual



	Adio et al. [120]
	MgO/EG
	1–3 vol%
	20 and 100 nm
	No surfactant (2-step)
	30–180 min
	Energy density (2.18 × 106–13.9 × 106 kJ/m3)
	σ, energy density, pH
	ZP, visual



	Amrollahi et al. [166]
	MWCNT/

EG
	0.5–2.5 vol%
	1–4 nm
	No surfactant (2-step)
	1–24 h
	-
	κ
	Sedimentation



	Graves et al. [174]
	Cu/methanol
	0.1% wt/vol
	25–75 nm
	(Cap agent 3- Aminopropyl) trimethoxysilane (175 µL) (no surfactant; 2-step)
	30 min @ amplitude (20–100%)
	-
	κ, particle size and cluster, ZP, PI
	ZP, UV, visual



	Mahbubul et al. [150]
	Al2O3/DW
	0.5 vol%
	13 nm
	No surfactant (2-step)
	0.5–5 h @ amplitude of 50%, 2 s–on and 2 s–off.
	Agitated for 1 min
	κ, ρ, cluster size, and μ
	ZP,



	Rajendiran et al. [182]
	CuO/DW
	0.05–0.2 vol%
	27 nm
	No surfactant (2-step)
	1–4 h
	Stirrer
	κ, μ, thermal and electrical efficiency
	Visual inspection



	Nasiri et al. [156]
	SWCNT, FWCNT, DWCNT, MWCNT
	0.25 wt%
	SWCNT-1-1 nm,

FWCNT-5 nm,

DWCNT-2–4 nm,

MWCNT <10 nm and 10–20 nm
	1-step and 2-step (no surfactant)
	Functionalized, bath (45 min), and probe (45 min with 25% amplitude)
	-
	κ
	-



	Ghadimi and Metselaar [157]
	TiO2/DW
	0.1 wt%
	25 nm
	SDS (2-step)
	Bath (3 h), probe (15 min)
	-
	κ and μ
	UV, Visual, ZP, nanosize



	Xia et al. [158]
	αAl2O3/

DIW
	0.1–2.5 vol%
	13 nm
	SDS and PVP (2-step) @ 0.25–4 wt%
	0.25–2 h
	-
	κ and particle size
	Visual



	Mahbubul et al. [167]
	Al2O3/DW
	0.5 vol%
	13 nm
	No surfactant (2-step)
	0.5–5 h @ amplitude of 50%, 2 s—on and 2 s—off.
	Agitated for 1 min
	cluster size and μ (under shear rate (36.7–305.8 s−1)
	-



	Mahbubul et al. [168]
	Al2O3/DW
	0.5 vol%
	13 nm
	No surfactant (2-step)
	1–5 h @ amplitude of 50%, 2 s—on and 2 s—off.
	Agitated for 1 min
	Yield stress (under shear rate (12.23–305.8 s−1)
	-



	Mahbubul et al. [165]
	Al2O3/DW
	0.5 vol%
	13 nm
	No surfactant (2-step)
	0–180 min @ amplitude of 50%, 2 s—on and 2 s—off.
	Agitated for 1 min
	cluster size, particle size, ZP, and μ
	ZP, sedimentation



	Sadeghi et al. [159]
	γAl2O3/

DIW
	1–3 vol%
	25 nm
	(2-step)
	15–180 min
	-
	PI, ZP, UV, average cluster size, and κ
	ZP, UV,



	Nguyen et al. [179]
	Al2O3/W
	1 mg/ml
	13 nm
	PVA (2-step)
	30–180 s @ amplitude (10%, 30%, and 60%), pulsed (0.1/0.1 and 1.0 and 1.0), and continuous (30 s and 90 s).
	-
	ZP and cluster size
	ZP and visual inspection



	Yang et al. [160]
	MWCNT
	0.21 vol%
	-
	Polyisobutene succinimide (0.3–8 wt%)
	5–30 min @ energy density (2.4 × 105–1.45 × 106 kJ/m3)
	-
	κ, μ, stress, aspect ratio
	-



	Kole and Dey [161]
	ZnO/EG
	0.5–3.75 vol%
	30–40 nm
	No surfactant (2-step)
	4–100 h
	-
	κ and cluster size
	Sedimentation



	Yu et al. [162]
	MWCNT/

DW
	0.1–1.4 wt%
	10–20 nm
	SDS @ 0.01–0.4 wt%) (2-step)
	5–120 min
	-
	Absorbance
	UV



	Garg et al. [155]
	MWCNT/

DIW
	0.1 wt%
	10–20 nm
	GA @ 0.25 wt% (2-step)
	20–80 min @ 57 J/g—290 J/g
	5 min
	κ, μ, h, and Nu
	Visual



	Lee et al. [173]
	γAl2O3/

DIW
	0.01–0.3 vol%
	30 ± 5 nm
	No surfactant (2-step)
	5–30 h
	-
	ZP
	ZP, Visual



	Ruan and Jacobi [163]
	MWCNT/EG
	0.5 wt%
	10–20 nm
	GA @ 0.25 wt% (2-step)
	5–1355 min @ continuous and pulse (0.8 s—on and 3.2 s—off)
	-
	κ, μ, γ, average cluster size, CNT length
	visual



	Yu et al. [175]
	SWCNT/

DIW
	0.025 w/v%
	-
	1 w/v% sodium deoxycholate
	10–120 min (3 mm and 6 mm tip) @ 20–120 W
	-
	Absorbance
	UV



	Elcioglu and Murshed [176]
	ZnO/DW
	0.05–0.4 vol%
	15–20 nm
	No surfactant (2-step)
	0.5–4 min @ amplitude 40% and 100%
	30 min
	Surface tension
	-
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Table 6. Preparation characteristics, stability tests, properties, and performance of hybrid NFs.
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	Reference
	NFs
	Vol%
	Nano-Size
	Surfactants
	Sonication Time
	Stirring
	Measured Parameters
	Stability Test





	Xian et al. [81]
	GNP-TiO2 (50:50 wt%)/DW-EG (60:40 wt%)
	0.025—0.1 wt%
	GNP—5 nm

TiO2—<4 nm
	CTAB, PVP, Triton X100, SDS, SDC, SDBS, (1:1 conc. of NP) (2-step)
	15–90 min @ 60% amplitude
	30 min and 500 rpm
	Absorbance and ZP (40 days)
	Sedimentation method, UV, and ZP



	Abbasi et al. [72]
	f-MWCNT-γAl2O3 (1:1 wt%)/DIW
	0.1 wt%
	f-MWCNT—OD = 10–50
	GA (0.01 VF) (2-step)
	1 h
	-
	κ (45 days)
	Visual



	Shahsavar et al. [146]
	(CNT + Fe3O4)/

DIW
	CNT—0.11—1.535 wt%

Fe3O4—0.494—2.428 wt%
	CNT—10–30 nm

Fe3O4—13 nm
	GA (0.026–0.227)—CNT and TMAH (0.046–0.227)—Fe3O4

(2-step)
	2.5–10 min
	-
	κ (30 days)
	visual



	Aparna et al. [79]
	γAl2O3-Ag/DW (50:50, 30:70, 70:30)
	0.005–0.1 vol%
	Ag—3–25 nm

γAl2O3—5–30 nm
	PVP (2-step)
	0.5–4 h @ 5 min (on) and 3 min (off)
	4 h
	κ (24 h)
	ZP, visual



	Qing et al. [132]
	SiO2-GNP/naphthenic oil
	0.01–0.08 wt%
	-
	No surfactant (2-step)
	4 h
	-
	pH, μ, κ, and σ (350 h -sedimentation, 14 days visual inspection)
	Sedimentation rate, visual, ZP, UV



	Mousavi et al. [78]
	CuO-MgO-TiO2/DW

(60:30:10)
	0.1–0.5 vol%
	CuO—40 nm

MgO—25–45

TiO2—18–23
	SDS (2-step)
	20–150 min sonication power (350–400 W)
	90 min
	κ (30 days)
	ZP, stability time



	Mousavi et al. [84]
	MgO-TiO2/DW

(50:50)
	0.1–0.5 vol%
	MgO—25–45

TiO2—18–23
	SDS—0.35 wt% (2-step)
	20–100 min with sonication power (250–370 W)
	60 min
	κ (>3 days)
	ZP, stability time



	Siddiqui et al. [184]
	Cu-Al2O3/DIW

(0.3:0.7, 0.5:0.5, and 0.7:0.3)
	0.0005%–0.0105%
	Cu—25 nm

Al2O3—13 nm
	No surfactant (2-step)
	10–30 min
	No stirring
	κ, μ, and ρ (240 h)
	Sedimentation velocity, ZP, polydispersity index, and effective diameter



	Ramadhan et al. [109]
	Al2O3+TiO2+

SiO2/

EG-W (40:60 vol%) (0.3:0.3:0.3)
	0.05–0.3 vol%
	Al2O3—13 nm

TiO2—50 nm

SiO2—30 nm
	No surfactant (2-step)
	0.5–10 h
	120 min
	Concentration ratio (14 days)
	UV, sedimentation, visual, and ZP



	Hormozi et al. [65]
	Al2O3-Ag/DW

(97.5:2.5)
	0. 2 vol%
	Al2O3—55 nm

Ag—25 nm

Al2O3-Ag—80 nm
	SDS and PVP (0.1–0.4 wt%) (2-step)
	-
	-
	Nu, ΔP, η
	-



	Menbari et al. [134]
	CuO + γAl2O3, CuO, and γAl2O3/W and EG-W (50:50)
	0.0001–0.008 vol%
	CuO—40 nm

γAl2O3—≤100 nm
	SHMP@ different mass fractions (2-step)
	(20–120 min @ amplitude = 70%
	-
	pH, μ, absorbance
	UV



	Menbari et al. [85]
	CuO + γAl2O3, CuO, and γAl2O3/DW
	0.0001–0.008 vol%
	CuO—40 nm

γAl2O3—≤100 nm
	SHMP@ different mass fractions (2-step)
	(20–120 min @ amplitude = 70%
	-
	pH, μ, absorbance (1 month)
	UV



	Ghafurian et al. [71]
	MWCNT-GNP/sea water (1:1)
	0.001–0.04 wt%
	MWCNT- 20–30

GNP—40
	GA (2-step)
	30–240 min
	-
	pH, temperature rise, particle size, light intensity, evaporation rate, and evaporation efficiency
	UV, ZP, visual



	Nabil et al. [82]
	TiO2 + SiO2/W-EG (60:40 vol)

(50:50 vol%)
	0.5–3 vol%
	TiO2—50 nm

SiO2—22 nm
	No surfactant (2-step)
	0–2 h
	Not stated
	Absorbance (30 days)
	UV, sedimentation,



	Sreekumar et al. [125]
	ATO-Ag/DIW
	0.01–0.2 vol%
	ATO-Ag—20–50 nm

Ag—10 nm
	SDS (0.1–0.2 vol%)
	-
	-
	Solar weighted absorption percentage, κ
	Visual, UV



	Joseph et al. [64]
	SiO2/Ag-CuO/DIW
	
	CuO—< 50 nm
	SDS (200–2000 mg/L)
	15 min
	30 min
	Solar weighted absorption percentage, κ
	UV



	Menbari et al. [135]
	CuO + γAl2O3, CuO, and γAl2O3/EG-DW (50:50)
	CuO-0.001 vol% γAl2O3-0.04 vol%
	CuO—40 nm

γAl2O3—100 nm
	SHMP (0.2–2%) (2-step)
	(20–120 min @ amplitude = 70%
	-
	pH, μ, absorbance (1 month)
	UV



	Asadikia et al. [154]
	Fe2O3-MWCNT/EG-W (30–70 v/v)
	Fe2O3- 0.1–2% w/v)

MWCNT- 0.01–1% w/v)
	Fe2O3—20 nm

MWCNT- 40 nm
	-
	2 h
	-
	κ
	-



	Giwa et al. 2020a [75]
	γAl2O3-γFe2O3/DIW * DIW-EG (50:50)

(25:75)
	0.05–0.75 vol%
	γAl2O3—20–30 nm

γFe2O3—20–30 nm
	SDS and SDBS (0.8–1.3%) (2-step)
	60–240 min @ amplitude (50–70%) and frequency (60–80%)
	-
	σ
	Absorbance and visual inspection



	Giwa et al. 2020b [77]
	MgO/, ZnO/, MgO-ZnO/DIW

(20:80–80:20)
	0.1 vol%
	MgO—20 and 100 nm

ZnO—20 nm
	SDS (0.6–1.2%) (2-step)
	30–120 min @ amplitude (70–80%)
	-
	σ and pH
	Absorbance amd visual inspection



	Giwa et al. 2020c [66]
	MWCNT-Fe2O3/DIW (20:80)
	0.05–0.4 vol%
	MWCNT—10–20 nm

Fe2O3—20–30 nm
	SDS (0.5–1.2%) (2-step)
	2 h @ amplitude (70%), 5 s—on and 2 s—off
	-
	σ
	Absorbance and visual inspection



	Chakraborty et al. [127]
	TiO2 and TiO2/Ag
	0.1–0.4 wt%
	-
	No surfactant (2-step)
	10–30 min
	Stirred
	pH
	Settling height and time
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