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Although various conjectures have been proposed to explain the abnormal increase in thermal conductivity
of nanofluids, the detailed mechanism has not been fully understood and explained. The main reason is due
to the lack of knowledge of the most fundamental factor governing the mechanisms such as Brownian motion,
liquid layering, phonon transport, surface chemical effects, and agglomeration. Applying a surface complexation
model for the measurement data of hydrodynamic €izmtential, and thermal conductivity, we have shown

that surface charge states are mainly responsible for the increase in the present condition and may be the

factor incorporating all the mechanisms as well.

1. Introduction and supported its validity by predicting th&s with their
. : . N models. However, it should be noted that their estimations were
Toget_her with _the greatly increasing thermal load in MICTO- hased on arbitrarily assumed values for thermal conductivity
electronics and higher-powered automobiles, the needs forhlgh-and thickness of the interfacial layer. Moreover, there is no

performgnce cooling fluids aré increasing every year. AS vailable theory and experimental data for discussing the ballistic
conventional approaches using extended surfaces require honon transport quantitatively

additional pumping power and were thought to have reached 407 . .
their limits, various attempts to increase thermal conductivity 1 WO groups™‘added one more important factor, i.e., surface
of the fluid itself have been made. Since 1995 when U. S. Choi chemical effect, ‘(’)"h'Ch is not understood by all pre-existing
showed the possibility of using a new type of fluid containing models. Xie et al® showed that just S|mp_le acid _tr_eatment of
nanoparticles, large enhancements of up to more than 100% carbon nanotubé$enhanced the suspension stability of carbon
in effective thermal conductivityKes) of such fluids have been ~ Nanotube in water. It was attributed to hydrophobic-to-hydro-
reported. The promising prospect for the fluidanofluids philic conversion of the surface nature due to the generation of
triggered many researchers to find the best combination of & hydroxyl group. Patel et dlreported that 4 nm Au nanopar-
particles and solver?s® and to elucidate the governing ticles with a coating of a covalent chain in toluene were about
mechanism$—16 as well. 50 times less effective for heat transport than uncoatee200

Keblinski et al® suggested three possible mechanisms NM Au .particlgs in water. This is exactly contrary to the

responsible for the abnormal increase: Brownian motion of conventional size effeéti®1°

particles, liquid layering, and ballistic phonon transport. They  Because of the aforementioned complexity and contradiction
seemed likely to give a reasonable insight into what the most in nanofluids, the research community has not reached a solid
important factor affecting thKef is. Although they showed that  consensus on the mechanisms. Here, we take notice of the
the effect of Brownian motion was negligible by scaling suspension stability as a common factor in the current techno-
analysis, a few authors are still arguing the influence. For logical limitations. As the colloidal system becomes less stable,
examples, Jang and Chband Kumar et al®> derived their own particles are aggregated, leading to changes in the hydrodynamic
formulas to consider the nanoconvection caused by Brownian size as well as morphology and sometimes in volume fraction
motion. They both predicted thE« nicely using different by settling out. Note that the surface chemical treatment changes

equations (also see the comments on the work of Kumar et al.:the suspension stability through surface charge states and
15 Phys. Re. Lett. 2005 95, 019401 and 209401 ). Also, they  resultant surface potentitd1®

disregarded that metal oxide particles used for the validation
of the Brownian models were highly aggregated (see ref 16 in
Jang and Chéf and ref 14 in Kumar et df). As such, aggregate
particles move much more slowly than the isolated ones do
their mobility equivalent size (often called hydrodynamic size)
should be used rather than the primary particle size.
On the other hand, some peof3i#?17 claimed the liquid

layering at the particleliquid interface to be most important

Therefore, we attempt in this work to clarify the role of
surface charge states as a most fundamental factor. We change
_pH of the solution systematically to control surface charge
' density and surface potential that can be reflected pgtential.

Employing the surface complexation mod@!? we obtain all

relevant surface charge states from the measured values of the

¢ potential and hydrodynamic size of Cu@ater nanofluids

at various pH conditions. The corresponding suspension stability
E— p S s - | is quantified from the data through the Derjagulrandau-
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Figure 1. TEM micrograph of CuO nanoparticles prepared by rapid
drying of a diluted sample.

role of the surface charge states as a supply of path and
efficiency for phonon transport.

2. Experimental Section

A. Preparation of Nanofluid. Commercial CuO particles
from Aldrich are chosen as a source material for a nanofluid.
T_hree th'_ng_s for the selectlor_I were Cohs'dered for the selection. Figure 3. Schematic of transient hot wire method for the measurement
First, deionized (DI) water is nontoxic and one of the most of effective thermal conductivity of nanofluids.
common fluids for general-purpose cooling. Second, particles
should then be well-suspended in the base fluid (water) at neutral B. Measurement of the Effective Thermal Conductivity
condition (pH= 7) (will be shown later). Finally, we considered  of Nanofluid. Thermal conductivity of the nanofluid is measured
how much available data we could find for evaluation of the at 25 °C by a conventional transient hot wire dewic?
measurement accuracy. Data on the thermal conductivity of the equipped with a homemade wheatstone bridge. As seen in Figure
CuO nanofluid have been frequently reported and referenced3s, the device consists of a digital multimeter, a stable dc power

by many pre-existing articlei? 5111417 supply, and electrical resistances including a Teflon-coated Pt
CuO particles as received from Aldrich are highly aggregated, wire of 70um diameter. They are symbolized in the figure by
and their primary size is estimated at a mean diametera& M, V., andR, respectively. The subscript “s” represents standard

nm. As a first step, the pH of deionized water as a base fluid is electrical resistance, “hw” indicates the Pt hot wire, and “wi”
adjusted by adding suitable amounts of HCI or NaOH. Then, represents a unit of parallel connections of several standard
the particles are immersed into DI water maintained at various electrical resistances. Note that the parallel connections of
pHs. The pH of the solution is again measured with a pH meter. different standard resistances of 2, 4, 8, 16, 32, 64, ... ohms
The pH of the solution is slightly shifted to lower value from make it possible to replace a variable resistance with sufficient
that of the base fluid, which means the surfaces of the CuO resolution and stability.
particles are slightly acid-terminated. The volume fraction of ~ The working principle of such a hot wire method is well-
particles is kept constant at 0.3 vol % during the whole established and simple as follows. As soon as the vohage
experiments unless otherwise noticed. supplied to the wire, the temperature of the wire begins to
To get the better suspension, colloidal particles are mechani-increase, resulting in an increase of By. Concurrent transient
cally torn into a smaller size with a 700 W ultrasonicator, but changes of the bridge output are recorded by the multimeter.
the ultrasonic treatment seems not to be enough. Despite manyNagasaka and Nagashiffalerived an approximated solution
tests on different duration and power of the ultrasonication, the for the one-dimensional transient heat conduction from a thin
particles sustain their fractal shapes as seen in Figure 1. Thewire with a coating
sample for transmission electron microscopy (TEM) is prepared
by diluting the nanofluids with enough base fluid, sampling the e
solution on top of the TEM grid, and subsequently rapidly drying T = To~ 47rk(|n t+C) (1)
the grid. The traditional photon correlation metf@tsuka
Co., Japan) is used to double-check that the particles in waterwhereT(t) — To is the temperature rise of the wire from the
behave like big clusters consisting of small primary particles. beginning of the heatingj is the applied electrical poweg; is
As the measured diffusion coefficient of the particles yields the a constant, an#l corresponds to thKe¢ of the nanofluid. The
hydrodynamic size through the StokdsSinstein equation, the  relationship given by eq 1 implies a straight line for a plot of
size should best describe the Brownian motion or nanoconvec-T — Ty against In{). The Kess is obtained from the slope of the
tive motion. The measured size ranges from 160 to 280 nm atline. As far as the enhancementki with respect to the base
different pH conditions in Figure 2. The size seems to already fluid (Ke/Ks) concerns, one may have to know the variations
be too large to cause any Brownian effect (will be discussed of K; at different pHs. We made the same solution with no
later), which again confirms that the particles are aggregated. particles like the nanofluids at different pHs and measured the
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K:. Interestingly, we find that th&; of the solution is nearly
constant even when dissolving small amounts of salt or acid.
To minimize any inconsistency in experiments arising from

suspension instability (at 10g), all measurements are performed
exactly 30 min after making a fresh nanofluid. The time is likely
too short for settling to begin, but long enough to calm down
the initial disturbance of fluid, because sediments at the bottom
were hardly seen even for lo§ at this time. During the
experiments, the ionic strength of nanofluids is kept nearly
constant using a symmetric 1:1 electrolyte (Na@f 5 x 104

mol dn3 (far less than the critical coagulation concentration
of 5 x 1072 mol dnm3in this case), so it is unlikely for particles

to settle down via agglomeration. We measure the hydrodynamic
diameter Dy,) of particles in liquid by measuring the diffusion
coefficient with photon correlation spectroscofyThe ¢
potential of the nanofluid is also measured from electrokinetic
data using a commercial instrument (Otsuka Co., Japan).

3. Surface Complexation (SC) Model

When materials such as oxides, sulfides, and insoluble salts
are immersed in aqueous solution, they acquire a surface charg
due to the protonation or deprotonation process of a surface
group such as a hydroxyl ligand-QOH) of the metal oxide as
follows:18:19

I(MOH,")
a(H"HI(MOH)

F
MOH + H"— MOH," K, = ex "o
Kp P RT

Fyo|T (MO )a(H")

- RT| T(MOR)
(2)

where M is a metal cation, i.e., Cu(ll) in this casg, andKgy

are intrinsic equilibrium constants for protonation and depro-
tonation, respectivelya is activity in the bulk of the solution,

o is the surface potential affecting the number of charged
surface groups MO§t and MO™, andT is a site density of the
surface groups. Counterions, with opposite polarity in liquid,
are attracted to bond strongly to the surface charged group,
resulting in a decrease of the potential in the stern layer (0

x < d) in Figure 4. The adsorption of such indifferent ions is
expressed by

MOH — MO~ +H" K = ex;{
Ka

MOH," + A~~~ MOH, A"

:

_ Fy,| r(voH, A7)

K.=
i RT [a(A")T*(MOH ")
_ ~ Fy,| T(MO™-C")
MO~ +C'—=MO-C" K =exg—f|———
4 RT Ja(CHr*(Mo ")
3)

where A~ and C" correspond to Naand CF in this study,
respectively. Note that some of the parent sifgd4OH,™) and
T'(MO™)) in eq 2 are subsequently divided via the adsorption
into four sites, i.e.I'’*(MOH "), I'*(MO ~), [(MOH;*-A~), and
I'(MO~-C") at the second equilibrium. The total sum of the
four site densities an@(MOH) is equal to total surface site
densityI'o: implying how many atoms per unit area exist at the
surface. Thdy is estimated to be ca. 5.9 1076 mol dn3

(3.5 sites nm?) from the size of spherical primary particles
and maintains constant at different pHs. With egs 2 and 3, the
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Figure 4. Structure of electrical double layer (EDL) formed at the
metal oxide-water interface. Dehydrated counterion &r C" bonds
strongly to the charged group at surface, forming an immobile part of
the EDL (stern layer). In contrast, in the outer region, such ions are

ound weakly, resulting in gradual decrease in the potential. The outer
ayer is called a diffuse layer. The Helmholtz planeat d is a border
between a stern layer (8 x < d) and a diffuse layerx > d). At the
shear plane (at = d + s), the ¢ potential is measured. C and A are
acronyms for cation and anion as counterparts of potential-determining
ions (OH and H), respectively.

uncharged site densityf"(MOH)) can be obtained with given
values ofKy, Kq, Ka, K¢, 10, andys by

FUJO)
+ —_——

&ZlJr a(H )erxg{ RT/
I'(MOH) _ Fyyg
1+ Kaa(A ) ex ﬁ

F

Ky/aH") ex %’)

Fy +

1+ K.a(C") exr(— R_'I?)

Fy
a(H"K, exr{— R_'I?)
wﬁ)
RT,
FWO)
RT,

%)+

a(A K, ex RT

1+ KaA)ex

K a(H™) ex

Fy
AT __7p
Fwﬁ)u(c K, exp( RT) (4)
RT

1+ Ka(C") exp(—

The surface charge densities in 0- ghglanes §o andog) are
0, = F[[(MOH, ") + I'(MOH,"-A™) — (MO") —

r(MoO~-Ch)]

(5)

In the triple-layer model? the net surface charge density,
corresponding to the charge fixed to the surface, is balanced
with that in the diffuse layerdy) given by solving the Poisson
equation

03 = F[[(MO™-C") — I(MOH,"-A")]

0,= 0y + 03 = F[T(MOH,") — I(MO")] =

F
_ AR Y

T0g= s ﬁ) ©)
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Figure 5. Change of; potentials of CuO and Sikwith pH; the error

bars denote standard deviations of data from more than ten measure*

ments.

TABLE 1: Parameters Used for the Estimation of the§
Potential

Kp=6 x 10* mol~* dm?

Kg=2 x 107 2mol dn13

Ka= 10 mof*dm?

K= 1 molldm?
w=1x10"*mol2 dm—©

F =96 485 C mot?!

R=8.31JmottK?

T=298 K

€=298.854x 10°12CVv1im!

€= 80 for water

wherel is the ionic strengthF- is the Faraday constany is
essentially very close tgq, and the reciprocal DebyeHuckel

parametenc—! (=«/606,RT/200(FZ|) often scales as the thick-
ness of the electrical double layer. Tixgcan be approximated
to the Nernst potentiain (=log[a(H)/ap,{H")]RT/F) with
90% accuracy?

The fitting process is as follows:

(1) Obtainyg (=) andyg (Rpq) from the measured by
Gouy—Chapmann (GC) theory

tanh@Z/4RT) = tanhEy J4RT) exp(—«s)

(2) Obtain the uncharged site densltyMOH) using eq 4
with presumed equilibrium constants kg, Kq, Ka, andKe.

(3) Obtain all charged site densities from eqgs 2 and 3.

(4) Estimate the surface charge densitiggindog from eqs
5 and 6.

(5) Estimate thepg (~=yq) and by applying eq 6 and GC
theory to theos andyyq, respectively.

(6) Try different values for the four equilibrium constants
and repeat steps—5 until the estimated gets closest to the
measured.

4. Results and Discussion

A. Influence of pH on the § Potential and Surface Charge
States.Figure 5 shows the changes ofpotential for SiQ—

and CuO-water nanofluids as a fuction of pH. Isoelectric points

(IEP), the pH values at whichis zero, agree well with literature
values for two materials 24 for SiQp; 8.5-9.5 for CuO)?!

SinceK, andKg for CuO have not been reported, we iterate to

Lee et al.
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Figure 6. The site densities of charged surface species at different
pHSs.

the point of zero charge (PZC) cited in the literatéf@hese

two values should essentially coincide with each offidrhe

value of 0.5 logKy/Kq) (ca. 8.3) lies within a reasonable range

of the point of zero charge for CuO. As the pH goes away from
the PZC, the surface charge or site densityof I') increases
because of more frequent attacks to the surface hydroxyl groups
by potential-determining ions (PDI: 'Hand OH"), leading to

an increase inpo, ¥4, andg. In this way, we can estimate all
surface charge states such as the surface charge densities and
charged surface site densitidd @nd present th€'s in Figure

6. As expected, the total charged site dendity; — I'(MOH))

is minimum at the PZC. The choice &, and K. does not
generate any considerable change in the total charged site density
(the meaning will be discussed later). The fraction of total
charged sites (= I'(MOH)/T) varies from 7x 1074 to

2.4 x 10! as pH decreases from PZC; the majority of
amphoteric sites are uncharged especially at FZC.

B. Influence of pH on Suspension Stability of Nanofluid.
Particles in liquid suspension attract or repel each other,
depending on total interaction enerBy; that is the sum of the
van der Waals attractioBs and the electrostatic repulsids,
between them. ThEg between two charged particles with the
surface potentialgq1 andyq. is approximated by the DLVO
theory!819

€0l 1l 1+ exp(=«X)

Eel m{ zwdl’lde In[l _ eXp(—KX) +

(ar” + ¥ar) IN[1 — exp-2e0]t (7)
wherer is the radii of particlesx is a interparticle surface-to-
surface distance, and the others have conventional meanings.
It is obvious that the higher the potentiakgq(or §) are, the
bigger the potential barrier for agglomeration gets. At the 0.3
vol % dose of particles, the interparticle distance is about 100
nm for mobility-equivalent spherical particles. At this condition,
the second term in the bracket of eq 7 is negligible compared
to the first. Thus, the repulsion energy of the same-sized patrticles
goes up approximately in proportion £3.

The attraction energy between the same particles is given by
the Hamaker equationEx = —Au3x/(12X). The Hamaker
constantA; 3, of metal oxide is typically on the order of 1®
J1822\\ith eq 7, the Hamaker equation, and the estimatgd

the prescribed fitting process with various values. The prediction Ei is calculated as a function &fat different pHs as shown in

of the ¢ potential atk, = 6 x 10* mol~! dm® andKg = 2 x

Figure 7. In the present condition, the repulsion barrier gets

10712 mol dnm 23 is best. The dotted line in the figure represents bigger than the attraction as pH goes from PZC, which makes

the estimation of thé& potential. All parameters for the best fit
are listed in Table 1.

the colloids more stable. At pH 8 or 10 whehis small,
however, the repulsion barrier disappears, and particles are

To check whether these parameters are physically reasonablesubjected to only attraction. Strong particle agglomeration is

a value of 0.5 log{/Kq) from the taken values is compared to

expected in that case.
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Figure 9. Effect of pH on the effective thermal conductivity of the
CuO—water nanofluid.

Here, we need to quantify the suspension stability in terms
of collision efficiencya. that is responsible for colloidal particle
growth. Thea, a reciprocal value of stability coefficieh, is
related to the rate constant of aggregatiorn; okgisr = Kgitr/W.
Thekgir represents the rate constant of the coagulation between
uncharged particles. N. Fucks derived a general relation of
stability coefficientW to total interaction energi81°

g
koT)(2r + x)?

dx

W=2r [ ex (8)

Figure 8 shows clearly that th&/ obtained by numerical
integration of eq 8 is inversely proportional to the hydrodynamic
diameterDy, at all pHs. This is the first report that the stability
coefficientW can be used as a measure of suspension stability
of nanofluids. The choice of the Hamaker constant does not
yield big change of the relationship in the figure.

C. Influence of pH on Effective Thermal Conductivity of
Nanofluid. Figure 9 shows that the effective thermal conductiv-
ity (Kefr) increases by a factor of 3 as pH decreases from 8 to

J. Phys. Chem. B, Vol. 110, No. 9, 2006327
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Figure 10. Variations of the effective thermal conductivity with
increasing volume fraction at two different pHs.

3. As addressed in the Introduction, such abnormal enhance-
ments are not explained by any pre-existing model. Note that
the thermal conductivity of base fluid is nearly constant at
different doses of electrolyte salt and acid or base. The
enhancement seems to be related only to particles. Since the
previous results for the Cu©water nanofluid are limited only

for the neutral (pH= 7) condition, we displayed the result of
Lee et ak in the figure for comparison. At the same volume
loading (0.3%), their result agrees with ours within experimental
error. To support the pH effect shown in Figure 9, we decrease
the volume loading of particles up to 0.03%. Interestingly, we
find that the surface charging effect is indeed true over the whole
range of volume fraction and present in Figure 10.

Finally, we attempt to link the concept of surface charge states
to the change i of nanofluids. The point to mention is that
the charges seemingly transport heat more efficiently. We
propose at this point a possible inference that the charged surface
sites provide much more effective passages through which heats
or phonons are going. As depicted in Figure 4, ionized surface
groups at all charged site§if,), regardless of their polarity,
attract counterions (often hydrated). The latter again attract other
indifferent ions in the outer region. This process may be repeated
over and over, but the binding strength is likely decreasing. The
alternating alignment of such ions may form cylindrical ordered
structures consisting of molecut@n liquid complexes, as
depicted by a bolddotted box in Figure 4. Polar liquid
molecules are also likely to be tugged to the cylindrical columns.

In this way, as pH decreases from PZC, there are more surface
sites (site densityl;ion) to launch the column and more available
ions (ion densityggx) to strengthen the structure. Xue etal.
showed from molecular dynamic simulation that phonons felt
much less resistance during travel from particle to liquid at
stronger interfacial bonding. Therefore, it looks reasonable to
infer that lower pH or higher surface charging condition
facilitates phonon transport through increases of effective sites
and transport efficiency. There is another aspect of the liquid
column for heat transport. The ordered liquid structure is likely
to mimic the original surface arrangement of solid atoms. As
the number and strength of the columns increases with decreas-
ing pHs, the columns may act as a part of the solid, leading to
the effective increase of the volume fraction. If this is the case,
the effective thermal conductiviti{e may be expressed by a
simple function of I'ignoge. Surprisingly, Figure 11 shows
obviously the functional dependence that is close to a power
law relationship. A different choice of unknow andK. does
not change the relationship at all, becauselfig is the sum
of adsorbed and bare surface ionized groups. The previous
concept of the interfacial layer may be related to the present
figure. The thickness of the layer may scale as the thickness of
the electrical double layer, i.ec;t, while the thermal conduc-
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process of nanofluids: Higher surface charges and potentials
are desirable. Second, we found that the surface charge states
directly affected the suspension stability and presented the strong
correlation between hydrodynamic size of particles and stability

. coefficient. However, the size effect on the heat transport was
not significant.
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