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ABSTRACT

The classic filtration model is based on inorganic particles and filter media and was designed for
urban wastewater treatment without considering the characteristics and particle size distribution
of oil-field produced water; thus, this model cannot accurately predict the filtration process of oily
water from oil fields. The parameter design of the filter bed depends on experience, which separates
the connection with filtration models. Based on these shortcomings, this study investigates the
effects of various parameters on filtration efficiency and filtration rating using the Yao-Tien filtra-
tion model and simulations. The dominant mechanism and its transformation law of the oil-field
filter are discussed, and the role of straining in the fine filter cannot be ignored. The role of the
wettability of organic media in oil-field filters is emphasized, and the corresponding empirical
parameters should be introduced into the correction model.
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1. Introduction

The reinjection of oilfield produced water after treat-
ment can reduce wastewater discharge and form a virtu-
ous circle of production and reinjection, which is important
socially and economically [1]. However, the application of
polymer flooding technology enhances the stability of pro-
duced water and increases treatment difficulty [2]. If the
treatment of wastewater from polymer flooding (WPF) fails
to meet standards, it will lead to problems such as reser-
voir plugging and reduced recovery, affecting the produc-
tion and operation of oil fields [3]. Therefore, improving
the treatment efficiency of WPFs is a bottleneck to oil field
production and has attracted much attention. Deep-bed fil-
tration is important in treating WPFs as a refining treatment
in oilfields and directly affects the quality of oilfield rein-
jection water [4]. Deep-bed filtration has a long history in
the field of urban water treatment and plays a key role in
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oilfield water treatment, depending on the application and
development of the filtration model. The filtration model
describes the effect of filter bed parameters on filtration per-
formance and can predict the filtration process. Currently,
the most accurate deep-bed filtration models include the
phenomenological model and the trajectory model, which
form the theoretical basis for investigating the filtration
process.

The phenomenological model is an empirical model
that is derived from experimental data with a set of partial
differential equations based on the mass balance equation
and empirical rate expression, which describes the varia-
tion in the particle deposition rate with filtration time and
depth in filter media [Eq. (1) [5]. Most modified forms of
this model consider how to correct the filtration coeffi-
cient (A), as shown in Eq. (1) [5,6]. The phenomenological
model describes the entire filtration process, including
the overall dynamic filtration behaviour, using empirical
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parameters without physical explanations. The mechanism
of particle transportation and attachment is not clearly
described, and the interactions of forces between suspended
particles and porous media are not considered (Fig. 1) [7,8]:

dc
oL Ac (1)
The trajectory model is a mechanism model with a
motion equation to describe the path of particles through
pores to evaluate whether particles can be removed. O’'Melia
and ASCE [10] applied trajectory theory to the filtration of
colloidal particles in wastewater for the first time. Happel
and Brenner [11] proposed an external flow model of an
isolated single sphere model and Reddi and Bonala consid-
ered the unit combination of uniform capillary channels as
porous media. The trajectory model is suitable for clean fil-
ter beds and ignores the real pore structure of filter media;
this model cannot accurately explain the efficiency change
caused by the ripening stage or blocked by particles [13].
Later, other scholars proposed a modified model to con-
sider the influence of sediments. Putnam and Burns [14]
simulated a single sedimentary particle and its hindrance to
further deposition using the spherical model. Burganos et
al. [15] found that the shrinkage tube model could describe
the geometric structure of pore space more accurately than
the capillary model. In recent years, a combination of the
network model and numerical simulation technology has
been widely used, which promotes the development of
deep bed filtration. However, these new models do not
consider the characteristics of oily wastewater [16-18].
After years of development, a systematic theory and
model of deep-bed filtration has been established but only
describes the removal of inorganic suspended solids in
urban water treatment and does not consider the influence
of oil, polymers or surfactants. Oilfield-produced water
may not follow the previous filtration equation of a single
pollutant. Sediments composed of oil particle aggregates
have unique physical characteristics. Suspended parti-
cles attached to oil beads will produce discrete aggregates
(Fig. 2); thus, the applicability of oil removal efficiency to
WPFs must be investigated in more detail. In the treatment
of oilfield water, the oil content of the reinjection water
and the concentration of suspended particles must meet
certain standards, and the particle size distribution in the
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effluent must meet corresponding standards. The particle
size distribution of effluent is an important control stan-
dard of oilfield reinjection water. With the increasing diffi-
culty of oil production in low permeability oilfields, stricter
treatment requirements are being instituted. Although the
classical filtration model includes the parameters of parti-
cle size, it does not consider the particle size distribution
of effluent and only considers the removal rate. Related
research in oilfield wastewater treatment is also limited
to exploring the rule of particle size distribution through
experiments, which is not related to the filtration model.
Existing research on the effect of the surface properties of
filter media on the filtration model ignores the effect of
the wettability and surface energy between organic filter
media and inorganic filter media on oil removal efficiency.
The design of filter parameters typically follows engineer-
ing experience and is separated from the filtration model.
Filtration technology in oilfields has been developing con-
tinuously, but the corresponding filtration model was not
been improved recently. The traditional filtration model
must be developed while considering the characteristics of
oilfield wastewater. The filtration model suitable for oilfield
water treatment should be established based on the tradi-
tional model as soon as possible.
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Fig. 1. Schematic diagram of a phenomenological model of
the particle deposition process of a filter bed [9].
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Fig. 2. Schematic diagram of the filtration process of oily water in a filter bed [19].
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2. Model and calculation method
2.1. Filtration efficiency model

Yao et al. [20] proposed the transport efficiency (1) of
single collector under trajectory theory and approximated
1, as the sum of the efficiencies of diffusion (1), intercep-
tion (n,) and sedimentation (1)) [20], as shown in Eq. (2) and
Fig. 3:
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It is unreasonable to assume that n of each mecha-
nism is so large that the sum will exceed 100%. Therefore,
although Yao’s model [22] can describe the filtration process
accurately, some deficiencies remain. Tien and Payatakes
[23] proposed using the particle escape probability to cal-
culate n, as shown in Eq. (3). When 1 of any mechanism
is equal to 100%, Eq. (2) is no longer applicable, and when
the transport efficiency of all mechanisms is far less than
100%, the higher-order product term can be ignored:
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Based on the aggregation of particles on a single col-
lector and considering the mass balance of the unit bed,
the relationship between the filtration coefficient (A), as
defined in Eq. (1), of phenomenological models and the n
of the trajectory model was established, as shown in Eq. (4) [23]:
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Fig. 3. Particle transport mechanisms in fundamental filtration
theory: (a) interception, (b) sedimentation, and (c) diffusion [21].
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The filtration efficiency (E) is obtained by integrating
the height of the filter bed:
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2.2. Filtration rating model

The filtration rating is an important parameter for char-
acterizing membrane performance. Membrane filtration
refers to the maximum allowed particle size or membrane
pore size. In deep-bed filtration, no accurate filtration rat-
ing theory or definition exists. If the filtration rating of
the deep-bed filter refers to the pore size between filter
materials, all the particles larger than this pore size will
be removed from the surface layer, which is unrelated to
the deeper filter layers. This process does not conform
to the design concept that deep-bed filtration primarily
depends on transport and adhesion. In this study, a new
definition of the filtration rating of a deep-bed filter is
proposed: the particle size with removal rate approaches
100% after the n-layer unit bed element (UBE), as shown in
Fig. 4 [23]. When the filter media are arranged in the clos-
est tetrahedron, according to the geometric relationship,
the relationship between the number of UBE and L/d_is:
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Eqgs. (3) and (5) show the functional relationship
between the parameters and the single-layer transport
efficiency (n) and the filtration efficiency (E) of the fil-
ter bed under the coupling mechanism, including the
influent particle size (d ). The filtration rating is obtained
by solving d  after setting the removal rate (E) in Eq.
In engineering, when the filter bed is considered to be
dominated by a certain transport mechanism or only a
single transport mechanism is considered, the transport
efficiency 1 in Eq. (3) can be simplified from three terms
to one. If E = 100%, the filtration rating has nothing to
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Fig. 4. Schematic diagram of unit bed element (UBE).
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do with the number of filter beds. Therefore, we solve dp
from Eq. (5) with E = 99% as the filtration rating.

2.3. Calculation method

Based on Egs. (3) and (5), the relationship between fil-
tration rates (u), media size (d), particle size (dp), filter
bed height (L) and filtration efficiency (E) is investigated.
Relevant parameters change within the appropriate range
of filter bed parameters, and other parameters are set
according to typical filters. In this study, £, = 0.40, T =300 K,
PP = 50 kg/m?, dp =1 um, d =05 mm, and u = 10 m/h.
The result is obtained by calculating the equation in Excel.

3. Results and discussion
3.1. Effect of filter bed structure on filtration efficiency

In this section, based on the Yao-Tien filtration model
[Egs. (3) and (5)] with a coupling mechanism, the law of
filter bed parameters on filtration efficiency is clarified by
calculations and simulations, which provide theoretical
guidance for parameter design.

3.1.1. Effect of suspended particle size on filtration efficiency

The effect of particle size on 1 is not monotonic, and
there is a most unfavourable particle size, as shown in
Fig. 5. Yao et al. [20] predicted the lowest removal effi-
ciency with a particle size of 1-2 pm, which has been
verified experimentally. However, the applicability of
this most unfavourable particle size to oilfield filter beds
must be described in detail.

3.1.2. Effect of filtration rate on filtration efficiency

The filtration rate of the oilfield filter is typically approx-
imately 5~15 m/h. As shown in Fig. 6, at 2~6 m/h, the
filtration rate has a stronger effect on the transport efficiency.
When the filtration rate is greater than 6 m/h, the transport
efficiency changes slowly, which can provide a theoretical
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Fig. 5. Effect of suspended particle size on transport efficiency.

basis for improving the filtration rate of oilfield filter beds;
however, the problem of detachment must be solved.

The results shown in Fig. 6 do not consider detach-
ment; particles will be detached from the surface of the
filter material under hydraulic action. Mints thinks that
the deposition rate of particles is constant; adhesion and
detachment occur simultaneously during filtration; and
the amount of detachment is directly proportional to the
specific deposition amount (c) [24]. Moran reduced the
influent concentration at the end of a long filtration exper-
iment, but some previously deposited particles were still
separated, which showed that hydraulic shear stress can
lead to particle detachment [25]. When particles are firmly
attached to filter media, gravity, adhesion and fluid shear
force reach equilibrium [26], the adhesion model deter-
mines whether particles remain attached by calculating
the conservation of momentum. If the momentum exerted
by gravity is greater than that exerted by fluid, the parti-
cles will adhere to the filter material [27]. When the chem-
ical conditions of particles and water are determined, the
forces other than the shear force of water flow are deter-
mined; thus, the filtration rate is the key parameter to con-
trol the filtration efficiency. Bergendahl and Grasso [28]
developed a mathematical model of particle shedding from
the balance of shear force and adhesion moment. Bradford
et al. [29] developed a detachment model in the form of
torque. However, none of these models described particle
adhesion and detachment quantitatively [30]. Therefore, the
filtration rate is the key parameter to control the filtration
efficiency.

3.1.3. Effect of L/d_on filtration efficiency

As shown in Fig. 7, when the media size is 0.1 to 0.5 mm,
the effect on the transport efficiency is large, but when the
media size is more than 0.5 mm, the effect begins to weaken.
The size of the filter media affects the number of UBEs.
Increasing the height of the filter layer can increase the
chance of the filter contacting the particle and balance the
effect of increasing the size of the filter media. Regardless
of adopting the mode of fine media with a high bed layer
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Fig. 6. Effect of filtration rate on transport efficiency.
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or course media with a low bed layer, the filter bed can
obtain a good filtration effect, but different design modes
affect construction and operation cost.

The role of L/d_in filter beds was first proposed by
Kawamura, who suggested that the recommended value
should not be less than 1,000 when designing filter beds.
Eq. (7) establishes the relationship between L/d" and fil-
tration efficiency by deriving Egs. (3) and (5). The model
shows that there is a functional relationship between filtra-
tion efficiency and L/d" under the coupling mechanism. It is
not accurate to predict filtration efficiency with L/d* or L/d,
which has certain limitations. Even if the filter beds have
the same L/d, if the combination forms of L and d_ are dif-
ferent, the filtration efficiency will be different:
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The simulation calculation was performed by Eq. (7),
and the results are shown in Fig. 8. The model calculates
the filtration efficiency and the relationship between the
filter media size and L/d, and shows that when the fil-
tration efficiency reaches more than 90%, the media size
should be less than 0.4 mm, and L/d_should be greater
than 3,000. The filtration efficiency model is an exponen-
tial function; thus, with increasing L/d, the increase in
the removal efficiency slows. Therefore, it is theoretically
feasible to adopt the design mode of low height and fine
filter material in oil field filter beds.

3.2. Effect of filter bed structure on filtration rating

In this section, based on the Yao-Tien trajectory model,
the effect of parameters on filtration rating is characterized
by calculations and simulations, and the law of param-
eters on filtration rating is discussed, providing theo-
retical guidance for the parameter design of the filter.

3.2.1. Analysis of filtration rating of sedimentation

The model shows that the form of L/dL_ has no effect
on the filtration rate of sedimentation, while the absolute
value of L/dc and the filtration rate have an effect on sedi-
mentation. Fig. 9 shows that from the perspective of the
sedimentation mechanism, the filtration rate should be
less than 2 m/h, and L/d_ should be greater than 2,000 to
reduce the filtration rating to less than 5 um.

3.2.2. Analysis of filtration rating of interception

The effect of the size of the filter media on the inter-
ception filtration rating has two important characteristics:
(i) the effect on the transport efficiency () of UBE and
(ii) the effect on the number of UBEs. Fig. 10 shows that,
from the perspective of the interception mechanism, the
size of the filter media should be less than 0.2 mm, and
L/d, should be greater than 2,000 to reduce the filtration
rating to less than 2 um.
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Fig. 7. Effect of filter media size on transport efficiency.
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Fig. 8. Effect of L/d_on filtration efficiency.

3.2.3. Analysis of the filtration rating of diffusion

The filtration rate of diffusion with typical oilfield filter
bed parameters is only a few nanometres, and there are
few nanoparticles in the effluent, which is of no practical
significance for guiding oilfield filter selection. Therefore,
we investigate an extreme particle size with complete
failure of diffusion. E = 1% (Fig. 11), which is defined as
the filtration failure rating of diffusion. When the parti-
cle size is greater than the filtration failure rating of dif-
fusion, this mechanism will fail to remove the particle.
The failure filtration rating is also applied to sedimenta-
tion and interception, and controls the particle size dis-
tribution of the effluent.

3.3. Effect of straining and deposited particles on
the filtration model

3.3.1. Analysis of the dominant filtration
mechanism of the oilfield filter

Previous studies did not emphasize which mechanism
is dominant in real filter beds. When the deep-bed filtration
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Fig. 9. Prediction of sedimentation filtration rating.
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Fig. 10. Prediction of interception filtration rating.

model is applied to the oil field filter, the functions of the
three primary mechanisms should be reconsidered. When
the role of a certain transport mechanism is negligible, the
filtration model can be simplified. Then, the filtration effi-
ciency and filtration rating can be improved according to
the dominant mechanism. The diffusion mechanism plays
a role in nanoparticles [31]. Currently, the produced water
of the oilfield enters the filter after the coagulation and sed-
imentation tank. The particle size generally ranges from 1
to 100 pm, the distribution is average, and the number of
nanoparticles is small. Although the temperature of oilfield
water is higher than that of urban wastewater, it has little
effect on diffusion. Fig. 5 shows that diffusion is not the pri-
mary transport mechanism of the oil field filter. The den-
sity of suspended particles is marginally higher than that
of water, but emulsified oil is marginally lower than that of
water. Assuming that the density difference between oil and
suspended particles is the same as that of water, the current
model has the same result, ignoring the relative movement
of fluid and particles. In addition, the theory of the advec-
tion sedimentation tank is roughly used without consider-
ing the geometric shape between filter materials; thus, the
theoretical model of the sedimentation mechanism must still
be improved. During oilfield production, emulsifiers, corro-
sion inhibitors, fungicides, particularly polyacrylamides and
other organic substances are typically used. The existence
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Fig. 11. Prediction of diffusion filtration failure rating.

of polymer molecules in WPF increases the viscosity,
which limits the effect of sedimentation [32,33].

This study proposes a method to judge the dominant
transport mechanism: when the transport efficiency (1) of
one mechanism is 10 times greater than that of the other
mechanisms, this mechanism is considered dominant.
When n of one mechanism is smaller than 1/10 of that of
the other mechanisms, this mechanism is considered neg-
ligible. Fig. 12 shows the dominant areas of sedimentation
and interception. The ratio of the two mechanisms has
nothing to do with the particle size but only with the struc-
ture of the filter bed: the smaller the filter media size is, the
greater the filtration rate and the more important the inter-
ception. The filtration rate of the oilfield is approximately
5~15 m/h, and the filter media is generally smaller than
1 mm; thus, the contribution of the two mechanisms can be
considered to be coupled or that interception is dominant.

3.3.2. Analysis of the effect of straining on the
fine granular filter

The mechanisms of granular filtration are similar to
two of the mechanisms used to characterize membrane fil-
tration. Fig. 13 shows that granular media can exhibit the
mechanisms of cake filtration due to straining and pore
filling [34]. From the microscopic perspective, small parti-
cles can enter the pores of the membrane and adhere under
the action of surface forces. From the macroscopic perspec-
tive, when the size of the filter media in a granular filter
is small, straining and cake filtration gradually become the
dominant mechanisms [21]. (a) Complete pore blocking, (b)
intermediate pore blocking, (c) cake filtration, and (d) stan-
dard pore blocking.

There are some differences between the definitions of
straining in membrane filtration and granular filtration,
which must be clarified. As shown in Fig. 14, straining in a
granular filter means that the streamlines of particles just
pass through the pore throats between the two filter mate-
rials [35]. Mechanical filtering in a granular filter means that
when the particle size ratio is relatively large, particles can-
not pass through pores and are directly intercepted by the
surface layer. Interception means that the streamline of parti-
cles just passes through the surface of a single filter material
and is adhered. The three mechanisms depend entirely on
the particle size ratio (d /d ) and all belong to the generalized



100 Z. Yu et al. / Desalination and Water Treatment 261 (2022) 94-106

Interception region

Coupling region

Filtration rate (m/|

Sedimentation region

I I £ L
0.10  0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0
size of media (mm)

Fig. 12. Dominant of sedimentation and interception.

interception. The difference lies in the single-sphere model
and multi-sphere model.

Membrane filtration is primarily used for advanced
treatment after conventional granular filtering [37,38]. WPF
aggravates membrane fouling and blockage and hinders

(@)

backwashing. Although many improvements and studies
have been made, membrane filtration cannot replace gran-
ular filters in oil fields. According to traditional deep-bed
filtration theory, mechanical filtering should be avoided as
much as possible to allow the full capacity of the deeper
bed layer to be used effectively. The idea of membrane fil-
tration is similar to a dynamic membrane in filtration and
a conventional granular filter in backwashing [39-41].
As the particle size of the filter media decreases, the role
of the particle size ratio d /d, and the role of interception
become increasingly important. When the particle size of
filter media is relatively fine, straining and mechanical fil-
tering will become the dominant filtration mechanisms,
replacing the three basic transport mechanisms [42].

3.3.3. Analysis of the effect of filter bed ripening on
the filtration model

The Yao-Tien trajectory model was developed for a
clean filter bed without considering the effect of deposited
particles. In the engineering of oil field filters, surfactants
are known to lead to pore narrowing and reduced water
passage [43]. The effect of deposition on pore diameter

(b) e &

Mechanically
Filtered

Fig. 14. Porous media collectors showing mechanically filtered, strained and intercepted colloid [36].
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cannot be ignored, which has different degrees of effect
on sedimentation, interception and diffusion, but the most
important effect is straining.

The performance of filter bed ripening is based on
the increase in the specific deposition amount (c), which
decreases the porosity (¢) of the filter bed. Straining is the
mechanism that is primarily affected by filter bed ripen-
ing, which can be explained with the phenomenological
model and capillary model. A phenomenological model
can be used to describe the relationship between the spe-
cific deposition amount (6) and operation time () and
influent concentration (c):

E = Avc (8)

Tien and Payatakes [23] described the relationship
between the porosity (¢) and specific deposition amount
(o) of the filter bed:

o

e=¢g; —
0
1-¢,

©)

The capillary model developed by Jing et al. [44] con-
siders the ripening stage of the filter and established
the relationship between pore diameter (d,) and porosity (e):

2¢e

dy=—7—=d 10
¢ 3g(1-g) ° (10)

Egs. (8)-(10) provide the basis for explaining the rip-
ening of the filter and provided theoretical guidance for
the design of the influent concentration and operation time.

3.4. Effect of the surface properties of the filter media on the
correction filtration model by experiment

3.4.1. Definition of adhesion efficiency

The transport efficiency (n) ignores the effects of
detachment and surface force between the filter media and
particles. The adhesion efficiency (a) solves this problem

using the correction of transport efficiency (n) or filtra-
tion coefficient (A) as defined in Eq. (1) to predict the fil-
tration efficiency (E) of the real filter. Adhesion efficiency
(o) is a semiempirical term obtained by fitting experi-
mental data, and the empirical terms are summarized
in Table 1. The undetermined coefficient of the equation
is obtained by fitting the experimental results. a, rep-
resents the effect of particle detachment (o, = the num-
ber of particles washed away by water from the surface
of media divided by the number of particles that contact
the filter media). o, represents the effect of the surface
force between the filter media and particles (o, = the num-
ber of particles actually transported to the filter mate-
rial under the surface force divided by the number of
particles predicted by the model without considering the
surface force). In the experiment, it is difficult to distin-
guish o, and a,; thus, o, and a, are combined into a single
a as a correction of transport efficiency to represent the dif-
ference between experimental data and model prediction,
where a is the real filter bed filtration coefficient divided
by the model prediction filtration coefficient:

A, M,

= f(N,N,,+) (11)

m m

3.4.2. Effect of van der Waals forces on the correction
filtration model

The Yao model does not consider the influence of
microscopic force between particles and collectors (Eq.12).
Rajagopalan and Chi [46] used a spherical cell model to
explain the attraction between the media and particles
caused by van der Waals forces, and explained the devi-
ation caused by viscous resistance [Eq. (13)]. Tufenkji and
Elimelech [47] integrated van der Waals forces into the
primary transport mechanism more fully [Eq. (14)]. These
models are semiempirical expressions that are related to
the numerical simulation results (Fig. 15). Suspended
particles are affected by the microscopic force of filter
media, which has an effect on the transport trajectories of
the three basic transport mechanisms. The R-T model and
T-E model show that the effect of van der Waals forces

Table 1

Common dimensionless parameters [45]
Parameters Notation Definition
N, =N, Reynolds number opd /u
N,=N, Interception parameter d/d,
N,=N,, Peclet number dgv/DBM
N,=N,, London number 4H/97tud;v
N,=N, Gravitational number Apd’fg/ 18w
N,=N,, Froude number v/ gdg
N, =1/t N wd Retardation parameter dp/kw
N,=N_ First electrokinetic parameter efeo((:j + C;)/3Ttuvdp
N,=N,, Second electrokinetic parameter ZCPC gj (C; + C;)
N,=Ng, Third electrokinetic parameter N, Id}
N, =Ny, Double-layer force parameter Kd,
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on transport efficiency cannot be compared with the
contribution of the three fundamental transport mecha-
nisms; thus, van der Waals forces cannot be considered an
independent fundamental mechanism:

Myao =3/ 2N+ N + 4N, (12)

Mer = AN (4/3N,0)" +0.003384 N2NL2 + 441N (13)

Ny = 0.55A NLPNYS 1 0.22N 0 NEINCS?

+ 2.4A:/3N;{U-UB]NESSZN;3715 (14)

3.4.3. Effect of electrostatic force on the correction
filtration model

There are many inorganic salts containing Ca*, Fe™,
Mg?*, etc. in oilfield wastewater. The added coagulant
changes the ionic strength and the surface potential
between the filter media and particle [48]. Research has
shown that the surface potentials of filter media and par-
ticles affect the transport and adhesion of oil and solid
particles, which can be explained by the DLVO model
[49,50]. O’Melia and ASCE [10] found that the electrostatic
repulsion between the filter media and suspended parti-
cles made the prediction of the classical filtration model
deviate. Elimelech [51] also found that the adhesion effi-
ciency was related to the maximum electrostatic repulsion
between the particles and the filter media. Raveendran
and Amirtharajah [52] found that detachment is inversely
proportional to ionic strength and directly proportional
to pH. Chase successfully predicted the filtration effi-
ciency according to the change in the surface potential
of the filter media and found that the surface potential
affects the adhesion efficiency [53]. Kim et al. [54] stud-
ied the dependence of filter bed ripening on surface
charge and showed that the importance of zeta potential
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Fig. 15. Comparison of predictions by each model for removal
efficiency [21].
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decreases with time. Yang and Chang [55] found that the
absolute value of the zeta potential of zeolite and magne-
tite is larger, followed by walnut shell and quartz sand,
while anthracite and manganese sand are smaller. Li and
Johnson [56] studied the filtration coefficient (L) of sev-
eral filter materials and reported the importance of zeta
potential and surface charge density during filtration. Bai
and Tien [45] thought that electrostatic force had an effect
on all transport mechanisms and showed experimentally
that o had the best correlation with the four dimension-
less parameters N, N, N_ N [Eq. (15)]. The new correla-
tion equation described the experimental results well,
but he also thought that the adhesion efficiency model
proposed had limitations. Chang [57] believes that the
influence of electrostatic force should be considered
independent of the basic transport mechanism [Eq. (16)]:

Oy = [N} =2.527 x 107 NOZPIN SN 3N 222 (15)
i=1
Gec =00UNGINPNENSS
+ 3 1 76A;/3N£0'081N$'715NE-C6)87
+ 0.222A;/ ’N 3R'°41N 1:2'5 N E'ézs
4 N;O.24N51.11NL0 (16)

3.4.4. Effect of wettability of media on correction
filtration model

In oil field filtration, the removal rate of oil by organic
filter media is generally higher than that by inorganic fil-
ter material. This phenomenon can be attributed to the
wettability of filter media for oil and water (Fig. 16). Yang
and Chang [55] found that the lipophilic nature of walnut
shells was prominent, followed by the hydrophilic nature
of anthracite, manganese sand, zeolite and quartz sand
and the hydrophilic and lipophilic nature of magnetite,
which established a functional relationship with the surface
energy of filter media. Liu et al. [58] conducted a modifica-
tion study on the surface of a natural walnut shell by intro-
ducing hydrophilic sulfonic acid groups so that the surface
property was changed from lipophilic to hydrophobic, and
the oil removal rate of the modified filter material steadily
improved.

Table 1 shows that the surface energy or wettability
of filter media was not considered to be the parameter of
adhesion efficiency in a previous study. In the oilfield filter
bed, the effect of capillary force cannot be ignored (Table 2).
The primary difference between organic filter media and
inorganic filter media is not the van der Waals force and
surface electrostatic force but the difference in the binding
ability to water or oil. Thus, new parameters must be intro-
duced to describe the adhesion efficiency to adapt to the
oilfield filter. Wettability is a characterization of the binding
ability of solid materials to the liquid phase and is related
to the surface energy and polarity [60]. The surface energy
has an effect on the contact angle of filter media with oil
and water. Surface roughness is also an important factor
that affects the dynamic wetting behaviour. Wang showed
that roughness magnifies the wettability of liquid and can



Z. Yu et al. | Desalination and Water Treatment 261 (2022) 94-106 103

Hydrophilic media Qil

Hydrophobic media

Fig. 16. Effect of the wettability of filter media on oil droplets [59].

Table 2
Scope of microforce

water

Yowf
/

J-" oil

¥sw ! Fonw

¥so
media

Microscopic force Scope of action

Considered conditions

van der Waals force
Electrostatic force

Capillary force Scale up to 100 um

Far greater than 0.1 pm and can reach several microns
Reach 10 pm, and the action is strongest when the distance is less than 0.1 um

Microscale conditions
Electrolyte solution
Two-phase flow

construct roughness on the solid surface of filter mate-
rial to achieve a hydrophilic and oleophobic or lipophilic
hydrophobic surface [61].

4. Prospective of related experiments

The discussion in this paper is based on the analysis
of the Yao-Tien classic deep-bed filtration model. Although
this model has been shown to predict the filtration process
accurately after many studies, it is necessary to develop
empirical equations based on experimental data. The
detailed derivation process of the formula of the trans-
port mechanism of the Yao-Tien model is based on the
mathematical method to analyse the trajectory of fluid
and particles, which has been strictly proven, but some
simplifications have been made in the derivation process.
For example, the entire filter bed is simplified into layers
of UBE, the interception mechanism simplifies UBE into a
single ball outflow model, the sedimentation mechanism
simplifies UBE into a rectangular sedimentation tank, and
the real structure of the filter bed is tortuous and com-
plex, which will create discrepancies between the model
and reality. As described in Section 3.4, current research
on the model is based on the classic Yao-Tien model, and
the empirical equation is directly introduced. We suggest
that the true pore structure of the filter bed can be con-
sidered by strict mathematical methods in the derivation
process, and the Yao-Tien model can be fundamentally
modified by a nonempirical model, which is the way to
essentially solve the model deviation. It is difficult to study
the transport efficiency of single-layer UBE by the tradi-
tional laboratory filtration experiment method. First, we
must design and build a clever microlaboratory device to
simulate single-layer UBE. The removal rate will be low,
making it difficult to draw an effective conclusion. The
filtration rating theory proposed in this paper provides a

new idea for verifying the single-layer transport efficiency
or the Yao-Tien model, and can be verified whether the
particle size of single-layer UBE with 100% removal rate
or zero removal rate fits the model. In addition, with the
development of CFD application, it is another way to use
simulation software, such as Fluent, for reference to study
the transport efficiency of UBE with different filtration
mechanisms through discrete phase model (DPM) and
discrete element method (DEM) [62].

A theory of the dominant transport mechanism of the fil-
ter bed is proposed in this paper. The sedimentation mech-
anism and interception mechanism play a major role in the
oil field filter bed. Because sedimentation does not interact
with the particle size of the filter media, and interception
does not interact with the filtration speed, we can deter-
mine which mechanism plays a dominant role in a certain
parameter range by investigating the filter efficiency of the
filter bed after changing the particle size or the filtration
rate. When changing the conditions, it is necessary to strictly
prove that the detachment of particles remains unchanged,
which requires pre-experiments, and a high-speed camera
observation method can be considered. The theory of filtra-
tion rating proposed in this paper provides a new experi-
mental idea. It can be proven that the degree of detachment
has nothing to do with the size of the suspended particles.
The change in the extreme point of the particle size distri-
bution of the effluent after changing the parameters can
be investigated to judge the dominant mechanism of the
filter bed without considering the influence of detachment.

When the filter bed is dominated by the intercep-
tion mechanism, particularly the fine filter bed of the oil
field with a filter material size near 0.1 mm, the role of the
straining gradually becomes prominent. Accordingly, the
influence of the aging of the filter bed on the pore struc-
ture must be emphasized. Through a set of filter columns
or pilot-scale experiments, the change curve of the filtration
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efficiency of the filter bed in a complete filtration cycle is
investigated. The earlier method is used to learn from phe-
nomenological model and establish the empirical formula
of specific deposition and filtration coefficient [Eq. (8)]
when the influent concentration and operation time are
known. Another method is to use the trajectory model
[Egs. (9) and (10)] for reference to establish a functional
relationship between specific deposition and pore diameter
to characterize the influence of filter bed aging on the filter
model.

The high oil removal efficiency of organic walnut shell
filter material is likely due to the effect of surface energy
and wettability. Referring to the experimental method of
introducing surface potential parameters into the filtration
model, the lipophilic-hydrophilic ratio (LHR) of a dimen-
sionless parameter is a suitable parameter that characterizes
the wettability and surface energy of materials. By mod-
ifying the LHR of media for filtration experiments, the fit-
ting empirical equation with LHR parameters is developed
using the calculation software.

5. Conclusion

The design of filter bed parameters should be closely
considered with a filtration model. The classical trajectory
model established by Yao-Tien includes an equation that
relates various design parameters and filtration efficiency.
The most unfavourable particle size, the inflection point of
filter material particle size and the filtration rate provides
a theoretical basis for the design of filter bed parameters.
The theory of filtration rating is proposed in this paper
to characterize the particle size distribution of the efflu-
ent from the oil field filter bed. There are corresponding
dominant filtration mechanisms and transformation rules
in fine filter beds in oil fields, and the role of straining
and mechanical filtering cannot be ignored. The polarity
and wettability of filter media play an important role in
oil removal by filter beds in oil fields. Relevant empirical
parameters should be introduced into the correction equa-
tion to fit the experimental equation of oilfield water treat-
ment. The traditional filtration model must be developed
in combination with the characteristics of oilfield waste-
water, and a filtration model suitable for oilfield water
treatment should be established based on the traditional
model as soon as possible.
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Symbols
A, - Hamaker constant
Coit — Effluent concentration of particles

— Influent concentration of particles
Pore diameter

— Brownian diffusivity

collector/media diameter

— Suspended particle diameter
Relative permittivity of fluid
Permittivity in vacuum

— Ionic concentration

Boltzmann constant

— Filter height

— Double layer force parameter

— First electrokinetic parameter

— Second electrokinetic parameter

— Third electrokinetic parameter

— Froude number

— Gravitational parameter

London force parameter

— Peclet number

— Interception parameter

— Reynolds number

— Retardation parameter

— Absolute temperature

— Operation time

— Filtration rate

— Superficial velocity

— Adhesion efficiency

— Bed porosity

— Initial bed porosity

— Deposit porosity

— Transport efficiency

— Initial or clean bed transport efficiency
— Transport efficiency of diffusion

— Transport efficiency of the experiment
— Transport efficiency of sedimentation
— Transport efficiency of interception
Transport efficiency of model
Reciprocal of the electric double layer
thickness

— Filtration coefficient

— Initial or clean bed filtration coefficient
Filtration coefficient of the experiment
— Filtration coefficient of the model

— Wavelength of electron oscillation
Fluid viscosity

— Surface (zeta) potentials of collector
— Surface (zeta) potentials of particle

— Fluid density

— Particle density

Specific deposit

— Sphericity of filter material

DEM — discrete phase method

DPM — discrete element model

LHR — lipophilic-hydrophilic ratio

UBE — Unit bed element

WPF — Wastewater from polymer flooding
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