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The treatment of oilfield wastewater, characterized by high oil content and complex composition, presents
significant challenges in environmental protection. This study developed a novel multi-stage cascade
flocculation and flotation reactor (MCFR) to enhance pollutant removal from oilfield wastewater. Particle
image velocimetry was used to investigate the internal flow fluid distribution within the reactor. Results
show that inlet flow rates of 100 and 150 L h™* create a high velocity and energy mixing environment
near the inlet, facilitating thorough interaction between flocculants and wastewater. This promotes the
rapid formation of small flocs and the coalescence of oil droplets. Under the influence of evenly
distributed vortex generators, both flocs and oil droplets increase in size, with large oil droplets
separated by flotation and dense flocs through sedimentation. In flocculation experiments, the MCFR,
operating at 70 mg L™ of polymerized ferrous sulfate (PFS), 0.6 mg L™ of polyacrylamide (PAM), and an
inlet flow rate of 100 L h™%, achieved turbidity and oil removal rates of 95% and 94%, respectively. In
comparison, a traditional stirred flocculation reactor achieves 82% and 78% removal rates for turbidity

and oil, respectively, but requires a longer treatment time of up to 21 minutes. Additionally, the MCFR
Received 31st October 2024 t ti | ith a treat tti £l than 1 minut fferi fast d fficient
Accepted 20th January 2025 operates continuously with a treatment time of less than 1 minute, offering a faster and more efficien
solution for gas and oil field wastewater treatment. These findings provide critical insights for designing

DOI 10.1039/d4ra07770a advanced flocculation—flotation systems for the complex wastewater treatment needs of the oil and gas
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1. Introduction

As the primary fossil energy source, petroleum is the corner-
stone of modern industry." Various operational techniques
such as fracturing and acidizing are usually employed to
improve the extraction efficiency of petroleum extraction.**®
These methods generate substantial quantities of gas and oil
field wastewater, including drilling fluids, fracturing flowback
fluids, well-washing fluids, acidizing fluids, and their
mixtures.” The discharge volume of these wastewaters is large.
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For example, fracturing flowback fluids from a single well can
reach 7600-19 000 m>.*° If these wastewaters are not properly
treated, it will not only result in a large waste of water resources,
but also cause damage to the environment."* Therefore, the
efficient treatment of gas and oil field operation wastewater has
become an important issue in both gas and oil field develop-
ment and ecological environmental protection.>*?

The water quality of gas and oil field wastewater is complex
and highly variable, characterized by high salinity, emulsifica-
tion oil, a high concentration of fine suspended particles, and
a stable structure that is difficult to treat.'**> To address these
challenges, various technologies have been developed for
treating these wastewaters, including sedimentation, floccula-
tion, oxidation, and membrane treatment.’*** Among these,
flocculation has become a widely used wastewater pretreatment
technology due to its low cost, operational simplicity, and high
pollutant removal efficiency.'*** The basic principle of floccu-
lation technology is based on the fact that pollutant particles in
wastewater typically carry the same charge, which keeps them
dispersed and stable due to electrostatic repulsion, making
separation from the water difficult.>*** When a flocculant with
an opposite charge is added, these pollutant particles lose
stability as charge neutralization occurs, leading to destabili-
zation.”>** Under hydraulic conditions, the destabilized
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particles collide and adhere to each other.”” Through the
mechanisms of adsorption, bridging, and enmeshment
provided by the flocculant, large flocs are eventually formed,
which then settle and separate from the wastewater under the
influence of gravity.”®* During the flocculation process,
hydraulic conditions are typically controlled by the flocculation
reactor, making the development of efficient flocculation reac-
tors essential for advancing flocculation technology.**-*

Currently, the stirred flocculation reactor is the most widely
used flocculation reactor. However, it has several drawbacks,
including uneven flow field distribution and high energy
consumption.®*** To overcome these issues, researchers have
developed various innovative flocculation reactors. Li et al.*®
developed a sequencing batch flocculation reactor to enhance
phosphorus removal from municipal wastewater, achieving
a total phosphorus removal rate of 96.4%. Wang et al.*®
designed a conical guide flocculation reactor with a uniform
fluid distribution, achieving a COD removal rate of 55% for
soybean oil wastewater. Zhou et al.*” developed a conical floc-
culation reactor with a two-stage velocity gradient, which
effectively prevents floc breakage, thereby increasing the
removal rate of kaolin suspension by 10%. Although these
reactors have shown good performance, they still face chal-
lenges such as high energy consumption and maintenance
costs. Therefore, the development of new, efficient flocculation
reactors remains necessary.

To address the challenges posed by high oil content and
complex compositions in gas and oil field wastewater, this study
introduces a novel multi-flow cascade flocculation and flotation
reactor (MCFR). Wastewater flows sequentially through
different chambers or zones, each designed to enhance specific
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treatment processes, the cascade flow pattern ensures thorough
mixing and interaction between flocculants, suspended parti-
cles, and oil droplets in a stepwise manner. Each stage in the
cascade contributes to progressively enhancing the efficiency of
flocculation and flotation by providing local flow conditions.
This reactor is designed to simultaneously enhance the removal
of both suspended solids and oil contaminants through an
integrated approach that combines flocculation and flotation.
The MCFR incorporates a unique multi-stage design with vortex
generators that ensure even flow field distribution. This design
optimizes fluid dynamics within the reactor, enabling effective
mixing and promoting high collision efficiency between parti-
cles. By examining the internal flow field distribution using
Particle Image Velocimetry (PIV) and conducting flocculation
experiments, this study evaluates the MCFR's effectiveness
across various operating conditions. This study provides both
theoretical support and practical insights for designing efficient
flocculation reactors, contributing to the advancement of
treatment solutions for complex gas and oilfield wastewater.

2. Experimental

2.1. Reactor design

As shown in Fig. 1, the MCFR consists of two layers of sleeves:
an inner sleeve and an outer sleeve. The inner sleeve has
a column-cone-column structure, which serves as the main
region for flocculation and flotation. Wastewater, mixed with
flocculant, enters the inner sleeve through an inlet located in
the upper cylindrical section, while bubbled water enters from
the lower inverted conical section. This design facilitates
countercurrent contact between the wastewater and the
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Fig. 1 Structure schematic diagram of the MCFR. (a) The specific structure size. (b) 3D model.
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bubbles. Additionally, the middle cylindrical section of the
inner sleeve is equipped with uniformly distributed vortex
generators to enhance the collision efficiency between pollutant
particles and bubbles. The lighter components in the waste-
water combine with the bubbles and float to the top, where they
are discharged through the scum outlet. Meanwhile, heavier
components and flocs settle to the bottom of the inner sleeve
and enter the outer sleeve, then flow out of the reactor. During
actual fabrication, to prevent refraction issues in the cylindrical
reactor that could affect PIV imaging, the reactor's outer casing
was designed as a square transparent water box. This modifi-
cation was necessary to ensure accurate and reliable imaging
during the experiments.

2.2. PIV measurement

PIV technology was used to test the velocity and energy distri-
bution in specific cross-sections of the reactor. To prevent
refraction of the laser when entering the cylindrical reactor,
a cubic Plexiglas box filled with water was placed around the
reactor. The experimental process is shown in Fig. 2, the PIV
system consists of a laser emitter (Solo PIV 200XT 532 nm, New
Wave Co, USA), charged coupled device (CCD) camera (Flow
Sense EO 4 M, Imperx Co, USA), synchronous controller, and
computer. Prior to the experiment, an appropriate amount of
fluorescent tracer particles (the size of the tracer particles is 10
pm, and the concentration is 0.5%, with a density of
1.05 g cm~*) was added to the reactor. A sheet laser emitted by
the laser illuminates the measured plane inside the reactor, and
a CCD camera, positioned perpendicular to the laser plane,
captures the light signals reflected by the tracer particles on the
illuminated plane. Before shooting, the position of the camera
and the plane to be photographed were adjusted to ensure the
clearest possible images, facilitating subsequent software pro-
cessing. To obtain accurate and reliable data, 200 pairs of
images were captured for each set of experiments. The results
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were then analyzed using Dynamic Studio 3.2 software to obtain
the velocity and energy distribution for each characteristic
cross-section of the reactor.

2.3. Flocculants and simulated wastewater

For the flocculation experiments, simulated gas and oil field
operational wastewater was prepared by using SiO, particles
with a diameter of 1.0 um to mimic the solid particles in gas and
oil field wastewater, and petroleum to simulate the oil phase.
Based on analysis of actual gas and oil field wastewater, we
found that the predominant particles were SiO,, with the
diameter of 1.0 um being the most abundant. This is consistent
with descriptions in previously published literature.***° These
particles primarily originate from formation minerals and
additives.*' Therefore, we utilized SiO, particles with a diameter
of 1.0 um to configure the simulated wastewater, aiming to
reflect the performance of the designed reactor in treating
difficult-to-treat wastewater.

Based on the ion composition detected in actual gas and oil
field wastewater (as shown in Table S17), simulated mineralized
water was prepared. SiO, particles were then added to the
prepared mineralized water at a concentration of 1 g L™*, fol-
lowed by stirring to evenly disperse the particles. Afterward,
0.5 g L™" of petroleum was added, and the mixture was heated
in a 45 °C water bath for 10 minutes. It was then homogenized
using a high-shear mixer at 5000 rpm for 15 minutes to ensure
uniform dispersion of the oil, resulting in simulated gas and oil
field wastewater. The turbidity and oil content of the simulated
wastewater were measured using a TL 2310 turbidimeter (Hach,
Loveland, CO, USA) and an SN-OIL480 infrared oil content
analyzer (Sunde, Qingdao, Shandong, China), with results
showing a turbidity of 1029 NTU and oil content of 460 mg L.

During the experiments, polymerized ferrous sulfate (PFS)
and polyacrylamide (PAM) were used as flocculants. To ensure
rapid and uniform dispersion of the reagents during the

Fig.2 Actualimages of PIV shooting. (a) Before shooting: (1) laser transmitter, (2) MCFR, (3) CCD camera, (4) power pump, (b) shooting process.
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experiments, solid PFS and PAM were dissolved in deionized
water before testing, forming solutions with concentrations of
100 g L " and 1 g L™, respectively. Both the simulated waste-
water and flocculant solutions were freshly prepared before
each flocculation experiment.

2.4. Flocculation experiment

The schematic diagram of the apparatus used for the floccula-
tion experiments with the reactor is shown in Fig. 3. Before the
experiment, simulated wastewater was added to a beaker, and
a certain amount of flocculant was then introduced into the
simulated wastewater. The wastewater was pumped into the
reactor from the top through a power pump. Inside the reactor,
flocculation and flotation occurred, and the floc-laden waste-
water exited the reactor via overflow from the outer cylinder into
the sedimentation tank. The supernatant from the sedimenta-
tion tank was pumped into a bubble generator, where bubbles
were produced and then reintroduced into the reactor from the
bottom. The scum produced in the reactor was discharged from
the top. A picture of the real flocculation-flotation process
achieved by this reactor can be seen in the Fig. S1.1 The reactor
used for the flocculation experiment had identical dimensions
to the one used for flow field testing and particle motion
behavior analysis.

A comparative experiment was conducted between a stirred
flocculation reactor and the MCFR. The stirred flocculation
reactor used in the experiment had an adjustable stirring speed.
After the flocculant was added, the wastewater was rapidly
stirred at 180 rpm for 1 minute to ensure the flocculant was
quickly and uniformly dispersed. The stirring speed was then
reduced to 50 rpm and maintained for 20 minutes at this
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moderate speed to promote floc growth.*> After the reaction was
complete, samples of the supernatant were taken after a set
settling time for testing.

2.5. Materials

The crude oil used in the experiment was sourced from Shengli
Oilfield, with a density of 0.84 g cm * and a viscosity of 18.46
mPa s. The mineralized water components (MgCl,-6H,0,
Na,S0,, NaCl, NaHCOj;, CaCl,) were purchased from Xilong
Science Co., Ltd, Shantou, China, with AR grade. SiO,, with
a particle size of 1 pm, was supplied by Shanghai Yuejiang
Titanium Dioxide Chemical Co., Ltd. The iron content of the
PFS used for flocculation was 21%, and it was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. The PAM
used was of AR grade, purchased from Tianjin Damo Chemical
Reagent Factory.

3. Results and discussion

3.1. Flow field distribution in MFRs

The actual reactor used for PIV is shown in Fig. 4a, and the five
selected characteristic cross sections are illustrated in Fig. 4b.
The bubbles at the bottom of the reactor are generated by
a bubble generator developed by our research group. The
average size of the produced bubbles is approximately 1 um,
and the gas volume fraction of bubbles is 10%.** The bubbles
help enhance particle flocculation and oil droplet flotation by
increasing the surface area for pollutant attachment.** During
the experiment, the flow rate of the bubbled water inlet was kept
constant at 50 L h™*, while the flow rate of the wastewater inlet
was varied. The tested inlet flow rates were 50, 100, 150, 200,

Fig. 3 The experimental setup. (1) Glass jar, (2) pump, (3) valve, (4) liquid flowmeter, (5) MCFR, (6) settling tank, (7) bubble generator.
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Fig. 4 Physical picture (a) and characteristic cross-section diagram (b) of the MCFR.

and 250 L h™'. The selected cross-sections were labeled A, B, C,
D, and E, arranged from the top to the bottom of the MCFR's
inner cylinder. Section A is closest to the wastewater inlet,
located between the first and second layers of vortex generators.
Sections B and C are positioned in the middle of the inner
cylinder, also between two layers of vortex generators. Section D
is located above the bubble's inlet, while section E is near the
inlet of the lower cylindrical section of the inner cylinder. These
sections are evenly distributed within the flocculation reaction
zone of the reactor. By studying the velocity and energy distri-
bution at these sections, the flocculation process in the MCFR
can be better understood.

Since the reactor's inlet diameter is 6 mm, the inlet flow
velocities at flow rates of 50, 100, 150, 200, and 250 L h™* are
0.49, 0.98, 1.47, 1.97, and 2.46 m s *, respectively. Based on
these velocities, the Reynolds numbers are calculated to be
2950, 5899, 8849, 11799, and 14 748, all of which are greater
than 2000. The fluid velocity distribution near the inlet is shown
in Fig. S2.1 It can be observed that, at an inlet flow rate of 50 L
h™", the fluid velocity distribution near the inlet is uneven. As
the inlet flow rate increases to 100 and 150 L h™*, the uniformity
of the velocity distribution improves. However, when the inlet
flow rate continues to increase to 200 and 250 L h™", regions
with local velocities exceeding 0.06 m s~ ' appear, which may
hinder the initial formation of the flocs.

The velocity and energy distribution at section A under
different inlet flow rates, as captured by PIV, are shown in Fig. 5.
The corresponding PIV images, illustrating the fluid dynamic
velocity distribution at different operational conditions, are
provided in the Fig. S3.7 Radial velocity refers to the velocity
component of the fluid in the radial direction, representing the
speed of fluid movement either from the center outward or from
the outside inward. Fluctuations in radial velocity can form
localized vortex structures.*® As shown in Fig. 5a, the horizontal

© 2025 The Author(s). Published by the Royal Society of Chemistry

axis represents the radial position along the reactor, where the
zero point corresponds to the center axis of the reactor, and the
numbers represent the radial distance from the center axis. The
radial velocity at section A is mostly negative, indicating
centripetal fluid movement at this location. The radial velocity
approaches zero near the reactor wall, while two maximum
radial velocity points are observed near radial positions —0.05
m and 0.15 m, suggesting the presence of vortex motion, and
the locations of maximum radial velocity corresponding to the
vortex centers. High-resolution images illustrating the forma-
tion of these vortices near the protrusions at the reactor wall are
provided in the ESI (see Fig. S41), and the vortex structure is
marked with orange circles.

At an inlet flow rate of 50 L h™', the radial velocity is close to
zero, indicating minimal material exchange and energy transfer
along the radial direction, which is unfavorable for particle
collision and adhesion during flocculation. As the inlet flow rate
increases, the radial velocity significantly rises, while the overall
distribution pattern remains similar. At inlet flow rates of 100
and 150 L h™', the radial velocity distribution is relatively
symmetrical, with a center of symmetry around position 0.05 m.
The slight offset in this symmetry center may result from the
single-inlet design and the staggered distribution of vortex
generators. As the inlet flow rate further increases to 200 and
250 L h™", the radial velocity continues to rise, but symmetry
decreases, showing a higher extreme radial velocity on the left
side. This asymmetry may be caused by the single-inlet config-
uration of the reactor. The larger the inlet flow rate, the more
pronounced the asymmetry in radial velocity distribution
between the left and right sides. The variation in radial velocity
across different positions facilitates differential collisions
between pollutant particles, promoting floc formation. The
unique structural design of the MCFR enables sufficient mixing

RSC Adv, 2025, 15, 4187-4202 | 4191
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Fig.5 Velocity and energy distribution curves of section A. (a) Radial velocity, (b) axial velocity, (c) resultant velocity, (d) turbulent kinetic energy.

and collision upon entry, enhancing the initial stage of floc
formation.

The axial velocity under different inlet flow rates is shown in
Fig. 5b. Axial velocity refers to the velocity component of the
fluid along the flow direction, with negative values indicating
downward movement and positive values indicating upward
movement.*® An appropriate axial velocity is crucial for effective
flocculation. Lower axial velocity allows more interaction
between the fluid and pollutants, which may enhance particle
adhesion. However, excessively lower axial velocity can reduce
radial mixing intensity, which is unfavorable for flocculation.

As shown in Fig. 5b, at an inlet flow rate of 50 L h™*, the axial
velocity is very low and negative, indicating slow downward
fluid movement along the flow direction. As the inlet flow rate
increases, the axial velocity rises significantly. The overall
distribution trend shows downward movement on the left side
and upward movement on the right side. It also increases the
likelihood of contact between pollutant particles, thereby
improving flocculation efficiency. When the inlet flow rates
increase to 100, 150, and 200 L h™", the axial velocity corre-
spondingly rises. At an inlet flow rate of 250 L h™", the axial
velocity unexpectedly decreases. This may be due to higher
energy input leading to greater energy losses, where increased
inlet flow strengthens radial motion but weakens axial motion.

Fig. 5c shows the distribution of resultant velocity along the
radial position. Resultant velocity refers to the magnitude of the

4192 | RSC Adv, 2025, 15, 4187-4202

fluid's velocity vector at a given position, the distribution
contour of the resultant velocity is shown in Fig. S3.T At an inlet
flow rate of 50 L h™", the resultant velocity is the lowest, with
minimal fluctuations. This small velocity gradient is unfavor-
able for direct contact between pollutants in the wastewater,
leading to lower flocculation efficiency. As the inlet flow rate
increases, both the magnitude and fluctuations of the resultant
velocity increase significantly, with localized high-velocity
regions emerging near vortex generators. At inlet flow rates of
100, 150, and 200 L h™', the resultant velocity increases
substantially. However, at an inlet flow rate of 250 L h™7, the
peak resultant velocity on the left side slightly increases, while
the peak on the right side decreases noticeably. Excessively high
inlet flow rates lead to increased velocity losses, which not only
fail to improve flocculation efficiency but also increase the
energy consumption of the reactor. Therefore, based on the
velocity distribution in the MCFR, inlet flow rates of 50 L h™*
and 250 L h™ " are not suitable.

Fig. 5d shows the turbulent kinetic energy (TKE) distribution
at section A under different flow rates. TKE is an important
parameter that measures the energy dissipated in the system,
influencing both flocculation efficiency and particle collision
frequency. TKE was obtained through PIV measurements. In
our experiments, PIV was used to capture the velocity field
within the reactor, and the turbulent kinetic energy was calcu-
lated using the eqn (1):

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1)

where u, v, w'?, are the fluctuating velocity components in the
x,y, and z directions, respectively.

1
TKE = 3 <u’2 V4 oﬂ)

The PIV system measured the velocity fluctuations at various
points in the reactor, and from these, we calculated the TKE at
different positions within the system. At an inlet flow rate of
50 L h™', TKE is relatively low, indicating minimal fluid fluc-
tuations, which result in a lower collision frequency between
particles. Under these conditions, flocculation efficiency may be
low, as insufficient interactions between particles make it
difficult to form large flocs. As flow rates increase to 100 and
150 L h™ ', TKE rises significantly, with a peak observed at 150 L
h™" near radial positions —0.1 m and 0.1 m. This indicates that
local energy dissipated in the system is higher at this flow rate,
promoting the occurrence of local shear forces, which enhance
the collision efficiency between particles during flocculation.
When inlet flow rates further increase to 200 and 250 L h™*, TKE
continues to rise. However, at 250 L h™ ', the TKE increase is
smaller, with more dramatic fluctuations and lower symmetry.
This suggests that at excessively high flow rates, energy utili-
zation decreases, and excessively high energy dissipated in the
system may lead to floc breakage, reducing the overall floccu-
lation efficiency.***

Fig. 6 presents the velocity and energy distribution curves at
section B, which is located between the second and third layers
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of vortex generators. Fig. S51 shows the velocity contours of
position B captured by PIV at different inlet flow rates. Fig. 6a
shows the radial velocity distribution. The radial velocity is
nearly zero at a flow rate of 50 L h~". As the flow rate increases to
100 and 150 L h™", the radial velocity distribution becomes
more uniform and symmetrical, enhancing flocculation effi-
ciency. Additionally, the fluctuations in radial velocity are larger
compared to section A, especially near radial positions —0.15 m
and 0.1 m. These fluctuations indicate stronger radial flow in
local areas, contributing to increased particle collisions and
mixing. However, when the flow rate is further increased to 200
and 250 L h™', the radial velocity distribution becomes asym-
metric, with a significant difference in fluctuation amplitude
between the positive and negative positions. This asymmetry
can hinder the uniform mixing of particles, potentially affecting
the overall flocculation process.*®

Fig. 6b shows the axial velocity distribution at section B. The
distribution pattern is similar to that of section A, but the axial
velocity at section B is more symmetrical at moderate flow rates.
This indicates that the flocculation environment at section B
may be more stable, allowing for more consistent interactions
between particles. In contrast, the velocity fluctuations at
section A (Fig. 5b) are more intense at higher flow rates. This
enhances the likelihood of pollutant particles colliding violently
as they enter the reactor. In comparison, although section B also
experiences fluctuations at higher flow rates, the asymmetry
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Fig. 6 Velocity and energy distribution curves of section B. (a) Radial velocity, (b) axial velocity, (c) resultant velocity, (d) turbulent kinetic energy.
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and fluctuation amplitude are relatively smaller, making it
more suitable for the formation of stable flocs. Fig. 6¢c and
d show the resultant velocity and TKE distributions at section B,
respectively. Compared to section A, the resultant velocity curve
at section B is more symmetrical and smoother, with fewer local
extreme points and lower peak values. Except under the 250 L
h™ flow condition, the TKE at section B remains relatively
stable across other flow rates. At 250 L h™', an excessively high
energy concentration appears on the left side of the reactor,
which could potentially cause the formed flocs to break apart.

Fig. 7 shows the velocity and energy distribution curves at
section C, and Fig. S61 shows the velocity contours of the C
position captured by PIV at different inlet flow rates. From the
radial velocity distribution curve (Fig. 7a), it can be seen that at
an inlet flow rate of 150 L h™', a significant fluctuation peak
appears near radial position —0.05 m, indicating strong radial
motion that promotes particle collisions and mixing. At an inlet
flow rate of 200 L h™", the direction of radial velocity changes,
with the fluid exhibiting centrifugal motion in most regions. As
the flow rate increases to 250 L h™', the radial velocity
decreases. From the axial velocity distribution curve (Fig. 7b), it
can be observed that at 150 L h™", the axial velocity fluctuations
are moderate, which enhances particle collisions and aggrega-
tion. At 200 L h™, the strong fluid motion intensifies mixing
and collisions, but excessive shear forces may hinder the stable
formation of flocs. At 250 L h™", there is little change in axial
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velocity, reflecting decreased energy utilization efficiency at
higher flow rates. As shown in Fig. 7c and d, the resultant
velocity fluctuations at section C are relatively moderate and
uniform at 150 L h™', providing sufficient mixing energy to
promote particle collisions while avoiding excessive fluid
motion that could damage flocs.

The velocity and energy distribution at section D are shown
in Fig. 8, and S71 shows the velocity contours of the D position
captured by PIV at different inlet flow rates. Section D is located
between bubbled water inlet and the lowest vortex generator,
and its velocity and energy distribution patterns differ signifi-
cantly from those of sections A, B, and C. The radial velocity
indicates that the fluid exhibits centrifugal motion on the left
side and centripetal motion on the right, showing good
symmetry in the radial movement. Except at an inlet flow rate of
50 L h™*, the peak radial velocities at other flow rates are similar
but significantly higher than those in other sections. The strong
centrifugal and centripetal motions at section D promote
collision and combination among lighter components. From
the axial velocity distribution (Fig. 8b), it can be observed that at
150 L h ™, the axial velocity at section D reaches its highest peak
near 0.1 m, with a value close to 0.09 m s, indicating strong
upward fluid motion. In most regions, the upward motion of the
fluid is more pronounced, which helps the lighter components
to rise. From the resultant velocity and TKE, the proportion of
energy converted into fluid motion is higher at inlet flow rates of
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Fig. 7 Velocity and energy distribution curves of section C. (a) Radial velocity, (b) axial velocity, (c) resultant velocity, (d) turbulent kinetic energy.
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150 and 200 L h™', whereas an inlet flow rate of 250 L h™" leads
to energy waste.

The center of section E is located at the bottom of the reac-
tor's inner cylinder, while the outer part lies within the outer
cylinder. The velocity and energy distribution at this section are
shown in Fig. 9, and S8t shows the velocity contours of the E
position captured by PIV at different inlet flow rates. This
section exhibits significantly different flow characteristics
compared to the upper sections, such as section D. In the radial
velocity distribution, the center of section E shows strong
centripetal motion, with fluid converging towards the center.
This inward flow results from the reduced size of the inner
cylinder at this position, which limits space for fluid movement.
The radial velocity in the outer cylinder region is close to zero,
which helps prevent the flocs from being damaged during
overflow from the outer cylinder. Similarly, the axial velocity in
the inner cylinder region at the center of section E is high, with
the fluid moving downward as it exits the inner cylinder. The
axial velocity distribution in this area is uniform, which helps to
avoid excessive floc contact that could lead to structural
damage. From the resultant velocity and TKE at section E, it can
be seen that higher inlet flow rates lead to greater resultant
velocity. However, when the inlet flow rate reaches 250 L h™ %,
the increase in TKE is limited. Overall, an inlet flow rate of 150 L
h™' is optimal.

Analysis of the flow field distribution reveals that fluid
motion characteristics within the MCFR are significantly

© 2025 The Author(s). Published by the Royal Society of Chemistry

influenced by the inlet flow rate and vortex generators. The
velocity distributions determine the mixing and collision effi-
ciency in various regions. At low flow rates (50 L h™%), fluid
fluctuations are minimal, resulting in poor particle collisions
and limited flocculation. As the flow rate increases to 100-150 L
h™", TKE are significantly enhanced, promoting particle mixing
and effective flocculation. However, at excessively high flow
rates (250 L h ™), energy losses increase, potentially causing floc
breakage. In conclusion, appropriate flow velocities within
the MCFR can effectively enhance pollutant particle collisions
and flocculation, thereby improving overall flocculation
performance, particularly under moderate flow conditions
(100-150 L h™).

3.2. Flocculation performance of MCFR

After analyzing the flow field distribution at various character-
istic sections of the MCFR, flocculation performance of the
MCFR was further investigated by treating gas and oil field
wastewater. Under conditions of an inlet flow rate of 100 L h™"
and a setting time of 30 minutes, the pollutant removal effi-
ciency was first investigated at different PFS dosages, as shown
in Fig. 10a.
Turbidity removal was calculated using the eqn (2):

turbidity;, ., — turbidity, e

100
turbidity, x

(2)

Turbidity removal (%) =
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Fig. 9 Velocity and energy distribution curves of section E. (a) Radial velocity, (b) axial velocity, (c) resultant velocity, (d) turbulent kinetic energy.

where turbidity;,ec is the initial turbidity of the wastewater
before treatment, turbidity,ue: is the turbidity of the treated

water after the flocculation process.

Oil removal was calculated using the eqn (3):

Oil removal (%) = ol
inlet

Oilipey — Ollyuyet

where oil;¢; is the concentration of oil in the wastewater before
treatment, oil,y e is the concentration of oil in the treated water
after the flocculation process.

Settling time is defined as the duration from the end of the
flocculation reaction to the point when sampling begins.**** To
ensure consistency, we compared the pollutant removal effi-
ciency by sampling at same settling time under each
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Fig. 10 Pollutant removal efficiency of the MCFR under different reagent addition amounts. (a) PFS addition amount, (b) PAM addition amount
(operate at a flow rate of 100 L h™?, a setting time of 30 minutes, and 20 °C).
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experimental condition. While oil removal specifically quan-
tifies the efficiency of separating oil droplets, turbidity removal
reflects the removal of a broader spectrum of particulate matter,
including emulsified oil and fine solids that contribute to
overall water cloudiness. This dual-parameter approach offers
a more comprehensive understanding of the reactor's perfor-
mance. As PFS dosage increases from 30 mg L™ " to 70 mg L™,
pollutant removal efficiency rises accordingly. At 30 mg L™,
removal rates are relatively low, with turbidity removal around
42% and oil content around 24%. When the PFS dosage reaches
70 mg L', both turbidity and oil removal rates peak at
approximately 75% and 53%, respectively. However, as the PFS
dosage continues to increase beyond 70 mg L™, the pollutant
removal efficiency begins to decline.

Suspended solids and oil droplets in oilfield wastewater
typically carry a negative charge, creating electrostatic repulsion
that keeps pollutants dispersed and stable in the water.>* This
stability makes it difficult for particles to destabilize and settle,
and for oil droplets to coalesce and float. PFS primarily desta-
bilizes pollutants through charge neutralization. In the MCFR,
PFS fully contacts the pollutants, causing suspended particles to
destabilize and settle, while oil droplets coalesce and float after
destabilization. PFS is a highly charged flocculant. When
introduced into the synthetic wastewater, PFS interacts with
negatively charged particles through charge neutralization. This
interaction reduces the repulsive forces between pollutants,
allowing them to come closer together.>® PFS can also adsorb
onto particle surfaces, promoting the formation of micro flocs
as particles agglomerate.*® However, when the PFS concentra-
tion is too low, charge neutralization is inadequate, meaning
a large number of pollutants cannot be destabilized zed. As
a result, insufficient floc formation occurs, leading to low
pollutant removal efficiency.**** When the PFS dosage exceeds
70 mg L', the system may become overloaded with positive
charges, potentially causing previously neutralized pollutants to
acquire a positive charge, which introduces new electrostatic
repulsion. This repulsion can lead to the re-dispersion of
pollutants, hindering the flocculation process and ultimately
reducing pollutant removal efficiency. These results suggest
that 70 mg L™ " is the optimal PFS dosage. We chose to first vary
the PFS concentration because its role in charge neutralization
and initial particle aggregation is fundamental. Once an
optimal PFS concentration was identified, we then optimized
the PAM concentration based on the established PFS concen-
tration. This approach ensures that PAM can function effec-
tively, as its bridging capacity is most efficient when the initial
particle aggregation is stable. If PAM were increased without
first optimizing PFS, it could lead to ineffective flocculation, as
the initial aggregation may not be stable enough to support
further floc formation.

With the PFS dosage maintained at 70 mg L™, the effect of
different PAM dosages on pollutant removal efficiency was
studied, and the results are shown in Fig. 10b. As the PAM
dosage increased from 0.2 mg L ™" to 0.6 mg L', the turbidity
removal rate rises from 80% to 95%, while oil removal increases
from 59% to 94%. Beyond this point, further increases in PAM
dosage leads to a stabilization of pollutant removal rates,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicating that 0.6 mg L™ " is the optimal PAM dosage. PAM is
commonly used in flocculation for its ability to bridge particles
and promote agglomeration. PAM molecules adsorb onto
particle surfaces, forming physical bridges that bring particles
together, facilitating the formation of larger, settleable flocs.*®
However, once the PAM concentration reaches a certain level,
all the flocs formed by the PFS that can bind with PAM are fully
encapsulated and stabilized.*” Excessive PAM beyond this point
does not contribute to further floc formation or increase the
number of flocs, resulting in a plateau in removal efficiency.
Additionally, too much PAM can lead to over-crosslinking,
creating oversized flocs, their large size reduces their settling
velocity, negatively affecting the removal efficiency.®® The
unique structure of the MCFR allows for sufficient efficacy of the
PAM molecular chains in bridging pollutants, facilitating the
formation of dense, large flocs. These flocs can also trap smaller
pollutants, further enhancing pollutant removal efficiency.
However, when the PAM dosage is too high, the existing amount
of PAM is already sufficient to optimize the flocculation process,
and further increases in dosage do not significantly improve
removal efficiency. Excessive PAM addition can also increase
the viscosity of the wastewater, which may hinder the sedi-
mentation and flotation of pollutants.

With the optimal dosages of PFS and PAM determined as
70 mg L™ " and 0.6 mg L™ ", respectively, the effect of different
inlet flow rates on pollutant removal efficiency in the MCFR was
studied, as shown in Fig. 11. At an inlet flow rate of 50 L h™*,
turbidity and oil removal rates are 87% and 93%, respectively.
This flow rate yields the lowest turbidity removal among the
tested rates, while oil removal is relatively high. According to the
fluid analysis, the low radial and axial velocities at 50 L h™,
combined with minimal fluid fluctuations and low TKE, result
in a low collision frequency between particles, slowing floc
formation and reducing turbidity removal efficiency.

When the inlet flow rate increases to 100 L h™", turbidity
removal rises to 95%, and oil removal slightly increases to 94%.
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Fig. 11 Pollutant removal efficiency of the MCFR at different inlet flow

rates (operate at PFS and PAM dosages of 70 mg L™ and 0.6 mg L%,
a setting time of 30 minutes, and 20 °C).
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At this flow rate, the MCFR shows symmetrical velocity and
energy distribution, which enhance particle collisions and
result in more uniform floc formation. The increased collision
intensity between droplets promotes the formation of larger oil
droplets, slightly improving oil removal efficiency. At an inlet
flow rate of 150 L h~*, turbidity removal reaches its maximum at
around 97%, while oil removal decreases to 85%. This flow rate
provides symmetrical velocity and energy distribution, which
facilitate particle collision and adhesion, promoting floc
growth. The higher collision intensity also aids in the entrap-
ment of fine particles by the flocs, further improving turbidity
removal. However, the reduced flow time at this flow rate leads
to a decrease in oil removal efficiency. When the inlet flow rate
is further increased to 250 L h™*, turbidity and oil removal rates
drop to 91% and 56%, respectively. Excessively high inlet flow
rates reduce the flow time of wastewater in the MCFR and
disrupt the symmetry of velocity and energy distribution,
leading to localized areas of excessive energy that can cause floc
breakage, thus reducing pollutant removal efficiency. The above
analysis suggests that inlet flow rates between 100 and 150 Lh™*
are optimal for achieving the highest flocculation efficiency in
the MCFR.

After determining the optimal dosages of PFS (70 mg L"),
PAM (0.6 mg L™ ') and the optimal inlet flow rate (100-150 L h ™)
for treating oilfield wastewater with the MCFR, a comparative
study was conducted between the MCFR and a traditional stir-
red flocculation reactor under the same dosages and setting
time. The stirred reactor used in our experiments is a 2 L
cylindrical vessel with a standard four-blade impeller. The
Reynolds number for the stirred reactor was calculated using
the eqn (4):

_ D>’Np
uw

R, @)
where D = impeller diameter (5 cm), N = rotational speed (50
rpm), and p and u are the liquid density and viscosity. Using the
above values, the Reynolds number was calculated to be 13
090.
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The power number (P) was determined using the eqn (5):

P = NppN*D® (5)
where Np is the power characteristic number, the Np value is
approximately 5. Based on this, the stirring power for the blade
was calculated to be 2.24 W. Since the mass of the stirred
wastewater is 2 kg, the unit mass power was determined to be
1.12 W kg~ '. Meanwhile, we calculated the average TKE of the
MCFR, which is 1.49 x 10~* m* s~ The turbulence dissipation
rate is calculated using the eqn (6):

(6)

where ¢ is the turbulence dissipation rate, C, is a constant,
typically taken as 0.09, & is the turbulent kinetic energy, and [ is
the turbulence characteristic scale. I/ = 0.1 x D = 0.1 x 0.066 =
0.0066 m. Substituting these values into the formula, the
turbulence dissipation rate for the MCFR is 2.48 x 10> m>s .
On the other hand, for the stirred reactor, the average turbu-
lence dissipation rate is equal to the power per unit mass, which
is 1.12 m* s>, This implies that the turbulence dissipation rate
in the stirred reactor is much higher than that in the MCFR.
The pollutant removal efficiencies at different setting times
are shown in Fig. 12. As shown in Fig. 12a, the MCFR achieves
a higher turbidity removal rate than the stirred flocculation
reactor even at a setting time of 5 minutes, with removal rates of
53% and 49%, respectively. As setting time increases, the gap in
turbidity removal efficiency between the two reactors widens,
with the MCFR consistently outperforming the stirred floccu-
lation reactor. At 30 minutes, the turbidity removal rates reach
95% for the MCFR and 82% for the stirred reactor. For oil
removal, Fig. 12b highlights the clear advantage of the MCFR.
Since the MCFR primarily removes oil through flotation, its oil
removal efficiency reaches 87% at a setting time of 5 minutes,
compared to only 40% for the stirred flocculation reactor. As
setting time increases, the MCFR's oil removal efficiency shows
a slight increase but remains relatively stable. In contrast, the

oil removal efficiency of the stirred reactor improves

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significantly with longer setting times, reaching 94% for the
MCFR and 78% for the stirred reactor at 30 minutes.

The stirred flocculation reactor removes oil primarily by
using flocculants to aggregate small oil droplets into larger
ones, which then naturally float and collect on the wastewater
surface, requiring further treatment and increasing process
complexity. In contrast, the MCFR integrates the advantages of
both flocculation and flotation, efficiently removing both lighter
and heavier pollutants. For denser pollutants, the vortex
generators in the MCFR enhance particle collisions, enabling
rapid floc formation and faster sedimentation. For lighter
components, such as oil, bubbles in the MCFR carry these
components to the top of the reactor for easy removal. More-
over, the MCFR requires shorter reaction times and can operate
continuously, whereas the stirred flocculation reactor requires
treatment times exceeding 20 minutes and cannot operate
continuously due to its dependence on varying stirring speeds.
In terms of treatment efficiency, operational stability, and ease
of operation, the MCFR outperforms the traditional stirred
flocculation reactor.

4. Conclusions

This study developed and evaluated a novel multi-stage cascade
flocculation and flotation reactor for the treatment of oilfield
wastewater, characterized by high oil content and suspended
solids. Based on a detailed flow field analysis and experimental
validation, the following conclusions can be drawn:

(1) Optimized flow field distribution: the MCFR, equipped
with vortex generators, creates a dynamic flow environment that
promotes efficient mixing and particle collisions at optimal flow
rates of 100-150 L h™". At these flow rates, symmetrical velocity
and high-energy mixing zones facilitate the initial formation
and growth of flocs, while excessive flow rates (250 L h™") cause
high shear forces that may disrupt floc stability.

(2) Enhanced pollutant removal efficiency: experimental
results show that, with the addition of 70 mg L™" of PFS and
0.6 mg L™ of PAM, the MCFR achieves high pollutant removal
rates, with turbidity and oil removal efficiencies reaching 95%
and 94%, respectively. These results indicate that precise
control of flocculant dosage and flow rates is critical to maxi-
mizing treatment effectiveness.

(3) Superior performance compared to a stirred flocculation
reactor: compared to a traditional stirred flocculation reactor,
the MCFR demonstrates significantly higher removal efficien-
cies with a shorter time. The MCFR achieves optimal perfor-
mance with a reaction time of less than 1 minute and supports
continuous operation, whereas conventional reactors require
up to 21 minutes and batch processing, resulting in higher
energy consumption and lower operational efficiency.

In summary, the MCFR's multi-stage design and integrated
flocculation-flotation mechanisms provide a practical solution
for treating complex gas and oil field wastewater, combining
rapid processing, high pollutant removal efficiency, and oper-
ational flexibility. This study provides valuable insights into
reactor design, offering a foundation for future research in
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advanced wastewater treatment technologies for the oil and gas
industry.
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