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Different size ranges of surface-treated hydrophobic silica aerogels (Nanogel®) provided by Cabot Corporation
are fluidized by a downward flowof an oil-in-water emulsion in an inverse fluidizationmode. Surface areas, pore
size distributions, and pore diameters are investigated by using BET and contact angle is measured by a
goniometer. The hydrodynamics characteristics of the Nanogel granules of different size ranges are studied by
measuring the pressure drop and bed expansion as a function of superficial water velocity. The density of the
Nanogel granules is calculated from the plateau pressure drop after the bed is fully fluidized. The oil removal
efficiency of a dilute (1000 ppmCODor lower), stabilized (using the emulsifier Tween 80) oil-in-water emulsion
and the capacity of the Nanogel granules in the inverse fluidized bed are also studied. Amodel was developed to
predict the inverse fluidized bed experimental results based on equilibrium and kinetic batch measurements of
the Nanogel granules and the stabilized oil-in-water emulsion. The results show that the major factors which
affect the oil removal efficiency and capacity are the size of the nanogel granules, bed height, fluid superficial
velocity and the proportion of emulsifier in the oil-in-water emulsion. The Nanogel particles can absorb asmuch
as 2.8 times their weight of oil by the inverse fluidization process.
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1. Introduction

One of the most challenging environmental problems today is the
removal of oil and other organic contaminants from industrial
wastewater and storm water. A large amount of oil discharged into
the aquatic ecosystem can cause serious environmental problems,
including clogging of sewage treatment plants, adversely affecting the
aquatic biota, and increasing biochemical oxygen demand due to the
large amount of bacteria necessary to decompose the oil. Oils that exist
in contaminated waters can be classified as light hydrocarbons, heavy
hydrocarbons, lubricants and cutting fluids, non-emulsified oils such as
greases and emulsified oil such as water-soluble oil, and fats found in
both plants and animals [1]. Major industrial sources of oily waste
include petroleum refining and petrochemical plants [2], steel manu-
facturing and metal working [3], vehicle repair, and other manufactur-
ingplants.Majormunicipal sources of oilwhich contain up to36% of oily
substances are derived from vegetable and animal oils in kitchen and
human wastes [4].

Current technologies for oil removal from wastewater include
chemical treatment, gravity separators such as the American Petroleum
Institute (API) separators [5], gas floatation devices [6], adsorption or
absorption by a variety of sorbents such as activated carbon [7],
membrane filtration [8,9], and biological treatment [10,11]. Generally,
an oil and water mixture can be classified as: free oil, with oil droplets
larger than 150 µm, dispersed oil, with oil droplets in the range of 20–
150 µm, and emulsified oil, with oil droplets smaller than 20 µm. API
separators [5] and Dissolved Air Flotation (DAF) devices [6] are used to
remove free oil and dispersed oil from wastewater, respectively. They
can achieve an efficiency of 98% of oil removal. However, for API
separators, the oil droplets need to be relatively large in order to
coalesce and DAF separators require the injection of air and addition of
PH regulators and coagulants which contribute to the operating cost.
More importantly, these conventional methods cannot remove small
micron or submicron sized oil droplets.Membranefiltration can beused
for removal of emulsifiedoils and the effluent from industrial operations
containing minimal amounts of oil; however, membrane filtration is
expensive and requires operating at high pressure.

Several types of sorbents have been studied for the removal of
dispersed and emulsified oil from water in packed bed filters or
adsorbers. They include activated carbon [7], saw dust [12], organoclay
[13], bentonite [14], vermiculite [15], and hydrophobic aquatic plants
[16]. Of these materials, only granulated activated carbon (GAC) is
commercially used as a sorbent to remove oil and other organics from
water [7,17]. However, GAC also displays disadvantages such as slow
kinetics and limited removal capacity. Thus, the search for better
sorption materials which have high hydrophobicity, high uptake
capacity, and high rate of uptake (efficiency) is ongoing.

Hydrophobic silica aerogels have some unique properties; they are
highly porous, nanostructured granules that are available as small
particles in a variety of different sizes, and because of their
hydrophobicity they attract organic molecules and repel water. They
consist of tangled, fractal-like chains of spherical clusters of molecules
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each about 3–4 nm in diameter. The chains form a solid structure
surrounding air-filled pores that average about 20 nm. Typical
aerogel synthesis is through the sol–gel method, which uses
Tetramethoxysilane (TMOS) as the primary precursor. To obtain
hydrophobic silica aerogels, Si–OH groups are replaced by hydrolytic
stable groups such as Si–R groups (R=CH3 or C2H5 or CF3(CH2)2).

Aerogels aremuch lighter thanwater andhave the lowestdensity, and
highest surface area per unit volume of any solid. Because of these
desirable properties, different types of hydrophobic aerogels have been
studied for the sorption of oil and other organics from water [18–21]. It
was found that hydrophobic silica aerogels adsorbed miscible and
immiscible organic contaminants such as ethanol, toluene, chloroben-
zene, trichloroethylene, andothersbymore than1–2ordersofmagnitude
by weight, than activated carbon [18,19] and absorbed as much as 3.5
times its weight of crude oil [20,21]. Recently, Liu et al. [22] showed that
hydrophobic silica aerogels exhibited strong adsorption capacity on
slightly solubleorganic compoundswhilehydrophilic silica aerogelswere
much more effective on adsorbing soluble organic compounds from
aqueous solution. They also found that the adsorption properties of the
silica aerogel remain stable after 5 adsorption/desorption cycles.

When the density of the particulate material (e.g., silica aerogels) is
less than the density of the liquid, inverse fluidization can be applied to
disperse the solid particles in liquid. Since aerogel granules have a
density much lower than water and are robust enough to be fluidized,
they can be configured in an inverse fluidized bed, where the oil-
contaminatedwaterflowsdownward throughadistributor and through
the bed of particles. One of the key works for the hydrodynamic
characterization of liquid phase fluidization is that of Richardson and
Zaki [23], published in 1954, and still applicable today. They found that
the settling velocity of the particles or the superficial velocity of a liquid
in a fluidized bed divided by the terminal velocity of a single particle is
an exponential function of the void fraction in the bed. Since then,many
studies of the hydrodynamic characteristics and bed expansion of
liquid–solid and liquid–solid–gas inverse fluidization have been
reported in the literature [24–33]. The benefits of using inverse
fluidization as compared to a more simple packed bed of particles are
a low and constant pressure drop when operating above the minimum
fluidization velocity, excellent mixing between the solid particles and
the liquid (approaching CSTR conditions), high heat and mass transfer
rate, an adjustable voidage of the fluidized bed by changing the fluid
velocity, and the ability for continuous operation.

A recent paper by Quevedo et al. [34] used an inverse fluidized bed
of hydrophobic silica aerogels to remove vegetable oil from water.
Using a diaphragm pump, they added a small quantity of pure oil to a
flowingwater stream, the oil–watermixture was then passed through
a staticmixermade up of steel wire packing to disperse the oil into the
water; however, the oil droplets entering the fluidized bed were
greater than 20 µm (dispersed oil). They found that an inlet oil
concentration of about 1000 mg/L could be reduced to less than
100 mg/L by this method before a significant amount of aerogels
became loaded with oil and left the bed at the bottom of the column.

The objectives of the work reported in this paper are to measure
some of the physical properties of the hydrophobic silica aerogels
(Nanogel®) provided to us by Cabot Corporation, study the hydrody-
namics characteristics of the Nanogel granules in the inverse fluidized
bed, and determine the feasibility of using Nanogel granules for
removing emulsified oil (droplets less than 20 µm) from stable oil-in-
water emulsions using inverse fluidization. Cabot Nanogel is covered
with Tri–Methyl–Silyl-groups (TMS) so that its surface is hydrophobic.

2. Experimental equipment and methods

2.1. Materials

The following materials were used in our experimental work:
Nanogel of different size ranges, 0.5–0.85 mm (sieved TLD 101), 0.7–
1.2 mm (TLD 301), and 1.7–2.35 mm (sieved TLD 302) was supplied
by Cabot Corporation. The contact angles of the hydrophobic Nanogel,
as reported by Cabot Corporation, are between 160o and 170o. Using a
goniometer in our laboratory, we measured lower contact angles
between 130o and 140o. Supermarket vegetable oil (Food Club)
stabilized by the surfactant Tween 80 (Aldrich) was mixed with
deionized water for the inverse fluidized bed experiments.

2.2. Surface and pore size analysis

The pore structure (BET surface area, pore size distribution, and
pore diameter) of the three size ranges of Nanogel were measured by
nitrogen adsorption porosimetry (Micromeritics 2020). Each run was
performed using approximately 0.15 g of sample which was pre-
treated at 120 °C under vacuum at 1.5 Pa.

2.3. Nanogel density measurement

It is difficult to measure the granule density of the Nanogel by
using a traditional method such as a liquid pycnometer. This is
because the inter-particle forces between the aerogels agglomerate
small particles so strongly, that it is difficult to open all the voids
around the particles in order to replace the air/gaswith a liquid. Hence
Cabot Corporation lists the bulk density and the internal porosity of
the Nanogel granules to be about 64 kg/m3 and 0.95, respectively, on
their website but only gives a rough estimate of the value of the
granule density. In this paper, the granule density of the Nanogels was
measured by an inverse fluidization method, i.e., the pressure drop
after the bed was fully fluidized (in the pressure plateau region) was
measured and used to calculate the granule density.

2.4. Inverse fluidized bed experiments for measuring hydrodynamic
characteristics

A schematic diagram of the experimental setup used for inverse
fluidization of Nanogel granules by water is shown in Fig. 1. It consists
of a fluidization column, valves and piping, flow meters, a metering
pump, static mixers, pressure gauge and a differential pressure
transmitter with a display. The fluidization column was made of PVC
with an internal diameter (ID) of 0.076 m (3 in.) and an outer
diameter (OD) of 0.089 m (3.5 in.). Two different column lengths
were used: 1.47 m (58 in.) and 0.77 m (30 in.). The valves and piping
were also made of PVC, and the pipe size was 1 in. The flow of
deionized water was adjusted by ball valves, and flow readings were
taken by two calibrated electronic digital flow meters, one for the
range between 0 and 3 GPM and the other for the range between 3
and 50 GPM (GPI series A109). Themetering pump (Pulsatron series A
Plus, 0–6 GPD) and three static mixers (placed in series in the piping
after the pump inlet) were used to study the efficiency and removal
capacity of emulsified oil in the fluidized bed of Nanogels. Only clean
deionized water was used in the hydrodynamics experiments.

A typical experimental run is described as follows. First, the
pressure drop across the empty column was measured at different
water flow rates in order to obtain a correlation that can be used to
determine the pressure drop of the fluidized bed alone; this was done
by subtracting the empty column pressure drop from the total
fluidized bed pressure drop. Then the particles to be fluidized were
loaded into the fluidization column. Next, the column was filled with
water from the bottom and air was completely removed by a vent at a
high point in the system. Then the water flowwas fed at the top of the
column through a distributor made up of a packed bed of glass beads
supported by a steel wire mesh to prevent channeling. The Nanogel
was inversely fluidized by increasing the flow until the drag force on
the particles balances the buoyant force less the gravity force
(minimum fluidization velocity). The flow rate was then increased
significantly above that value and the hydrodynamic parameters, bed



Fig. 1. Schematic diagram of the inverse fluidization experimental setup.

300 D. Wang et al. / Powder Technology 203 (2010) 298–309
height and pressure drop were measured at each flow rate by
gradually decreasing the flow of water until the bed defluidizes
(packed bed condition) and then increasing the flow again until the
bed height had expanded by at least a factor of two. The static
pressure before the column was kept constant to ensure consistent
readings.

2.5. Inverse fluidized bed experiments for oil removal

The concentration of oil in water was measured by analyzing
chemical oxygen demand (COD) in the sample. Since oil was the
dominating organic substance added to the water, it was reasonable
to assume that any increase in COD levels was due to the addition of
oil. CODwasmeasured by using a HACHDR/890 colorimeter following
the procedure indicated in the HACH manual, in particular, Method
8000: reactor digestion method USEPA approved for COD [35,36].

In the inverse fluidized bed experiments to measure the oil
removal efficiency and capacity, a constant deionized water superfi-
cial velocity above the minimum fluidization velocity and a constant
static pressure was maintained throughout the duration of the
experiment. A high-concentration, stable oil-in-water emulsion was
continuously stirred by a magnetic stirrer in a large plastic container
and was injected into the piping system by the pump upstream of the
static mixers and the fluidization column. By adjusting the pump's
stoke displacement and frequency, a desired concentration of oil
(1000 ppm COD or less) was obtained when the emulsion was mixed
into the flowing water. Samples of water of about 250 ml, upstream
and downstream of the inverse fluidized bed, were taken at regular
intervals for COD concentration analysis until the expanded bed
height reached the bottom of the column and some Nanogel was
observed to leave the bed with the water.

Since the oil present in waste water is usually in an emulsified
form (oil droplets smaller than 20 µm), we wanted to add a stable oil-
in-water emulsion rather than adding pure oil droplets into the
inverse fluidized bed as was done by Quevedo et al. [34]. The oil-in-
water emulsion was prepared by adding a small amount of the
surfactant Tween 80, about 1 to 4 volume % of the amount of oil added
to the water to form the emulsion and the mixture was mixed in a
blender for a few minutes. Then, the emulsion was kept stirred by
using a magnetic stirrer to keep it stable during the inverse fluidized
bed experiment. The size of the oil droplets in the oil-in-water
emulsions was measured by using an optical microscope. The stability
of the oil-in-water emulsion was measured by sending the emulsion
through the empty column (without any Nanogel present) and
comparing the difference between the average value of the inlet and
outlet oil concentration.

2.6. Batch equilibrium measurements for oil-in-water emulsion

To measure the adsorption isotherm of the Nanogels, six
representative weights of TLD 301 Nanogel, in the range of 20–
400 mg, were mixed with 100 mL of around 1000 ppm COD oil-in-
water emulsions (using 4% Tween 80) in glass bottles. These bottles
were shaken in an Innova 4080 incubator shaker (200 rpm) at room
temperature. Upon reaching equilibrium (N3 h), all the samples were
withdrawn and analyzed by the HACH DR/890 colorimeter.

2.7. Batch kinetic measurements for oil-in-water emulsion

Batch kinetic experiments were conducted at room temperature. A
number of glass bottles containing 100 mL of around 1000 ppm COD
oil-in-water emulsions were mixed with 100 mg of TLD 301 Nanogel
in the Innova shaker at 200 rpm for different time periods. The
concentration of each of the liquid samples was measured by the
HACH DR/890 colorimeter.

3. Theoretical model

Although some modeling of the adsorption behavior in a liquid–
solid fluidized bed has been reported in the literature [37–39], we
would like to compare our inverse fluidized bed experimental results
with a model that is based on the equilibrium and kinetic data for our
particular Nanogel-oil-in-water emulsion system. As will be shown
below, the breakthrough curves in our inverse fluidized bed absorber
are considerably different than those expected in a comparable fixed
bed adsorber. This is due to the considerable axial mixing occurring in
the solid and liquid phases, especially when the inverse fluidized bed
height is relatively short. In order to describe the emulsified oil
adsorption in the inverse fluidized bed, a model was developed taking
into account hydrodynamic behavior, dispersion, and mass transfer
between the liquid and solid phases.



Table 1
Specific surface area and pore diameter results for three different particle size range
Nanogel.

Sample Particle sizes Surface properties

Specific surface (m2/g) Average pore size (nm)

TLD 101 0.5–0.85 mm 660 15.2
TLD 301 0.7–1.2 mm 686 15.7
TLD 302 1.7–2.35 mm 671 15.6
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3.1. Model development

The governing equations of the model were derived based on the
assumptions listed below: (1) Nanogel particles are monosize and the
average particle size is used; (2) radial concentration gradients are
negligible for both the liquid and solid phases in the column; (3) rate
of adsorption is determined by the linear driving force model (see
below) based on the batch kinetic data; (4) adsorption equilibrium is
represented by Freundlich equation; (5) the solid phase is completely
mixed (short fluidized bed height) and the liquid phase is described
by an axial dispersion model; and (6) bed height is expressed as the
function of time based on the experimental data.

3.2. Derivation of model equations

Following Veeraraghavan and Fan [37], the mass balance with
respect to the adsorbate in the liquid phase gives

ε
∂C
∂t = Daxε

∂2C
∂z2

−u
∂C
∂z − 1−εð ÞK′ C−Ceð Þ ð1Þ

where ε the void fraction of the fluidized bed, C is the oil concentration
in the liquid phase in the fluidized bed, Ce is the local equilibrium
concentration in the liquid phase corresponding to the adsorbate
concentration at the Nanogel particle boundary,Dax is the liquid phase
axial dispersion coefficient, u is the superficial fluid velocity, and K′ is
the adsorption rate constant.

The initial and boundary conditions for the inverse fluidized bed
subject to a switch in the feed from the pure water stream to an oil-in-
water emulsion stream are

t = 0; C z;0ð Þ = 0; 0≤ z ≤ H ð1aÞ

z = 0; C = C0 +
Daxε
u

∂C
∂z ; t N 0 ð1bÞ

z = H;
∂C
∂z = 0 ; t N 0 ; where H is a function of tð Þ ð1cÞ

where H is the height of the fluidized bed and C0 is the oil-in-water
feed concentration.

The liquid phase axial dispersion coefficient,Dax is calculated using
an equation presented by Chung and Wen [40]

Daxρl
μ

=
Re

0:2 + 0:011Re0:48
ð2Þ

where ρl is the density of fluid, μ is the fluid viscosity, and Re is
Reynolds number.

There is no convective flow in the solid phase and, in addition, we
assume that the solid phase is completely mixed. Hence

H
∂q
∂t = ∫H

0

K′
ρP

C−Ceð Þdz ð3Þ

where ρP is the density of the particle, and q is the mass of oil per unit
mass of Nanogel in the particle.

The initial condition is

t = 0; q 0ð Þ = 0; 0≤ z ≤H ð3aÞ

Finally, the Freundlich equation, defined as

q = kC1=n
e ð4Þ

where k and n are the Freundlich equilibrium constants, is used to
relate the amount of oil adsorbed per weight of Nanogel to the
concentration of oil in the liquid phase at equilibrium.
The rate constant K' in Eqs. (1) and (3) is obtained from the batch
kinetic experiment by using a linear driving force model defined as

Vl
dC′
dt

= − m
ρP

K′ C′−C′eð Þ ð5Þ

Vl
dC′
dt

= −m
dq′
dt

ð6Þ

with initial condition

t = 0; C′ 0ð Þ = C′0 ð5aÞ

where Vl is the liquid volume, m is the mass of Nanogels, C′ is the oil
concentration in the liquid phase, C′e is the local equilibrium con-
centration in the liquid phase corresponding to the adsorbate con-
centration at the Nanogel particle boundary, C′0 is the initial oil
concentration and q′ is the mass of oil per unit mass of Nanogel in the
particle.

Eqs. (4), (5) and (6) can be solved simultaneously to obtain values
of C′ at different times by assuming a value of K′. The actual value of K′
can then be obtained by comparing the calculated values of C′with the
experimentally measured values of C′ using a least squares regression.

3.3. Simulation

The governing Eqs. (1) and (3) are nonlinear partial differential
equations. In these equations, C is a function of t and z, and q is only a
function of t because of the assumption that the solid phase is well
mixed. The spatial discretization method was used to transform these
partial differential equations into a set of ordinary differential
equations: these equations were discretized in space using finite
differences with 50 evenly spaced finite difference points along the
column length. This set of ordinary differential equations was solved
using a Runge-Kutta 23 simulation method programmed in Matlab
R2008b, the step size in the program was approximately 0.05–0.1 s.

4. Results and discussion

4.1. Pore structure of Nanogels

N2 adsorption–desorption isotherms for the three different
Nanogel size range samples were found to be almost identical and
show a type IV isothermwhich corresponds to amesoporousmaterial.
The three different particle sized Nanogel also have a similar pore size
distribution and the most prevalent pore size is about 15 nm. Specific
surface area and pore diameter of the different particle size Nanogel
are shown in Table 1; the pore volume measurements are inaccurate
because of the presence of macropores and are therefore not included
in the table. From these results we conclude that the three Nanogel
samples of different size ranges have similar pore structures and very
high specific surface.

4.2. Hydrodynamics of inverse fluidized beds of Nanogel granules

The hydrodynamic characteristics of inverse fluidized beds of
Nanogel granules are represented by the fluidized bed pressure drop



Fig. 2. Inverse fluidized bed pressure drop vs. superficial fluid velocity of TLD 302,
1.7–2.35 mm Nanogel granules.

Table 2
Minimum fluidization velocity and plateau pressure drop results for three different
particle size ranges Nanogel in the inverse fluidized bed.

Particle sizes/type
(mm/type)

Mass
(g)

△P (Pa) Umf (m/s)

0.5–0.85 TLD 101 56 876±64 0.015
70 1046±53

0.7–1.2 TLD 301 35 492±15 0.017
70 988±32

1.7–2.35 TLD 302 35 536±21 0.026
56 853±27
70 1108±36

302 D. Wang et al. / Powder Technology 203 (2010) 298–309
and the bed expansion. Fig. 2 shows the fluidized bed pressure drop
plotted against the superficial fluid velocity for TLD 302, 1.7–2.35 mm
Nanogel granules. This plot is used to estimate the minimum
fluidization velocity, i.e., the velocity where the particle configuration
changes from a packed bed to a fluidized bed and the pressure drop
becomes constant. Fig. 3 shows the fluidized bed height as a function
of superficial velocity corresponding to Fig. 2. These two figures show
that: (1) the pressure drop rises linearly below minimum fluidization
in the packed bed region and then plateaus above minimum
fluidization, and (2) the bed height remains relatively constant before
minimum fluidization and then expands as the water velocity is
increased above minimum fluidization. Table 2 shows the minimum
fluidization velocity and plateau pressure drop of the three different
particle size range Nanogel. As seen in the table, the minimum
fluidization velocity is dependent on the granule size and is
independent of the amount of the granules fluidized. The larger the
granule size, the higher the minimum fluidization velocity.
Fig. 3. Inverse fluidized bed height vs. superficial fluid velocity of TLD 302, 1.7–2.35 mm
Nanogel granules.
4.3. Density and the external porosity of the granules

The value of the granule density can be calculated from the
experimental data by using a force balance. The fluidized granules are
acted on by a buoyancy force (FB), gravity force (Fg) and drag force
(FD). The buoyancy and gravity forces are

FB = ρlVPg and Fg = ρpVPg ð7Þ

where VP is the total volume of particles fluidized in the column. The
drag force applied on the particles during fluidization (assuming
negligible wall effects) is given by the experimental pressure drop
(ΔPexp) multiplied by the cross sectional area of the fluidization
column (A)

FD = ΔPexpA ð8Þ

A force balance on the particle gives

FB = Fg + FD = ρPVPg + ΔPexpA = ρlVPg ð9Þ

Since mp=ρpVp, Eq. (9) can be written as

VP =
ΔPexpA + mPg

� �
ρlg

ð10Þ

and the granule density of the particles is given by ρP = mP
VP

with VP

obtained from Eq. (10). The void volume can be found by subtracting
the volume of the particles (VP) from the total volume of the fluidized
bed (Vb). Hence, the void fraction of the fluidized bed is

ε =
Vε

Vb
=

Vb−VP

Vb
= 1−VP

Vb
= 1− mP

ρPVb
= 1− mP

ρPAH
ð11Þ

Eq. (10) is of the particular significance since it can be used to
calculate the particle density if the pressures drop measurement is
reliable. It can also be used to predict the pressure drop across the
fluidized bed if the particle density is known. The Nanogel density and
initial void fraction are calculated and listed in Table 3. As seen in the
Table 3
Nanogel density and initial void fraction calculation results from experiment data.

Particle size Mass
(g)

VP (m3) ρP
(kg/m3)

Initial
bed
height
(m)

Bulk
density
(kg/m3)

Initial
void
fraction

0.5–0.85 mm 56 (4.6±0.3)E−04 121±8 0.27 46 0.63
70 (5.6±0.2)E−04 126±6 0.32 48 0.62

0.7–1.2 mm 35 (2.6±0.1)E−04 131±4 0.15 51 0.62
70 (5.3±0.1)E−04 133±4 0.29 53 0.60

1.7–2.36 mm 35 (3.1±0.1)E−04 123±4 0.14 55 0.51
56 (4.5±0.1)E−04 123±3 0.21 59 0.53
70 (6.0±0.2)E−04 120±3 0.27 57 0.51



Table 4
Richardson–Zaki bed expansion parameters for 35 g, 56 g and 70 g TLD 302 Nanogel
particles from the experiment data and calculated using Eqs. (13–15).

Mass
(g)

R–Z
(exp) (n)

R–Z (exp)
(Ui) (m/s)

Ut Eq. (15)
(m/s)

Ret
Eq. (13)

R–Z Eq. (13)
(n)

35 2.87 0.145 0.154 310 2.52
56 2.95 0.155 0.164 333 2.49
70 3.10 0.158 0.169 340 2.48
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table, the densities of the three different size ranges of Nanogel vary
between 120 kg/m3 and 133 kg/m3, and the average granule density
of the Nanogel particles is 125±5 kg/m3.

4.4. Mathematical models of bed expansion

The Richardson–Zaki (R–Z) correlation [23] is among the most
useful methods to describe the relationship between the void fraction
and superficial velocity in a conventional liquid fluidized bed. The R–Z
equation is

εn =
U
Ui

ð12Þ

where U is the superficial velocity and Ui is the settling velocity of a
particle at infinite dilution. The R–Z exponent or index (n) is a
function of the particle terminal Reynolds number (Ret). For the TLD
302 (1.7–2.35 mm) Nanogels

n = 4:45Re−0:1
t for 200 b Ret b 500 ð13Þ

Where Ret =
UtρtdP
μ t

ð14Þ

The settling velocity at infinite dilution (Ui) and the terminal
velocity (Ut) are related by

log Uið Þ = logUt−
dP
D

ð15Þ

The R–Z exponent (n) can also be obtained from the experimental
data by plotting the logarithm of the superficial velocity against the
logarithm of the void fraction

lnU = n ln εð Þ + ln Uið Þ ð16Þ

After calculating the void fraction (ε) from Eq. (11), the
experimental data are plotted in Fig. 4 for three different amounts
of fluidized TLD 302, 1.7–2.35 mm Nanogel granules and using our
experimental data and the equations above, the Richardson–Zaki
exponent (n), and the terminal velocity (Ut) were calculated and
shown in Table 4. As seen in the table, the values of the Richardson–
Fig. 4. Relationship between the superficial velocity and the void fraction ε for three
different amounts of TLD 302 Nanogels accordingly to the R–Z equation.
Zaki exponent (n), for 1.7–2.35 mm nanogel granules, calculated from
Eq. (13) are somewhat lower than the experimental values. This may
possibly be due to the fact that the data were obtained in an inverse
fluidized bed rather than a conventional fluidized bed.

There are very few correlations for an inverse fluidized bed,
though several models are available for correlating bed expansion
with fluid superficial velocity in a conventional liquid–solid fluidized
bed (such as the R–Z model above). Fan et al. [24] proposed a model
based on a drag force function, f, which can be used to describe the bed
expansion in an inverse fluidized bed. This correlation expressed in
terms of the void fraction of the inverse fluidized bed ε, Archimedes
number Ar=d3p(ρl−ρp)ρlg/μ2

l, Reynolds number Re = UρldP
μ l

and the
ratio of the particle size to the bed diameter is

f = 3:21ε−4:05Ar−0:07 exp 3:5
dP
D

� �
ð17Þ

In this model, a drag force function, f, defined as the ratio of the
drag force of fluid on particles in a multiparticle system to that in a
single particle system, is a function of the Archimedes number and the
Reynolds number. This drag force function for the inverse fluidization
system taken from Fan et al. [24] is

f =
Ar

13:9Re1:4
for 2 b Re b 500 ð18Þ

f =
3Ar
Re2

for Re N 500 ð19Þ

where the Archimedes number and the Reynolds number at different
flow superficial velocities can be calculated from the experimental
data. The void fraction of the inverse fluidized bed ε at different flow
superficial velocities can be calculated from Eq. (11).

By plotting the logarithm of the drag force function f against the
logarithm of the void fraction ε, the slope of the straight line (see
Eq. (17)) can be obtained, which should be close to −4.05 according
to Fan et al. [24]. After calculating the void fraction (ε) from Eq. (11)
and the drag force function f from Eq. (18), the experimental data are
plotted in Fig. 5 for 35 g of TLD 301 0.7–1.2 mm Nanogel granules and
three different amounts of TLD 302 1.7–2.35 mmNanogel granules. As
seen in the figure, straight lines are obtained for all these four
experimental runs; the slope of −4.04 for TLD-301 nanogels and the
average slope of −4.15 for TLD 302 Nanogels closely agree with the
value of −4.05 suggested by Fan et al. [24].

4.5. Removal of oil from water in an inverse fluidized bed and an inverse
packed–fluidized bed of Nanogel granules

Fig. 6(a) and (b) shows the size of the oil droplets in oil-in-water
emulsions with 1% and 4% Tween 80 added. As seen in this figure, the
size of most of the oil droplets is less than 20 µm, which indicates that
the oil droplets produced in our experiments can be classified as
emulsified oil. Without adding the Tween 80 stabilizer, the oil
droplets are much larger than 20 µm (see Fig. 6(c)) indicating the
presence of dispersed oil.

Table 5 shows the emulsion stability experiment results. The
addition of 4% by volume (or higher) of Tween 80 as compared to the



Fig. 5. Relationship between the drag force ‘f’ as defined by Fan et al. [24] and the void
fraction ε for TLD 301, 0.7–1.2 mm and TLD 302 sieved, 1.7–2.35 mm.

Fig. 6. Marked oil droplet size with different amounts of Tween 80: (a) 1% Tween 80,
height 12.4 μm, width 11.9 μm, in the range of emulsified oil, (b) 4% Tween 80, height
5.7 μm, width 5.8 μm, in the range of emulsified oil, and (c) 0% Tween 80, height
95.6 μm, width 83.5 μm, in the range of dispersed oil.

Table 5
Oil-in-water emulsion stability results for different proportions of emulsifier (Tween
80).

Proportion of Tween 80 0.5% 1% 3% 4% 5%

Inlet average COD concentration (mg/L) 1092 1091 1065 1085 1104
Outlet average COD concentration (mg/L) 687 966 978 1058 1065
Decrease 37% 11% 8.2% 2.3% 3.6%
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amount of oil added produces an emulsion that remains stable
without stirring for 1 h. That is, the average inlet concentration (COD)
(after being mixed with deionized water) measured at 10min
intervals differed from the average outlet concentration by less than
5% when passed through the empty column (without Nanogel
present). Before starting an inverse fluidized bed experiment, the
Tween 80 stabilized oil-in-water emulsion is mixed in a blender for a
few minutes and the emulsion is kept stirred with a magnetic stirrer
to keep it stable during the duration of the experiment.

The oil removal efficiency and capacity of the Nanogel granules are
studied by measuring both the inlet and exit concentrations of oil as a
function of time and plotting a breakthrough curve. Ideally, the inlet
oil concentration should remain constant throughout the experiment,
but small changes in the water pressure, oil pump flow rate and
stability of the emulsion result in somewhat different inlet concen-
trations with time; hence an average value is used. From the
breakthrough curve, the amount of oil removed by the inverse
fluidization process is given by

mRemoval = FCin

P

t−F∫t
o
Coutdt ð20Þ

wheremRemoval is the weight of oil removed by the aerogel granules, F
is the flow rate during the experiment, Cin

P

is the average inlet oil
concentration, Cout is the outlet oil concentration, t is the time when
the fluidized bed is no longer stable and Nanogel granules begin to
leave the column due to their decrease in buoyancy as they adsorb/
absorb oil.

The inlet and outlet concentrations of oil are monitored by
analyzing the chemical oxygen demand (COD) at several time
intervals during the experiments. A calibration curve relating the
measured COD concentration to the actual oil concentration in mg/l is
shown in Fig. 7.

The breakthrough curve in each experimental run is obtained from
the experiment concentration versus time data. Table 6 shows the
operating conditions for each experiment. The following parameters
are changed to compare the oil removal efficiency: the proportion of
Tween 80 in the oil-in-water emulsion, fluid superficial velocity,
particle (granule) size range, and amount of particles. The break-
through curves under different operating conditions are shown in
Figs. 8–10 for inverse fluidization and Fig. 11 for an inverse packed–
fluidized bed. Here we have started the experiment at a flow rate
(water velocity) which is below the minimum fluidization velocity so
that the bed remains in the packed bed mode until the Nanogel



Fig. 7. Correlation between the oil concentration in water and COD levels measured by
HACH DR/890 colorimeter.

Fig. 8. Breakthrough curve in fluidized bed for 55 g, 110 g and 200 g TLD 301, 0.7–1.2 mm
Nanogel granuleswhen theproportionof Tween80 is 4%, the inlet COD isaround1000 mg/
L and U/Umf is 1.1.
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granules adsorb/absorb sufficient oil to decrease the net buoyancy
force (buoyancy minus gravity) acting on them and the bed fluidizes.

We also started a run using an emulsion stabilized by 1% Tween 80
as a fluidized bed (U/Umf=1.1) and when the bed expanded, but
before any Nanogels left the column, we decreased the flow rate
below minimum fluidization (U/Umf=0.67) and ran as a packed bed.
This allowed us to continue the experiment without losing Nanogel
granules from the bottom of the column. The breakthrough curve for
this experimental run is shown in Fig. 12.

The removal capacity (kg oil/kg Nanogel) using Eq. (20) based on
the breakthrough curves is also shown in Table 6 and varied between
1.2 to 1.84 for the fluidized bed and 2.26–2.77 for the packed–
fluidized bed mode when the proportion of Tween 80 in the emulsion
is 4% and varied between 1.51 and 2.13 for the fluidized bed when
Tween 80 in emulsion is reduced to 1%.

The shape and sharpness of the breakthrough curve for a given
adsorbent mainly depend on such factors as the adsorption isotherm
at equilibrium, the mass transfer rate, and hydrodynamic factors such
as bed height and contact (residence) time. As already mentioned, the
breakthrough time in a fluidized bed adsorber is considerably shorter
than in a fixed bed adsorber due to the large axial mixing in the
fluidized bed. In our experiments, the outlet oil concentrations in the
Table 6
Summary of experimental conditions and oil removal capacity from water by an inverse flu

Nanogel
type

Particle size
(mm)

Figure # % Tween 80 Nanogel mass
(g)

TLD 301 0.7–1.2 8 4% 55
TLD 301 0.7–1.2 8 4% 110
TLD 301 0.7–1.2 8 4% 200
TLD 301 0.7–1.2 9 1% 55
TLD 301 0.7–1.2 9 1% 110
TLD 301 0.7–1.2 9 1% 200
TLD 302 1.7–2.3 10 4% 110
TLD 302 1.7–2.3 11 4% 55
TLD 302 1.7–2.3 11 4% 55
TLD 302 1.7–2.3 12 1% 110

a Packed–fluidized bed.
b Fluidized–packed bed.
beginning of the experiment are high and the oil removal efficiencies
are relatively low. There are several possible reasons for these results:
(1) the contact time through the fluidized bed or packed–fluidized
bed is too short (less than 1 min) and is not long enough for the
Nanogels to absorb the oil passing through them and (2) while the
presence of the emulsifier, Tween 80, greatly increases the stability of
the oil-in-water emulsion, it may also hinder the adsorption/
absorption of oil by the Nanogel surfaces. According to Hrubesh et
al. [18], solvents that are insoluble in water are separated by
selectively wetting the surfaces of the aerogels, entering the pores
and subsequently absorbed into the porous structure. Even though
very little Tween 80 is present (only 1% or 4% of the volume of oil in
the emulsion), since the surfactant can physically interact with both
oil and water, the hydrophilic end of the Tween 80 may allow some
water molecules to attach to the surface and enter the nanogel
particles thus reducing the Nanogel adsorption/absorption capacity
for oil.

To check whether the Tween 80 has an effect on the adsorption/
absorption capacity of the Nanogels, we also did runs using only 1% of
Tween, as seen in Figs. 9 and 12. If we compare Figs. 8 and 9 for TLD
301 Nanogel, Fig. 8 shows outlet concentrations at short times that are
almost twice as large as the outlet concentrations at short times in
idized bed, packed–fluidized bed or fluidized–packed bed of Nanogel.

Flow rate
(GPM)

U/Umf ratio Entrance COD
(mg/L) (average)

Removal capacity
(kg oil / kg Nanogel)

1.3 1.1 1052±30 1.43
1.3 1.1 1076±67 1.35
1.3 1.1 1032±49 1.26
1.3 1.1 1094±51 2.13
1.3 1.1 1075±81 1.75
1.3 1.1 1163±102 1.51
2.0 1.1 1104±51 1.84
1.2 0.67 1198±118 2.26a

1.0 0.56 1211±51 2.77a

2.0–1.2 1.1–0.67 1007±32 1.91b



Fig. 9. Breakthrough curve in fluidized bed for 55 g, 110 g and 200 g TLD 301, 0.7–1.2 mm
Nanogel granuleswhen theproportionof Tween80 is 1%, the inlet COD isaround1100 mg/
L and U/Umf is 1.1.

Fig. 11. Breakthrough curve in packed–fluidized bed for 55 g TLD 302, 1.7–2.35 mm
Nanogel granules when the proportion of Tween 80 is 4%, the average inlet COD for
both runs is around 1200 mg/L and U/Umf are 0.56 and 0.67, respectively.
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Fig. 9. A similar result is found when comparing Figs. 10 and 12 for the
larger TLD 302 Nanogel granules. Hence it appears that adding 4%
Tween is inhibiting the Nanogels from adsorbing/absorbing oil more
than adding 1% Tween.

The oil removal results from Table 6 also show that: (1) for the
same type of Nanogel, when the flow rates are the same, the oil
removal capacities become lower as the weight of the Nanogel
granules increases. This is probably due to a decrease in the axial
mixing of the solid phase as the bed height increases. (2) for the same
U/Umf ratio and the same weight of Nanogel granules, it appears that
the larger the particle size, the higher the oil removal capacity, and (3)
the oil removal capacities for the same type of Nanogel are higher in
Fig. 10. Breakthrough curve in fluidized bed for 110 g TLD 302, 1.7–2.35 mm nanogel
granules when the proportion of Tween 80 is 4%, the average inlet COD is around
1100 mg/L and U/Umf is 1.1.
the packed–fluidized bed mode than those in the fluidized bed. This
latter result can be explained from the force balance Eq. (9). As
Nanogels begin to absorb oil, the net buoyancy force acting on the
particles decreases, (the buoyancy force is constant and the gravity
force increases) and therefore the drag force (ΔPA) needed to fluidize
the particles decreases and the bed begins to expand due to the
increase of the gravity force. At the moment, when the length of the
bed reaches the entire column or the sum of the gravity force and drag
force is larger than the buoyancy force, the Nanogel particles begin to
leave the column. For Nanogel particles which adsorb/absorb the
same amount of oil in a fluidized bed or in a packed–fluidized bed,
both will have the same gravity force and buoyancy force, but the
Fig. 12. Breakthrough curve in fluidized–packed bed for 110 g TLD 302, 1.7–2.35 mm
Nanogel granules when the proportion of Tween 80 is 1%, the average inlet COD is
around 1000 mg/L and U/Umf is 1.1 during the fluidized bed process and 0.67 during the
packed bed process.



Fig. 13. Freundlich isotherm for adsorption of oil from oil-in-water emulsion by TLD 301
Nanogel granules.

Fig. 15. Bed height as a function of time for 55 (□), 110 (○) and 200 (△)g of TLD 301.
For 55 g TLD 301, data was fit by a horizontal line for tb30 Min and a sixth order
polynomial for tN30 Min; for 110 g TLD 301, data was fit by a horizontal line for tb60
Min and a fifth order polynomial for tN60 Min; for 200 g TLD 301, data was fit by a
horizontal line for tb80 Min and a sixth order polynomial for tN80 Min.
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former has the larger drag force due to the larger fluid velocity.
Therefore it is much easier for the particles in the fluidized bed to
leave the column when they adsorb/absorb the same amount of oil
compared with the same particles in the packed–fluidized bed.

By decreasing the flow rate during an experiment (Fig. 12), the
drag force is reduced (fluidized–packed bed mode) and the Nanogel
granules will remain in the column for a longer time. This mode of
operation will also result in a higher oil removal capacity.

4.6. Comparison of modeling results with experimental measurements

A Freundlich isotherm for oil adsorbed onto TLD 301 Nanogel from
the oil-in-water emulsion using 4% Tween 80 as the stabilizer at room
temperature is shown in Fig. 13. The Freundlich constants, k and 1/n,
are calculated from the slope and intercept of the curve and are equal
to 6133 and 1.33, respectively. One set of batch kinetic data fitted to
the linear driving force model is shown in Fig. 14; the adsorption rate
constant K′ in Eq. (5) is obtained using a least squares regression. An
average value of K′, based on two separate batch kinetic experiments,
is 5.68×10−2 s−1.
Fig. 14. Oil concentration as a function of time in a batch kinetic experiment: circles
represent experimental data and solid lines C′ and C′e are obtained from the linear
driving force model when K′ is 5.68×10−2 s−1.
Unlike experiments in fluidized bed adsorbers reported in the
literature, the expanded fluidized bed height in our experiments
changes as a function of time. The fluidized bed height remains
relatively constant at the beginning of the experiment until some of
the Nanogels have adsorbed/absorbed an appreciable amount of oil.
These particles become heavier and can no longer be suspended by
the buoyancy force of the fluid, and the bed begins to expand
downward towards the bottom of the column until the expanded bed
height is equal to the physical length of the column at which point the
experiment is stopped. Fig. 15 shows the expanded bed height data as
a function of the time of the experiment for 55, 110, and 200 g of TLD
301 Nanogel. This adds an additional complication to the simulations.

The experimentally observed concentration of oil in the exit
stream (breakthrough curve) is compared with the model predictions
in Figs. 16 to 18. Here we have plotted the oil concentrations as actual
mg/l rather than as COD mg/l using the calibration curve, Fig. 7, to
convert from one to the other. All of the experimental runs in these
three figures were made at the same conditions except for the weight
Fig. 16. Model results for the breakthrough curve using 55 g TLD 301: (a)measured K′ (b)
2.75 K′ compared to experimental data.



Fig. 17. Model results for the breakthrough curve using 110 g TLD 301: (a) measured K′
(b) 2.75 K′ compared to experimental data.
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of Nanogel used (height of the bed). As seen in the figures, the results
of the simulations and experiments are not in good agreement when
using the value of K′=5.68×10−2 s−1 as obtained from the batch
kinetic experiments. We suspect that the K′ value from the batch
kinetic experiments is appreciably lower than the real K′ value for
adsorption in the fluidized bed, because the Nanogel particles are
much better mixed in the fluidized bed than in the batch experiments
performed in a bottle stirred by a shaker.

In the experimental run shown in Fig. 16 (55 g Nanogel, and the
shortest bed height used), the value of K′which gives the best fit of the
experimental breakthrough curve in the inverse fluidized bed was
calculated by the method of least squares and is about 2.75 times
larger (1.56×10−1 s−1) than the original K′ value. This new K′ value
is also used to fit the experimental data in Figs. 17 and 18, with poorer
results observed as the bed height (amount of Nanogel granules)
becomes larger. When less granules are used in the inverse fluidized
bed (shorter bed), the Nanogel granules tend to saturate more
uniformly because of the CSTR-like mixing. When more granules are
fluidized in the bed, since the bed height is larger, it is more difficult
Fig. 18.Model results for the breakthrough curve using 200 g TLD 301: (a) measured K′
(b) 2.75 K′ compared to experimental data.
for the granules to mix well. In this case, the assumption made in the
model that the solid phase is completely mixed is not very accurate.

5. Concluding remarks

The granule density and hydrodynamic characteristics of the
Nanogels were calculated by measuring the pressure drop and bed
expansion of clean water in the inverse fluidized bed. The experi-
mental results are in good agreement with previous models used for
liquid–solid fluidized beds. The main factors which affect the oil
removal capacity of the Nanogel granules in the inverse fluidized bed
and inverse packed–fluidized bed are the size of the granules, the bed
height, and the fluid velocity. The use of Tween 80 to stabilize the oil-
in-water emulsions used in the experiments appears to decrease the
adsorbing/absorbing capability of the Nanogels and the use of another
type of stabilizer, perhaps a nanopowder (Pickering emulsion), should
be investigated. A model was developed to predict the inverse
fluidized bed experimental results based on equilibrium and kinetic
batch measurements using the Nanogel and oil-in-water emulsion.
The model assumed complete axial mixing in the solid phase, but
variable bed height as a function of time. Good agreement between
themodel and experimental results are obtained for short bed heights
using an equilibrium rate constant about 2.75 times larger than that
measured in the batch system.
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