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ABSTRACT: Adsorption of aromatic molecules from base oil over an acid resin (Amberlyst 15W) was studied, with a focus on
reducing the aromatic content to that of a white mineral oil. It was found that the adsorption capacity of the resin was low. At
saturation in the best condition, the adsorption capacity corresponded to 10% acid capacity. The effects of dilution, temperature,
and adsorption time were studied. In the absence of a diluting solvent, the isotherm was unfavorable and the adsorption rate was
low, with a pseudo-first-order constant of about 0.1 h−1. Dilution of the oil with n-hexane had beneficial effects on the adsorption
capacity, the adsorption rate, and the yield of refined oil. The 1:1 (vol/vol) dilution was found to be optimal. Kinetic data were
better explained by a model of dominant intraparticle diffusion, with the adsorbate load being proportional to the square of the
adsorption time. Dilution with n-hexane was thought to decrease the viscosity with a proportional increase of the diffusivity and a
decrease of the chemical affinity of the oil matrix. Estimations of the oil purity and refined oil yield after a series of equilibrium
stages indicated that three stages with an adsorbent/oil ratio of 0.5 (g g−1) and a 1:1 dilution in n-hexane could refine the studied
base oil (initial aromatic content of 0.136 mmol g−1) to a white mineral oil of food grade, with a yield of about 60%. Removal of
the solvent was considered easy given the high volatility of n-hexane compared to that of the oil.

1. INTRODUCTION

White mineral oil is a specialty oil obtained from the refining of
crude oil that is mainly used in pharmacopeia, cosmetics, and
the food industry. This kind of application dictates that white
mineral oil should have a reduced or null content of aromatic
hydrocarbons, sulfur, and nitrogen. White mineral oils comprise
mixtures of hydrocarbons with 18 or more carbon atoms and a
boiling range between 280 and 600 °C.1 They are usually
produced by refining of base oils coming from extraction units.
The white mineral oil is classified into two classes according

to its use: the technical grade for cosmetics, textile, lubrication,
insecticides, etc. [as defined in FDA 21 CFR 178.3620(b)] and
one more highly refined, used in the formulations of drugs,
food, and non-food articles in contact with food [as defined in
FDA 21 CFR 172.878 and FDA 21 CFR 178.3620(c)]. The
white mineral oil must be chemically inert, colorless, odorless,
and tasteless. According to the United States Food and Drug
Administration (FDA) regulation 21 CFR 172.878, pharmaco-
peia-grade oil must meet a limit of ultraviolet (UV) absorptivity
of 0.1 (for 1 cm optical path) in the range of wavelengths (λ)
between 260 and 350 nm.2 This UV limit translates to an
almost null concentration of aromatics.
The classical methodology to obtain white mineral oil is

hydrodesulfuration, dearomatization, and hydroisomeriza-
tion.3−6 For hydrotreatment, the usual catalysts are Ni−Mo/
Al2O3 or Ni−W/Al2O3.

7−9 The process requires a high
hydrogen pressure (50−100 kgf cm−2) depending upon the
aromatic amount.10,11 Older techniques involve treatment with
oleum to form aromatic sulfones that are then eliminated by
extraction and adsorption.12 This route produces unconvenient
amounts of toxic wastes and requires carefully controlled
reaction conditions, especially the control of the temperature,

to prevent the formation of unwanted products that might
reduce the yield of the refined product.
Because both sulfonation and hydrotreatment routes can

prove inconvenient to small-scale producers of white mineral
oil, other routes should be suggested. In this work, we assess
the dearomatization of base oils to produce white mineral oils
by means of adsorption. Adsorption techniques do not demand
high pressures or the handling of hazardous chemicals. In this
sense, they are simpler and safer than hydroisomerization or
sulfonation. Some papers in the literature can be found related
to the adsorption of aromatics and polyaromatics of diesel13−18

or aqueous streams.19,20 Different adsorbents have been used,
such as zeolites,15,21 Al2O3,

16 and activated carbon.13,14,17,18,22

Choosing an optimal adsorbent for any application demands
characterization of its adsorption capacity, selectivity, regener-
ability, adsorption rate, and cost. Rarely a single adsorbent can
be optimal regarding all of these aspects. In this work, we
studied the feasibility of using a commercial macroporous
cation-exchange resin for the dearomatization of mineral oils.
Commercial resins have good properties of thermal and
chemical stabilities, are easily regenerated, and have an open
pore structure that minimizes mass-transfer problems. Partic-
ularly, we studied the use of a macroporous Amberlite 15W
resin, in the form of 0.6−0.85 mm beads, with an average pore
size of 30 nm. The focus was put on the influence of the
temperature, dilution, and contact time. Thermodynamic and
kinetic constants were obtained, and the feasibility of practical
dearomatization by this technique was discussed.
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2. EXPERIMENTAL SECTION
2.1. Materials and Methods. 2.1.1. Adsorbent Conditioning.

Before the adsorption experiments or the characterization tests, the
resin was washed to remove all traces of dispersant agents. These
agents have UV signals at 270 nm, which interfere with the
measurement of aromatics in oil. Several washes with distilled water
and methanol were performed until the washing solution had no UV
signal. The washed resin was then immersed in 10 wt % sulfuric acid
solution for 2 h and flushed with water until the pH of the outlet
solution was almost the same as pure water according to Leung.22

2.1.2. Characterization. The total capacity of the exchange resin in
the H+ form was obtained by neutralization with it with a sodium salt
to displace hydrogen from the surface. The free protons were
subsequently titrated as free acidity.23−26

2.1.3. Adsorption Equilibrium and Kinetic Tests. Both equilibrium
adsorption and adsorption kinetics tests were carried out at three
different temperatures (40, 60, and 80 °C). The base oil used (base oil
60) was generously supplied by YPF SA (Direccioń Lubricantes y
Especialidades Ameŕica, Buenos Aires, Argentina). The concentration
of aromatics of this oil was 118 mmol L−1. This was expressed in
equivalent benzene moles per unit volume, and it was measured by
adding growing aliquots of benzene, measuring the UV absorption at
254 nm and extrapolating to zero absorbance. These and other
properties of the base oil are indicated in Table 1.

For adsorption isotherms and kinetic tests, a packed bed with liquid
recirculating flow was used. The adsorbent was packed in the middle
of a stainless-steel column of 9 mm internal diameter and 20 cm
height, fixed by means of stainless-steel mesh, and recirculated through
the packing by means of stainless-steel 1/8 in. tubing and a Watson-
Marlow Qsci400 peristaltic pump. The liquid flow was 5.6 mL min−1.
For adsorption isotherms, the oil volume was kept constant (25 mL)
and the adsorbent mass was varied. For the kinetics test, the relation of
adsorbent/oil was kept constant at 0.32. The adsorbent was used in its
original particulate form, i.e., without further milling. After the solution
was stabilized, an aliquot was taken and diluted with n-hexane (Merck,
99.99%) and the UV absorbance was measured. The aromatic content
was read as equivalent benzene millimoles per liter (mmolBz L−1)
against a calibration curve.
All UV absorption measurements were performed in a Shimadzu

UV1800.27 UV−vis light was produced by a laser source [deuterium
(D2) lamp and tungsten halogen (WI) lamp], and the wavelength was
varied by means of 190−800 nm. The cell was made of polyethylene
and had a volume of 1 cm3 and an optical path of 1 cm. The spectra
were collected in a computer and analyzed with the UVProbe software.
Runs with diluted base oil were always performed with a solution of

the base oil in n-hexane (Ciccarelli, 95%). In most cases, a volume
ratio of n-hexane/oil of 1:1, 2:1, and 3:1 was used.
2.1.4. Calculations. The concentration of adsorbate on the solid

was determined by means of the mass balance of the liquid phase,
before the addition of the solid adsorbent and after adsorption has
occurred (eq 1). In conditions of equilibrium, the same equation
applies with q = qe and C Ce. Ce and qe are the concentrations of the

adsorbate in the liquid and solid at equilibrium conditions,
respectively.

=
−

q
W C C

W
( )oil 0

ads (1)

Implicit in eq 1 is the assumption of the diluted system, i.e., the
transfer of adsorbate molecules to the solid-phase results in a negligible
change of Woil. Calculations for adsorption equilibrium stages were
made using an equilibrium isotherm formula (eq 2), e.g., Langmuir’s
formula, and the equation for the adsorbent/oil ratio R (eq 3). The
final nonlinear equation (eq 4) was solved for each equilibrium stage
using a Levenberg−Marquardt algorithm implemented in the software
MatLab for Windows (fsolve routine).
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3. RESULTS AND DISCUSSION
The properties of the oil base stock are detailed in Table 1. The
measured properties of the adsorbent (Amberlyst 15W resin)
are indicated in Table 2. A calibration curve made by

incremental addition of benzene can be seen in Figure 1. The
original content of aromatics (in equivalent benzene concen-
tration) can be obtained by extrapolation to zero.
Amberlyst 15 in either its dry or wet form is known to be a

mild solid acid with sulfonic acid groups attached to aromatic
nuclei. Fourier transform infrared spectroscopy (FTIR)
characterization data have been recently reported by Ordomsky
et al.28 A band at 1176 cm−1 would result from the symmetric
stretching vibration of the sulfonic groups, and the band at
1123 cm−1 was assigned to the in-plane skeletal vibration of the
disubstituted benzene ring. Bands at 1034, 1004, and 829 cm−1

were attributed to the in-plane skeletal vibration of the
disubstituted benzene ring. The bands at 1034, 1004, and
829 cm−1 were attributed to the in-plane bending vibration of a
phenyl ring substituted with a sulfonic acid group. A broad
band at 3350 cm−1 was attributed to the stretching of
hydrogen-bonded OH groups. Siril et al.29 measured the
acidity of sulfonic acid on polymeric supports and concluded
that the acid strength of the sulfonic acid followed the order:
Nafion H > Amberlyst 35 > Amberlyst 15. Ammonia on

Table 1. Base Oil Feedstock Properties

property method amount

density at 20 °C (g cm−3) gravimetry/volumetry 0.863
viscosity at 40 and 80 °C
(poise)

ASTM D445 15.658 and 4.621

UV absorbance at 230,
270, and 310 nm

ASTM D2269 2, 0.4, and -

aromatic content (mmolBz
L−1)

benzene addition 118

aromatic content
(mmol g−1)

0.136

boiling range (°C) ASTM D7500-08 285−565
carbon number SimDis/comparison to

n-paraffin standards
18−40

Table 2. Properties of the Macroreticular Resin Used
(Amberlyst 15W)

property method amount

type of resin aromatic, sulfonated
styrene−divinylbenzene

hydrophobicity hydrophobic
BET surface area (m2 g−1) nitrogen adsorption 52
average pore diameter (nm) nitrogen adsorption 30
pore volume (cm3 g−1) nitrogen adsorption 0.40
particle size (wet mesh) (μm) screening <300
acid (mmol g−1) master test method 3.40
particle density (g cm−3) 1.50
particle porosity (cm3 cm−3) 0.45
solid density (g cm−3) 2.73
bed density (g cm−3) gravimetry and volumetry 0.77
bed porosity (cm3 cm−3) 0.48
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Amberlyst 15 showed an enthalpy of adsorption of 25−30 kJ
mol−1 and a saturation capacity of 4.7 mmol g−1. The latter
coincides with the number of exchangeable acid sites reported
by the supplier. It must however be noted that this number
varies widely in the case of the wet resin because of the base
weight used in the calculation. We have measured a value of 3.4
mmol g−1, and Ordomsky et al.28 measured a value of 2.6 mmol
g−1.
3.1. UV−Vis Calibration Curve. A calibration curve was

made by adding successive aliquots of benzene and measuring
the UV−vis spectrum. Inspection of the spectrum for different
solution samples indicated that the best wavelength for analysis
was 254 nm. Then, a plot was made of the absorbance as a
function of the additional benzene content. The original
aromatic content of the oil (in equivalent benzene concen-
tration units) was obtained by extrapolation of the plot line to
zero absorbance. Shifting the line to the right to make it pass
through the zero point yields the final calibration curve, with
UV−vis absorbance as a function of the aromatic content,
expressed in equivalent benzene millimoles per gram (see
Figure 1).
3.2. Adsorption Equilibrium Isotherms. Equilibrium

isotherms at 40 and 60 °C corresponding to the adsorption
of aromatics from the pure base oil and over the resin
adsorbent are plotted in Figure 2. Another isotherm at 40 °C
was obtained using diluted oil (1:1, vol/vol) and also included
in Figure 2. The shape of the isotherms for the pure oil
(undiluted) found was seemingly unfavorable. Some isotherm
models were fitted, and model parameters were obtained. The
models are those depicted in eqs 5−8.30,31 Values of the fitted
parameters are detailed in Table 3. For the pure oil, the
Langmuir model gave wrong estimates for the characteristic
constants (<0), while the Freundlich model gave the best fit.
According to McKay et al.32 Freundlich’s n values greater than
1 are typical of systems with favorable isotherms, while those
with n < 1 would have unfavorable isotherms. The latter is the
case of the resin−(pure oil) systems. For the diluted oil, the
isotherm is transformed into a favorable isotherm (n = 3.2). For
this system, the best fit is obtained with Langmuir’s model.

=
+

q
Q bC

bC1
(Langmuir)e

0 e

e (5)

=q K C (Freundlich)n
e F e

1/
(6)

=q
R T

B
ACln( ) (Temkin)e

g
e (7)

= −ε−q q e (Dubinin Radushkevich)k
e s

( )ad
2

(8)

For Langmuir’s isotherm, the value of Q0 indicates the
theoretical saturation capacity of the adsorbent. We can see
that, for the diluted system, this is 0.346 mmol g−1. Considering
the total amount of acid sites (3.4 mmol g−1) and the maximum
adsorbate load of Figure 1 (about 0.28 mmol g−1), it turns out
that the number of occupied sites corresponds to 8.2% of the

Figure 1. Calibration curve for measuring the amount of aromatics in
the base oil.

Figure 2. Equilibrium isotherms: (■) 40 °C, pure oil; (▲) 60 °C, pure
oil; and (●) 40 °C, diluted oil (1:1, vol/vol). Ce of the diluted system
has been calculated without considering the presence of the diluent,
i.e., with the concentration of aromatics in millimoles per gram of oil
(ignoring the diluent). Dotted line = model fit.

Table 3. Parameter Values Corresponding to Different
Isotherm Models

isotherm model system parameter value r2

Langmuir 40 °C, pure Q0 = 3.695 0.9799
b = −0.04667

60 °C, pure Q0 = −0.072 0.98036
b = −5.83292

40 °C, diluted Q0 = 0.346 0.9883
b = 154.78

Freundlich 40 °C, pure Kf = 16.56 0.8479
n = 0.433

60 °C, pure Kf = 7.79 0.9231
n = 0.547

40 °C, diluted Kf = 0.879 0.8842
n = 3.20

Temkin 40 °C, pure A = 14.3 0.7558
B = 0.2628

60 °C, pure A = 19.74 0.7871
B = 0.1918

40 °C, diluted A = 1667.6 0.9032
B = 0.0742

Dubinin−Radushkevich 40 °C, pure kad = 0.0008 0.8152
qs = 1.762

60 °C, pure kad = 0.0005 0.8999
qs = 1.096

40 °C, diluted kad = 0.00006 0.9076
qs = 0.4768
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total number of sulfonic groups. In this sense, we are supposing
that adsorption is likely being produced in this case by the
attraction between the sulfonic acid group of the resin and the
aromatic nucleus of the alkylaromatic that would be acting in
this case like a Lewis base.
The change in the isotherm shape upon dilution can be due

to a change in the adsorbate−fluid and adsorbate−solid
interactions. Without dilution in n-hexane, the affinity between
the aromatic molecules and the oil molecules seems to be
greater than the interaction between the adsorbate molecules
and the solid. This affinity could arise from the interaction
between the long alkylic chains of the oil matrix and long alkyl
substituents present in the aromatic molecules. Upon dilution
with n-hexane, this interaction could be decreased.
For a given adsorbent, the interaction with the adsorbate

depends upon the properties of the solid, with such forces as
van der Waals forces, hydrophyllic/hydrophobic interactions,
and hydrogen bridge being important.33 The basic functional
group of the resin is the aromatic sulfonic group. The cation of
this group is usually a H+ proton. In the case of the adsorbate,
the alkyl aromatic molecule, the aromatic ring has an alkyl
substituent that produces an electron induction effect that
increases the electron density of the ring. This high electron
density inhibits the formation of hydrogen bridge bonds with
the OH groups of the resin.
The low percentage of sulfonic groups used for the

adsorption hints that there are some negative factors acting.
This, in principle, could simply be the high activity of the alkyl
aromatic adsorbate in the oil. Another possible factor is the
lipophobic nature of the surface. Roschina et al.34 indicate that
the adsorption of an organic compound over a polar surface,
such as that of the exchange resin, can be hampered by the
limited wetting of the surface.
3.3. Calculation of Equilibrium Stages. Considering a

series of equilibrium stages, it is important to calculate the
number of adsorption stages needed to convert the base oil into
a white mineral oil with the quality level required by the U.S.
FDA 172.878 standard (aromatic concentration yielding a value
of 0.1 of absorbance per centimeter of optical path). The results
for such a treatment using a diluted feed [1:1 (vol/vol) in n-
hexane] are plotted in Figure 3. The equilibrium parameters of
the Langmuir isotherm for the diluted system are used (Q0 =
0.346 mmol g−1 and b = 154.78 g mmol−1). Each operation line
corresponds to a different resin/oil ratio.
It is considered that, after adsorption is finished, the resin is

filtered with a net loss equal to the bed interstitial volume and
the pore volume of the resin. The yield in Figure 4 is the
fraction of the original oil mass that is recovered at the end of
the treatment. It can be seen that, with R = 0.5 and three
equilibrium stages, the recovered oil almost complies with the
U.S. FDA quality standard. This treatment would have a net
yield of almost 60%. The discarded oil volume can be recovered
by flushing the resin with a solvent. A hot stream of oil/solvent
should also help to remove the adsorbed aromatics.
The beneficial effect of dilution cannot be overstressed.

Dilution with n-hexane not only improves the capacity of
adsorption of the resin but also decreases the losses during
filtration of the resin, in successive batch equilibrium stages.
Supposing that the interstitial volume and the pore volume are
lost, eq 9 should be applied. It can be seen in this equation that
the effect of dilution (D) is that of reducing the relative amount
of oil (and solvent) trapped in the resin. For R = 0.5 and D =
0.5 [1:1 (vol/vol) dilution], the yield after one equilibrium

stage is Y = 0.83. Increasing the dilution to D = 0.333 [1:2 (vol/
vol) dilution] increases the yield to Y = 0.89.

ε ε ε
= −

+ −

+

ρ

ρ ρ

( )
( ) ( )

Y 1
( (1 ) ) R

D
R

bed bed particle

1

bed

oil solid (9)

However, dilution also has some drawbacks. These would be
(i) the need for moving bigger volumes of solution with the
associated higher pumping costs and bigger storage vessels and
(ii) the need for separating the solvent from the oil by
evaporation, stripping, or distillation.

3.4. Adsorption Kinetics. The effect of the contact time on
the degree of dearomatization of the oil was studied under
varying conditions of the temperature (40, 60, and 80 °C) and
dilution (pure and 1:1, 2:1, and 3:1 volumetric dilutions). The
results related to the kinetics at different temperatures are

Figure 3. Residual aromatic concentration (Cf) as a function of the
number of equilibrium stages (NES) and the resin/oil ratio (R, g g−1).
Dotted line = residual concentration dictated by the U.S. FDA 172.878
standard (aromatic concentration producing a value of 0.1 absorbance
per centimeter of optical path). The diluted oil is 1:1 (vol/vol) in n-
hexane. Cf is related to the undiluted oil.

Figure 4. Yield as a function of the number of equilibrium stages.
Diluted oil is 1:1 (vol/vol) in n-hexane.
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plotted in Figure 5. The pattern of variation is not monotonic.
Increasing the temperature from 40 to 60 °C increases the rate

by about 20% (steeper slope in the 0−15 h range), while
increasing it to 80 °C produces no practical variation in the
rate.
For the value of C0 and R and using the Freundlich isotherm

at 40 °C, qeq = 0.106 mmol g−1, while using the Freundlich
isotherm at 60 °C, qeq = 0.099. This means that, at 30 h and 60
°C, the surface has practically reached saturation, while at 40
°C, only 60% of the saturation value is reached. The increase in
the adsorption rate when increasing the temperature from 40 to
60 °C was expected. However, at 80 °C, adsorption decreases
seemed rare. The non-monotonic pattern could be the result of
the combination of a kinetic effect, the higher rate at higher
temperatures, and a thermodynamic effect, the lower capacity at
higher temperatures.
In any case, it is clear that the rate of adsorption is very low

in all cases. Taking a pseudo-first-order model (see eq 11), the
pseudo-first-order constant k is about 0.1 h−1. It can be seen
that the effect of dilution is again beneficial. In comparison to
the pure, undiluted oil (Figure 6), the adsorption rate is
increased 6 times when diluting 1:1 in n-hexane. Higher
dilution ratios do not increase the adsorption rate or the final
equilibrium amount of adsorbed aromatics. The higher
adsorption rate upon dilution can be primarily due to a
decrease in the viscosity of the oil that, in turn, produces an
increase in the molecular diffusivity of the adsorbate, as
predicted by the Stokes−Einstein equation.

ρ
π μ

=D
k T

r6ST
1 solution

(10)

The effect of the decrease in the adsorption rate upon further
dilution of the oil can be due to the decrease in the driving
force for adsorption, C, because of the dilution.
The adsorption process consists of three successive steps: (a)

diffusive transport of aromatic molecules from the bulk of the
feed to the surface of the resin particles through the boundary
layer (film diffusion), (b) intraparticle diffusion through the

inner pores of the resin, and (c) adsorption of the aromatic
molecules on the surface of the resin. The temperature has an
opposite effect on diffusion (steps a and b) and adsorption
(step c). It favors the external and internal mass transfer
because of the increase of the molecular diffusivity. For
adsorption, the opposite effect is seen because most adsorption
processes are exothermal. To determine which of the steps
controlled the kinetics of adsorption of the system under study,
several models were tried, which are depicted below.35,36 The
results of the fitting of the data of Figure 5 are detailed in Table
4.
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The results seem to indicate that the kinetics are dominated by
intraparticle diffusion because this model fits the data better.
The intraparticle diffusion model assumes that the film
diffusion is negligible, and the intraparticle diffusion is the
only rate-controlling step. This model can be derived from
Fick’s second law under two assumptions: first, the intraparticle
diffusivity Did is constant; second, the uptake of adsorbate by
the solid is small relative to the total quantity of adsorbate
present in the solution. kid (mmol g

−1 h−0.5) is defined as the
intraparticle diffusion rate constant and is related to the
intraparticle diffusivity as in eq 15.

π
=k

q

R
D6

id
e

g

id

(15)

Figure 5. Adsorbed amount of aromatics as a function of time and
temperature of a system of pure (undiluted) base oil and Amberlite
15W resin, with C0 = 0.136 mmol g−1 and R = 0.32 g g−1: (a) (●) 40
°C, (○) 60 °C, and (★) 80 °C, with particle size = 300 μm, and (b)
(○) 300 μm and (▲) 152 μm, with temperature = 40 °C.

Figure 6. Effect of dilution on the rate and capacity for adsorption of
aromatics from base oil, with the temperature of 40 °C and n-hexane
as the diluent (n-hexane/oil solution): (■) pure, undiluted oil, (●)
1:1 (vol/vol), (▲) 2:1 (vol/vol), and (★) 3:1 (vol/vol), with C0 =
0.136 mmol g−1 (diluent not considered) and R = 0.32 g g−1.
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The value of Cid in eq 14 reflects the effect of the film thickness.
If the q versus t0.5 plot is linear and passes through the origin,
intraparticle diffusion is supposed to be the rate-limiting step. If
not, then intraparticle diffusion might not be the only limiting
step.37 The value of Cid is approximately zero, and then it seems
that adsorption of aromatics from the undiluted oil is
dominated by diffusion inside the resin particles.
A further assessment of the importance of the film mass

transfer can be performed by evaluating the Biot number (eq
16). Estimates of both the diffusivity and the film transfer
coefficient are needed in this equation. The film mass-transfer
coefficient can be estimated using the Wilson and Geankoplis
correlation for mass transfer in a packed bed (eq 17).

=Bi
k d
D

f e

id (16)

ε
= =Sh Sc Re

d k

D
1.09

b

0.33
p

0.33 p f

M (17)
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ρ

=Sc
DM (18)

ρ
μ

=Re
Vd

p
p

(19)

In these equations, V is the interstitial velocity, Sh is the
Sherwood number, Sc is the Schmidt number, and Rep is the
particle Reynolds number. Other symbols correspond to the
fluid density (ρ), the fluid viscosity (μ), and the molecular
diffusivity of the adsorbate in the fluid (DM). Using the
properties of the fluid and resin, as indicated in Tables 1, 2, and
5, estimates of DM and kf can be obtained along with values of

the Biot number. These are detailed in Table 6 for the case of
the pure undiluted oil at three different temperatures. The
obtained molecular diffusivity values (DM) are similar to those
reported by Luna et al.38

As a rule, intraparticle mass transfer controls the adsorption
rate at Bi > 50 and film diffusion controls the adsorption rate at
Bi < 0.5. In the intermediate range, both mechanisms are
relevant for the overall adsorption rate. In accordance with the
results of Table 6, only intraparticle diffusion is important. The
effect of dilution is thus seemingly that of reducing the
intraparticle diffusivity.
The presence of this diffusion problem can be verified by

inspecting the plots of Figure 5b. Reducing the particle size
effectively increases the rate of adsorption while not affecting
the final equilibrium value.

4. CONCLUSION
Adsorption of aromatic molecules from base oil and on an acid
resin was studied. The adsorption capacity of the resin was low,
lower than 0.3 mmol g−1. In the absence of a diluting solvent,
the isotherm was unfavorable and the adsorption rate was low,
with a pseudo-first-order constant of about 0.1 h−1. Dilution of
the oil with n-hexane had beneficial effects on the adsorption
capacity, the adsorption rate, and the yield of refined oil. A 1:1
(vol/vol) dilution was found to be optimal, with higher
dilutions being detrimental to the adsorption rate and capacity.
Estimations of the oil purity and refined oil yield after a series

of equilibrium stages indicated that three stages with an
adsorbent/oil ratio of 0.5 (g g−1) and a 1:1 dilution in n-hexane
could refine the studied base oil (initial aromatic content of

Table 4. Comparison of the Pseudo-First-Order, Pseudo-Second-Order, Elovich, and Intraparticle Diffusion Models for the
Resin−(Pure Oil) System at Different Temperatures

model T (°C)/dilution qe, a, and kid k1, k2, b, and Cid r2

pseudo-first order 40/pure 0.0773 0.1244 0.9215
60/pure 0.0980 0.1409 0.9888
80/pure 0.0596 0.0723 0.9838

pseudo-second order 40/pure 0.0959 0.8780 0.9431
60/pure 0.1302 0.7117 0.9897
80/pure 0.0821 0.9739 0.8922

Elovich 40/pure 0.0040 54.945 0.9411
60/pure 0.0057 38.610 0.9763
80/pure 0.0032 65.789 0.9028

intraparticle diffusion 40/pure 0.0144 −0.0049 0.9796
60/pure 0.0204 −0.0067 0.9807
80/pure 0.0117 −0.0028 0.9830
40/1:1 0.1629 −0.0442 0.9963
40/2:1 0.1443 −0.0613 0.9953
40/3:1 0.0651 0.0061 0.9985

Table 5. Variation of Density and Viscosity of the Feed

T (°C)/dilution density (g cm−3) viscosity (g cm−1 s−1)

40/pure 0.8465 15.66
60/pure 0.8364 8.61
80/pure 0.8195 4.62
40/1:1 0.6916 1.179
40/2:1 0.6809 0.637
40/3:1 0.6810 0.523

Table 6. Estimates of the Molecular Diffusivity, Film
Transfer Coefficient, and Biot Number for the Resin−(Pure
Oil) System at Three Different Temperatures

system T (°C) Did (cm
2 s−1) kf (cm s−1) Bi

pure 40 3.42 × 10−7 8.52 × 10−4 80.3
pure 60 3.89 × 10−7 1.32 × 10−3 110
pure 80 4.04 × 10−7 2.09 × 10−3 167
diluted 1:1 40 2.13 × 10−6 3.05 × 10−3 46.1
diluted 2:1 40 2.11 × 10−6 4.39 × 10−3 67.2
diluted 3:1 40 1.12 × 10−6 4.93 × 10−3 142
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0.136 mmol g−1) to a white mineral oil of food and
pharmacopeia grade, with a yield of about 60%. Removal of
the solvent was considered easy given the high volatility of n-
hexane compared to that of the oil.
The system exhibited Freundlich isotherms in the undiluted

state and Langmuir isotherms in the diluted state. Kinetic data
were well-fitted by a model of dominant intraparticle diffusion,
with the adsorbate load being proportional to the square of the
adsorption time. Dilution with n-hexane was thought to
influence the system in two ways: a decrease in viscosity with
a parallel increase of the diffusivity and a decrease of the affinity
of the oil matrix.
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■ NOMENCLATURE
a = initial adsorption rate (Elovich model) (mmol g−1 h−1)
A = Temkin isotherm equilibrium binding constant (g
mmol−1)
b = Langmuir’s constant (g mmol−1)
bE = Elovich constant (g mmol−1)
B = Temkin isotherm constant
Bi = Biot number (kfR/D)
C = liquid-phase concentration (mmol g−1)
C0 = initial bulk liquid-phase concentration (mmol g−1)
Ceq = equilibrium liquid-phase concentration (mmol g−1)
Cf = residual aromatic concentration (mmol g−1)
Cid = intraparticle diffusion model constant (mmol g−1)
de = equivalent diameter (cm)
dp = particle diameter (cm)
D = volumetric ratio of oil/n-hexane
D0 = surface diffusivity at zero surface coverage (cm2 s−1)
Did = diffusivity defined in eq 15 (cm2 s−1)
DM = molecular diffusivity of the adsorbate in the fluid
(Wilke−Chang equation) (cm2 s−1)
Ds = surface diffusivity (cm2 s−1)
k1 = pseudo-first-order model constant (h−1)
k2 = pseudo-second-order model constant (g mmol−1 h−1)
kad = Dubinin−Radushkevich isotherm constant (mmol2

kJ−2)
kid = intraparticle diffusion model constant (mmol g−1 h−0.5)
kf = film mass-transfer coefficient (cm s−1)
KF = Freundlich isotherm constant (mg/g)
n = adsorption intensity (Freundlich isotherm)
NES = number of equilibrium stages
qt = solid-phase concentration (mmol g−1)
qeq = solid-phase adsorbate concentration in equilibrium with
the bulk liquid concentration
Ceq = liquid-phase adsorbate concentration in equilibrium
with the solid concentration
qs = theoretical isotherm saturation capacity (mmol g−1)
Q0 = saturation capacity of the adsorbent (mmol g−1)
r = adsorbent particle radius (cm)

R = resin/oil ratio (g g−1)
Rep = Reynolds number
Rg = universal gas constant (kJ mol−1 K−1)
Sc = Schmidt number
Sh = Sherwood number
t = time (s)
T = temperature (K)
V = interstitial velocity (cm s−1)
Wads = mass of adsorbent (g)
Woil = mass of oil (g)
Y = fraction of the oil mass is recovered at the end of the
treatment
ε = Dubinin−Radushkevich isotherm constant
εbed = bed porosity (cm3 cm−3)
εparticle = particle porosity (cm3 cm−3)
ρbed = bed density (g cm−3)
ρoil = oil density (g cm−3)
ρsolution = n-hexane/oil solution density (g cm−3)
ρsolid = solid density (g cm−3)
μ = feed viscosity (g cm−1 s−1)
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