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ABSTRACT

The focus of this study was on the development and application of ceramic hollow fiber
membrane (CHFM) technology for the treatment of oilfield produced water (PW) prior to
disposal/discharge into the environment. PW refers to any fossil water that is brought to
the surface along with crude oil or natural gas. It is a complex mixture of dispersed oil, dis-
solved organic compounds, suspended solids, production chemicals, heavy metals, and nat-
ural radioactive minerals. PW is difficult to handle/treat and represents the largest volume
of waste associated with the oil and gas industry. It can have different potential impacts on
offshore or onshore environments depending on where it is discharged. Therefore, the
development of effective treatment technologies for PW is essential from both ecological
and economic standpoints. The first stage of any treatment process for PW consists of a sig-
nificant reduction in the level of dispersed hydrocarbons and suspended solids. In a second
and often in a third stage, the oil and total carbon (TC) content is reduced by hydrocyclones
and by micro- and ultrafiltration using membrane technologies. Due to legal requirements,
final oil contents below 10 ppm are required in some regions before PW disposal to the
environment. CHFMs represent a new generation in the development of inorganic mem-
branes by offering the advantages of one membrane consisting of both inorganic material
and hollow fiber geometry. In this study, the effect of cross-flow velocity on the CHFM per-
formance at a low trans-membrane pressure of 0.5 bar, as well as the permeate quantity and
quality, was investigated in terms of fouling behavior and efficiency of oil and TC removal.
In the filtration system presented here, using ceramic hollow fiber ultrafiltration (UF) mem-
branes with a doy pore diameter of 40 nm, the removal of oil and TC from samples of tank
dewatering produced water and oily model systems, was successfully demonstrated with a
remarkable decontamination efficiency of >99.5% (oil) and 61-94% (TC), respectively.
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1. Introduction

1.1. Subject-produced water

Water is an integral part of process operations in
many industries and increasing demand for water for
industrial uses will result from increasing economic
activity [1]. The same also applies to oil and gas explo-
ration processes, which every year generate tremen-
dous amounts of so-called “Produced Water” (PW) as
a major by-product/waste stream associated with oil
and gas production operations worldwide. PW is
defined as any fossil water from underground forma-
tions that is brought to the surface during oil or gas
manufacturing processes. It is considered to be one of
the largest waste streams associated with oil and gas
production and is often mixed with make up or
source water [2]. PW from offshore and onshore oil
and gas exploration, resulting from drilling and pro-
duction operations, is a continuous source of contami-
nants to ecosystems [3]. Its treatment and
management are growing challenges in all oil and gas
producing regions. Currently, there are two main
approaches recommended for the management of PW:
reinjection into the discharged wells and treatment for
reuse. In this context, more than 60% of the generated
PW is re-injected into the wells. PW reinjection and
drilling fluid recycling typically first require the
removal of oil and suspended solids [4].

The composition of PW is very complex. Its charac-
teristics and physical properties usually vary signifi-
cantly depending on the geographic location of the
field and the type of hydrocarbon product being pro-
duced [3]. It often contains different amounts of dis-
persed oil, dissolved organic compounds, production
chemicals, corrosion products, heavy metals, large
amounts of organic material, inorganic salts, and natu-
ral radioactive minerals. In the production phase,
three barrels of PW are generated for every corre-
sponding barrel of oil produced [4,5]. This ratio
increases as oil wells mature and may reach as many
as 7-10 barrels of PW per oil barrel, especially in
mature oilfields [6]. Alzahrani et al. [7] estimated that
given the oil production in 2011 (around 72,000,000
bbl/d), and the minimum ratio of 3 barrels of PW for
each barrel of oil produced, a minimum of around
216,000,000 bbl/d of PW was generated in 2011 alone.
This large quantity of PW is mainly reused by

re-injecting into the well or else discharged into the
environment. Due to this huge amount of PW gener-
ated, its management has become a major issue for
the public and regulators [8]. The large volume of PW
presents not only environmental challenges, but also
potential opportunities for beneficial reuse, recycling,
and disposal alternatives [9]. Thus, it is absolutely nec-
essary to improve innovative technologies of PW treat-
ment in order to not only meet the increasingly
stringent environmental regulations, but also to
improve the economic viability of the processes [10]
and possibly lead to a new source of water.

1.2. Technologies for PW treatment

Currently, the objectives of PW treatment technolo-
gies include deoiling, desalination, degassing, sus-
pended solids removal, and organic compounds
removal. The common process techniques used for the
pre-treatment of PW are sand filtration, sedimentation,
gas flotation, hydrocyclones, and separators [11]. One
of the main goals of any treatment process for PW is a
significant reduction in the level of dispersed hydro-
carbons and suspended solids in the wastewater [12].
In the past few decades, various technologies includ-
ing biological [13,14], physical [15], and chemical [16]
treatment processes or a combination of these [13,17]
have been developed and investigated for the treat-
ment of oilfield PW. Among these technologies, a sig-
nificant amount of research has been conducted in the
field of PW treatment using microfiltration (MF), ultra-
filtration (UF), nanofiltration (NF), reverse osmosis
(RO), membrane distillation (MD), and their combined
processes using different types of membranes
[7,18,19]. Ahmadun et al. [20] give an overview on dif-
ferent facets of membrane technology used for PW
treatment. In a series of research papers, the authors
have previously described that membrane separation
technology offers a potential application in the pro-
cessing of oilfield PW [21-25]. Major technical chal-
lenges that are associated with the integration of
membrane processes for more effective PW treatment
include: high filtrate flux and quality, low-fouling
properties, easy cleaning, chemical stability, and ther-
mal stability. Ceramic membranes have been devel-
oped and used in a variety of different applications,
especially where harsh process conditions (e.g. physical
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and chemical properties of feed solution or high
temperature and pressure operation) preclude the cur-
rent practice of using polymeric membranes. In this
context, the application of tubular and rotating cera-
mic membranes has been proposed as a promising
technology for treatment of oilfield PW. Ceramic hol-
low fiber membranes (CHFM) represent a new genera-
tion in the development of inorganic membranes by
offering the advantages of one membrane consisting
of both inorganic material and hollow fiber geometry.
CHFM, as they are used in this study, show some
advantages and characteristic properties compared
with other types of hollow fiber membranes (see
Section 2.3).

Among other advantages [26,27], they have a lar-
ger surface area for filtration with the same volume of
the membrane module (in comparison with tubular
membranes), due to the higher number of channels
[28]. In this study, the efficient treatment of oilfield
PW generated from tank dewatering produced water
(TDPW) and oily model systems (OMS) was studied
using an innovative ultrafiltration CHFM with a dq
pore diameter of 40 nm. In a first test series, the effect
of cross-flow velocity (CFV) on the CHFM perfor-
mance as well as the highest possible permeate quan-
tity and quality was investigated in terms of
membrane fouling behavior, efficiency of oil and total
carbon (TC) removal, and membrane cleaning effectiv-
ity at a constant low trans-membrane pressure (TMP)
of 0.5bar and a constant process temperature of 40°C.

2. Ceramic hollow fiber membranes

The most important membrane material and appli-
cation characteristics of ceramic membranes are:

(1) High chemical and thermal stability, which
allows filtration of acids, bases, solvents, and
hot media as well as cleaning under harsh
conditions.

(2) High mechanical stability during the filtration
of abrasive media.

(3) Low-fouling risk and adhesion potential for
molecular organic substances.

(4) Very clean membrane after production (sinter-
ing process).

CHFMs in particular offer further advantages com-
pared with other ceramic membrane geometries such
as multi-channel elements or ceramic disk membranes:

(1) High packing density (high ratio of membrane
surface/filter volume).
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(2) Defined flow conditions especially in the
in—out cross-flow filtration mode.

(3) Low material costs with respect to filter area.

(4) Low sintering energy costs and time due to
low membrane thickness.

The CHFMs that were used for the previously
described experiments are manufactured by a simulta-
neous spinning and phase inversion process. In the
next Section 2.1., this manufacturing process is pre-
sented. A descriptive physical model is explained in
Section 2.2. which correlates operational and material
parameters of the spinning and phase inversion pro-
cess to the structure of the CHFM. Finally, the design
concept and the advantages of the two-layer mem-
brane structure that was utilized in the experiments
are delineated.

2.1. Spinning and phase inversion process

CHFMs are produced starting with the raw materi-
als of ceramic and polymeric granular powder, an
adequate solvent system, and some additive ingredi-
ents. These components are mixed homogeneously,
and the viscosity of the resulting liquid single-phase
spinning dope is a significant quality parameter that
gives an indication of the properties of the subse-
quently produced hollow fiber membranes. The spin-
ning dope is pressed through a two-component nozzle
into an aqueous precipitation bath (“spinning pro-
cess”) where the solid structure of the hollow fiber
membrane is developed from the liquid spinning dope
by phase inversion. In detail, the solvent is washed
out from the spinning dope by the water within the
precipitation bath. As the polymeric component is not
soluble in water, it becomes a solid structure, which
then generates the hollow fiber membrane. This
so-called green fiber shows polymeric characteristics
and it comprises singular embedded ceramic particles.
The green fiber is further washed and then sintered at
high temperatures. During the sintering process, the
polymeric component is burned completely and the
ceramic particles combine with each other forming
sinter necks between the single particles. In the end, a
pure CHFM is generated. This CHFM has smaller
dimensions in comparison with the green fiber due to
thermal shrinkage. In Fig. 1, the phase diagram of the
three-component system polymer/solvent/water is
shown qualitatively.

The white area indicates the region where all
components within the spinning dope are miscible
(single-phase region). Within the blue section, the
components are immiscible. The spinning process
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Polymer

Single phase region

Solvent Water

Fig. 1. Phase diagram of the polymer/solvent/water sys-
tem with stable (single-phase region) and unstable (immis-
cible) region and process trajectory of the precipitation
process.

starts at a state within the white area (point S) and as
the spinning dope is brought into contact with the
precipitation fluid (water) in the precipitation bath,
the water penetrates the spinning dope. Within this
step, the boundary line is crossed which separates the
stable single-phase region from the unstable immisci-
ble system state. Within the immiscible region, the
solid green fiber is generated by precipitation.

Fig. 2 shows the orifice cross-section of the two-
component spinning nozzle. The outer annular cross-
section is driven through the spinning dope. In the
inner circular cross-section, the bore fluid, which is
also usually water or an aqueous solution, is con-
ducted. The bore fluid is brought into contact with the
spinning dope only at the nozzle orifice so a pre-
precipitation is avoided. The nozzle orifice itself is
either positioned at a very small distance (spinning
with air gap) over the precipitation bath or it is dip-
ping directly into the precipitation bath.

Bore fluid
(water)

Spinning dope

MNozzle orifice cross-section

Fig. 2. Orifice cross-section of a two-component spinning
nozzle with annular cross-section (conduction of spinning
dope) and central circular cross-section (conduction of bore
fluid).
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2.2. Physical model to describe the formation of fiber
structures

The main characteristic parameters of the CHFM
are the pore sizes and the pore structure which can be
symmetric or asymmetric. The pore morphology var-
ies between a cellular (sponge) structure with regular
cells and a finger pore structure with elongated pores.
With the cellular structure, an increased mechanical
stability is achieved, but the water flux is lower in
comparison with a membrane with a finger pore struc-
ture. In Fig. 3, SEM photographs are shown from
membranes with both structures.

The kinetics of the phase inversion process
depends on the composition of the spinning dope and
the replacement of the solvent by the water in the pre-
cipitation bath according to the phase diagram in
Fig. 1. By increasing the concentration of the precipita-
tion fluid (water) and simultaneous reduction of the
solvent concentration in the spinning dope, the precip-
itation process is initiated. The kinetics of this phase
inversion process determines the morphology of the
CHFM. In the literature, some parameters are investi-
gated which promote the generation of a cellular
(foam) membrane structure in polymeric hollow fibers
[29]. The main impact parameters are the polymer
concentration, the viscosity of the spinning dope, and
the solvent concentration within the precipitation bath.
The formation of the cellular pore structure can be
described by the diffusion-driven exchange of the sol-
vent by the precipitation fluid (water) [30]. The diffu-
sion starts when the spinning dope comes into contact
with the precipitation fluid (water). The diffusion
velocity of water molecules into the spinning dope is
much higher than the diffusion velocity of the solvent
molecules out of the spinning dope into the precipita-
tion bath. This is due to the lower hydrodynamic
radius of the water molecules compared with the sol-
vent molecules. In this case, the fiber swelling, com-
bined with the formation of macrovoids, results in
finger pores. By deceleration of the diffusion process
of the precipitation fluid into the spinning dope, the
formation of macrovoids is suppressed and the cellu-
lar foam structure, which remains due to the homoge-
neous distribution of the polymeric component and
the ceramic particles in the spinning dope, is pre-
served during the phase inversion. Both diffusion pro-
cesses and the resulting fiber structures are shown
schematically in Fig. 4.

A qualitative estimation of the diffusion flux can be
done by the theoretical approach presented by Fick. The
diffusion flux j depends on the diffusion coefficient D,
the fluid density p and the concentration gradient 4¢ of
the diffusing species (here: water and solvent).
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Fig. 3. SEM photos of CHFMs with cellular (sponge) pore structure (left) and finger pore structure (right).

Spinning dope

Precipitation fluid with ceramic particles

Slow diffusion Fast diffusion

Cellular structure Finger pores

Fig. 4. Physical model to describe differences in the forma-
tion of a cellular structure and a finger pore structure in
CHFMs by diffusion interactions between precipitation
fluid and solvent.

. oc
1= —Dpa

This is a simplification of the reality, because Fick’s
law describes single-component diffusion whereas the
real diffusion process in this case is a multi-compo-
nent diffusion. However, with Fick’s law, it is shown
that an increase of the solvent concentration in the
precipitation bath lowers the driving concentration
gradient for the solvent molecule diffusion out of the
spinning dope.

The diffusion velocity can be estimated by the dif-
fusion coefficient D, according to Stokes-Einstein in
liquids:

_ kgT
T 6muRy,

Here, kg is the Boltzmann parameter (kg=1.381 x
10723 J/K), T is the absolute temperature (in K), u is
the dynamic viscosity of the fluid (in Pas), and Ry is

the hydrodynamic radius of the fluid molecule (in m).
A temperature increase of the precipitation bath
shows a double effect on a higher diffusion flux. First,
the diffusion coefficient increases directly with tem-
perature. Second, the dynamic viscosity of the precipi-
tation bath decreases with temperature which also
results in an increased diffusion flux. A viscosity
increase of the precipitation bath induces a reduced
diffusion in flux.

2.3. Specific design of the used CHFM

The CHFMs, which were used in the experiments,
consist of a two-layer structure. The ceramic microfil-
tration support layer with open pores and low-pres-
sure drop results from the previously described
spinning (precipitation) process and gives the mechan-
ical stability to the membrane. After sintering, this
support layer is covered by a functional ultrafiltration
ceramic coating layer (active layer) on the feed side of
the membrane. As the current membranes are oper-
ated in an in-out filtration mode, the coating is
applied on the inner lumen surface of the hollow fiber
membrane. For this coating process, the hollow fiber
channel is flushed with a ceramic suspension, which
adheres as a thin layer to the support layer. After
flushing, the CHFM is sintered a second time to
achieve a stable bond between the ceramic coating
and the support layer.

With this membrane design, the active coating
layer has a thickness of only a few micrometers. This
membrane design leads to a low TMP in operation
and to a high permeate flux meaning the pressure
drop of the open-structured support layer can almost
be neglected.

In Fig. 5, this specific membrane structure is
shown schematically. Fig. 6 shows the active coating
and the support layer with two SEM photos.



M. Ebrahimi et al. | Desalination and Water Treatment 55 (2015) 3554-3567

ﬁ ﬁ ﬁ Ceramic microfiltration

support layer

Functional ceramic
- iﬁ [ iﬁ“ i «  ultrafiltration coating

Fig. 5. Schematic representation of the design of the CHFM
applied within the experiments with the ceramic microfil-
tration support layer and the functional ceramic ultrafiltra-
tion coating layer (active layer).

3. Material and methods
3.1. CHFM filtration system

The filtration experiments were carried out in
cross-flow mode with ceramic hollow fiber ultrafiltra-
tion membranes (Table 1, Fig. 7) with in/out filtration
direction. These membranes have a dyy pore diameter
of 40nm (MANN + HUMMEL GmbH, Ludwigsburg,
Germany).

Fig. 6. SEM photos of the CHFM utilized within the exper-
iments showing the ceramic microfiltration support layer
and the ceramic functional ultrafiltration coating layer
(active layer).
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The filtration system (Fig. 8) comprises the centrif-
ugal pump, the CHFM unit, the feed stream, permeate
stream and retentate stream ducts (maximum operat-
ing pressure and temperature of 3 bar and 80°C), and
the back-flushing unit with a maximum operating
pressure of 10 bar.

During the experiments, the CFV was varied, while
the other parameters were kept constant. The filtra-
tions were conducted optionally in fed-batch and total
recycle mode, respectively. As needed, back-flushing
was executed by pumping a mixture of permeate and
air at regular time intervals, in the reverse out/in
direction. The mean TMP was determined by measur-
ing the pressure before and after the CHFM module
and averaging these values. All filtration experiments
were carried out at a process temperature of 40°C, a
low TMP of 0.5bar, and at an initial oil concentration
in TDPW and the OMS of 1,000-5,200 ppm and 35
ppm, respectively. The permeate flow was measured
with an electronic balance (DS 36K0.2, Kern, Germany)
connected to a supervisory control and data acquisi-
tion system (Hitec Zang, Herzogenrath, Germany).
The membrane was chemically cleaned after each fil-
tration experiment with a 1% P3 Ultrasil-14 cleaning
solution (Henkel, Diisseldorf, Germany). After the
cleaning process, the clean water permeability of the
membrane was measured and the cleaning process
was repeated until the initial permeability of the mem-
brane was achieved.

3.2. Oily wastewater quality analyses

The continuous oil-in-water measurement down to
part per million (ppm) levels was performed using an
online monitoring device, developed for industrial
applications (DECKMA HAMBURG GmbH, Ham-
burg, Germany). Using a multi-range conductivity
meter (HI 9033, Hanna Instruments, Kehl am Rhein,
Germany), the electric conductivity in feed and perme-
ate was determined. All samples were analyzed for
TC with a TOC-V, Total Organic Carbon Analyzer
(Shimadzu, Duisburg, Germany). Offline determina-
tion of the dispersed oil content was performed with
TD500D an oil-in-water meter based on fluorescence
measurement (Nordantec, Bremerhaven, Germany).

3.3. Oily wastewater characteristics

Samples of TDPW were obtained from German BP
AG, Oil Refinery Emsland, Lingen. OMS were pre-
pared by pre-emulsification of a crude oil (oilfield
Bramberge, Germany) with a rotor stator homogenizer
and subsequent processing with an Emulsiflex C5
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Table 1

Properties of the hollow fiber ceramic ultrafiltration membrane and modules used in the filtration of OMS

dgo pore diameter Active layer din dout Number of hollow fibers Module length Filtration area
40 nm AlL,O5 2 mm 4 mm 30 26 cm 0.037 m?

40 nm Al,O3 2mm 4 mm 100 45 cm 0.25m?

Fig. 7. Photos of the CHFM used in this study (fiber bundle with potting (left) and single CHFM (right).
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Fig. 8. Schematic diagram of the laboratory-scale CHFM system in fed-batch and/or total recycle mode.

high-pressure homogenizer (Avestin, Mannheim, 4. Results and discussions
Germany) at 450 bar in single pass.

The final concentration of dispersed oil in OMS
was adjusted to 35 ppm by dilution with demineral-
ized water while circulating the OMS through the
OMD 32 oil monitoring device. A summary of com-
ponents and their ranges of concentrations in
TDPW and OMS used in this study are given in
Table 2.

During the treatment of oily wastewaters using
membrane technology, there are several mechanisms
and factors that cause and influence membrane foul-
ing, such as, physical and chemical characteristics of
the oily wastewater (concentration of oil and other sol-
utes materials in feed solution, particle size, and nat-
ure of components), hydrodynamic operating
conditions (TMP, CFV, and process temperature),
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Table 2
Physical parameters of TDPW and OMS feed samples at
40°C

Index Unit OMS TDPW

Dispersed oil mgl™ 30-200 200-5,000

pH - 6.2-6.9 6.0-8.0

Conductivity uS 8.3- 20,000—
em™! 15.7 80,000

Viscosity mPa.s 0.6-0.7 1.1

COD mgl™! 105- 1,000-9,900

169
TC mgl™ 50-658 200-5,000

properties of membrane used (pore size, pore size dis-
tribution, hydrophilicity, and membrane material),
and the possible interactions between membrane and
foulants [21-25]. Since membrane fouling, caused by
the deposition of particles on the membrane pores,
within the membrane pores or onto the surface, affect
the membrane permeability and reduce the efficiency
during the treatment of wastewaters [31], variation of
operating conditions in cross-flow filtration processes
can be a useful technique in investigating their effects
on the fouling behavior of membranes and their per-
meate flux. Generally, the variation of the relevant
process parameters, such as TMP, CFV, and tempera-
ture can have an influence on the separation perfor-
mance and permeate quality of a given membrane
[32]. Therefore, in this study and in a first test series,
the effect of CFV on the CHFM performance, as well
as the highest possible permeate quantity and quality,
was investigated during the treatment of TDPW and
OMS. The tests focused on membrane fouling behav-
ior, efficiency of oil and TC removals, and membrane
cleaning effectivity at a constant low TMP of 0.5 bar
and a constant process temperature of 40°C.

4.1. Effect of CFV

The effect of CFV on the permeate flux over time
during the treatment of TDPW is shown in Fig. 9. No
back-flushing or chemical cleaning step was applied
within the considered testing time. The CFV variation
ranges from 1.5ms ' over 20ms ' to 2.5ms™" corre-
sponding to Reynolds numbers from 2,900, 3,800, and
4,800 referring to the lumen side of the CHFM, which
indicate turbulent flow. Figs. 9 and 10 also show that
at the beginning of the TDPW filtration experiments,
the increase in CFV from 1.5 to 2.5ms ™' caused a per-
centage increase in the initial permeate flux of up to
75% (from 110 to 1911m >h™") and lead to a higher
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Fig. 9. Comparison of permeate flux for a 40nm CHFM
and TDPW at different cross-flow velocities (1.5, 2.0 and
25ms ') over time; TMP 0.5 bar; temperature 40°C; oil
content 1,000 ppm.

steady permeate flux during treatment of TDPW. This
indicates that high CFV can enhance the permeated
flux, which could be explained by the change of
Reynolds number. Re is defined as follows:

Re:M

u

where p is the density of the liquid, v the mean veloc-
ity of the liquid in the hollow fiber lumen, d the
lumen diameter of the CHFM, and pu is the dynamic
viscosity of the liquid. The oil and TC removal effi-
ciencies under various applied CFV values were

flux for TDPW (1,000 ppm), CFV 2 m.s”
flux for OMS (35 ppm), CFV 2 m.s’

D)

O L 1 1 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400 450
time (min)

Fig. 10. Comparison of permeate flux variation for a 40 nm

CHFM over time for TDPW and OMS; CFV 2ms }; TMP
0.5 bar; temperature 40°C.
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always maintained around 99.9% and between 61 and
94%, respectively.

Fig. 10 shows a representative flux-time curve of
the ceramic hollow fiber ultrafiltration membrane used
in this study during the treatment of different types of
oily wastewaters (TDPW and OMS) with the same
process parameter and without any changes in the
running treatment process (e.g. back-flushing).

It starts with (I) an initial drop in the permeate flux
caused by membrane fouling, depending on the prop-
erties of the feed and process parameters applied,
which is (II) followed by a reasonably long/short per-
iod of gradual flux decrease that exhibits varied inten-
sity and duration, and (III) ends with a steady-state
flux.

The flux decline vs. time throughout the ultrafiltra-
tion process of OMS for two different CFVs (1.6 and
25ms™) is illustrated in Fig. 11.

The CHFM used in this study demonstrated an ini-
tial permeate flux of 1901m>h™" when operated at a
CFV of 25ms™" and reached a quasi-stable perfor-
mance of 1001m >h™" within 3.5h of the trial time. In
this experiment, the permeate flux shows a decline of
43% within regions (I) and (II), when compared with
the initial flux of 1901m 2h™". In this case, and after a
total running time of 5h, an average permeate flux
rate of around 1241m >h~" was achieved. Fig. 11 also
clearly shows the effect of a lower CFV applied at 1.6
ms~' on the membrane performance which results in
a remarkable shift of limiting flux regions (II) and
(II), when compared with the experiment with a
higher CFV of 2.5ms™" during the treatment of OMS.
After 4.5h of filtration time, within the regions (I) and

200
180
160 §
140
120

fluxat2.5 m.s™”
fluxat 1.6 m.s”

flux (.Lm>.h")
=

80

60

40 DY o S W

20 |

0 1 1 1 1 1 1 1 1 ]
0 50 100 150 200 250 300 350 400 450

time (min)

Fig. 11. Comparison of permeate flux variation for a 40 nm
CHFM with time for OMS at different CFV 1.6 and 2.5m
s 1. TMP 0.5 bar; temperature 40°C.
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(I), a decline in permeate flux of 76% was observed.
During a running time of 5h, the average permeate
flux rate was found to be 971m >h™". In Fig. 12, the
variation of normalized flux over time for a 40nm
CHFM for the treatment of TDPW in fed-batch mode
at three different cross-flow velocities (1.5, 2.0, and
25ms ') and a low TMP of 0.5bar is shown. The
normalized flux [,was calculated from:

_

=

where J; is the permeate flux at time t and J., is the
clean water permeability.

As seen in Fig. 12, the effect of CFV on permeate
flux was more pronounced at the lowest CFV of 1.5m
s_' compared with higher CFVs of 2.0 and 2.5ms".
The oil content in the different real TDPW batches
used varied between 1,000 and 2,000 ppm in the feed
fluxes. The membrane filtration performed at a CFV of
2.5ms™! was characterized by the highest initial and
steady-state permeate fluxes, and by the lowest
decline in the normalized flux caused by the larger
hydrodynamic shear forces at higher CFV that proba-
bly removed the foulants.

The normalized flux declined to 61, 28, and 25 %
of the initial normalized flux after 100 min of opera-
tion, for 1.5, 2.0, and 2.5ms}, respectively. This in
turn increases the filtration efficiency as a result of the
thinner fouling layer associated with higher CFV.
These results are consistent with those of other studies
that attributed the increase in membrane permeability
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Fig. 12. Variation of normalized membrane flux for a 40 nm
CHFM and TDPW as a function of operating time and
different cross-flow velocities, 1.5ms * (Coy= 1,800 ppm),
20ms ! (Coy=2,000 ppm) and 2.5m s7' (Co =1,000 ppm);
TMP 0.5 bar; temperature 40°C.
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and decrease in membrane fouling with CFV increase
to higher levels of turbulence [23-25,33,34]. The results
shown in Fig. 12 indicate that membrane fouling of
different applied CFVs produce different fouling situa-
tions and trends. The effect of CFV on the permeate
quality over the test duration of 8 h was evaluated by
determining oil and TC concentration in permeate
samples. Here again, over the entire duration of the
filtration experiments, a significant oil removal effi-
ciency of more than 99.5% could be observed in all
permeate samples at any applied CFV.

4.2. Mean and long-term ultrafiltration of PW

The flux decline over the filtration time, as an
unavoidable phenomenon in the MF and UF pro-
cesses, is mainly related to the membrane fouling
(reversible or irreversible), which may be the com-
bined effects of the formation of a cake layer on the
membrane surface and/or membrane pore blockage
[35,36]. With the objective to observe and evaluate the
CHFM performance over a long filtration period of
several days, the cross-flow filtration system was set
to total recycle mode, with and without back-flushing,
to treat TDPW at a constant low TMP of 0.5bar. The
change in the permeate flux for a ceramic hollow fiber
UF-membrane and two different oil concentrations in
TDPW (TDPW1 =5,200 ppm and TDPW2 =2,100 ppm)
during two mean-term experiments for 30 h is shown
in Fig. 13. Once the mean-term membrane filtration
process begins, the permeate flux reaches its steady
state, typically, after a certain time period depending
on the applied process parameters (e.g. CFV) as well
as the concentration of foulants in the TDPW. The
results indicate that the continuous accumulation of
suspended materials in TDPW, and retained particles
on the membrane surface, results in forming a com-
pact cake layer, which increasingly restricts membrane
permeability.

A comparison of different observed flux trends for
TDPW1 and TDPW?2 at the same CFV of 2.0ms ' and
TMP of 0.5bar for a trial duration of around 17h
shows that the flux decline could be a result of differ-
ent degrees of pore blockage and/or cake layer forma-
tion. Higher average permeate flux was obtained at a
lower initial oil concentration. During the experiment
with TDPW2 and an initial oil concentration of 2,100
ppm, the flux declined within the first 2h from the
starting value of 140 to 901m >h™" before reaching a
fairly stable but slightly declining permeability for the
remaining 400 min of filtration. After 17h of total fil-
tration time, the level of flux reached 801m 2h™! and
remained almost constant until the end of the
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Fig. 13. Mean-term membrane filtration performance flux
for a 40nm CHFM over time at CFV of 2.0ms™" and dif-
ferent initial oil concentrations in TDPW1 (5,200 ppm) and
TDPW2 (2,100 ppm) with and without back-flushing; TMP
0.5 bar; temperature 40°C.

experiment. Fig. 13 also shows a representative exam-
ple of the results obtained with TDPW1 and a high
initial oil concentration of 5,200 ppm. According to
this figure, the water permeability of the UF mem-
brane decreases continuously within the first 4h due
to membrane fouling, from the initial value of 143 to
851m *h™" and after that falling to around 451m>h™"
over the remaining 12h. So for the operating condi-
tions for TDPW1 = 5,200 ppm, a mechanical back-flush-
ing step was performed after about 1,050 min. to
increase the flux. Permeate water was pressed through
the membrane from the outside to the inside against
the filtration direction at a TMP of 3.5bar for 10s. It
can be seen from the diagram that the original flux
value was achieved by about 75% with this simple
mechanical cleaning step.

Back-flushing under optimized operating condi-
tions and provision of high cross-flow velocities are
some of the useful strategies that can be incorporated
to reduce or control membrane fouling [36]. It should
be noted that the effective control of membrane foul-
ing in MF/UF processes could be dependent on the
mode and effectivity of back-flushing. Several pilot
studies demonstrated that an increase in back-flushing
frequency and duration significantly reduced mem-
brane fouling [37]. Therefore, in this study, the effec-
tiveness of rapid back-flushing in enhancing the
permeate flux in cross-flow ultrafiltration of PW has
been demonstrated. In order to reduce the impact of
fouling on membrane performance, a long-term UF of
TDPW with a CHFM and a high oil concentration of
5,200 ppm was investigated, which employed back-
flushing over a test duration of 9 days (Fig. 14).
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Fig. 14. Long-term membrane filtration performance flux
for a 40nm CHFM and TDPW over time; CFV 2.0ms™};
TMP 0.5bar; temperature 40°C, oil concentration 5,200

M. Ebrahimi et al. | Desalination and Water Treatment 55 (2015) 3554-3567

4.3. Effect of the back-flushing

The permeate flux of the CHFM was measured as
a function of filtration time of 9days using TDPW
with an oil concentration of 5,200 ppm. As shown in
Fig. 14, the permeate flux declined from the initial 149
to 1071m >h™" after 1-h running time at a CFV of 2.0
ms~' and a TMP of 0.5bar. The reduction in permeate
flux continued within the next 15h to a level of 461
m 2h™". In order to limit the minimum permeate flux
at 30%, compared with initial membrane permeate
flux, two back-flushing modes with different frequen-
cies were chosen: (I) back-flushing with up to 3.5bar
for 10 s. every 18 h and (II) back-flushing with 3.5 bar
for 10s, every 3h. When the back-flushing was per-
formed, a rapid increase in the permeate flux of up to
1181m 2h™! was observed in region (I), which corre-
sponds to a regeneration of permeate flux of up to

Table 3
Summary of results derived from 40 nm CHFMs

Coil in
dgo pore Feed Filtration TMP CFV (m retentate at Oil-removal Cyc TC-removal
diameter type mode Duration (bar) s to—tena (ppm) (%) (ppm) (%)
40 nm TDPW TRM LT 0.5 2.0 4,600 >99.5 N.A. N.A.
40 nm TDPW TRM LT 0.5 2.0 5,200 >99.5 N.A. N.A.
40 nm OMS FBM MT 0.5 15 59 >99.5 56 94
40 nm TDPW FBM MT 0.5 15 1,800-14,000  >99.5 2,894 61
40 nm TDPW FBM MT 0.5 2.0 2,500-19,000 >99.5 3,183 76
40 nm TDPW  FBM MT 0.5 2.5 3,000-30,000 >99.5 3,222 80

Note: TRM: Total recycle mode; FBM: Fed-batch mode; LT: Long-term; MT: Mean-term; TDPW: Tank dewatering produced water; OMS:

Oily model systems.

Intercept = -0,4, Slope = 363
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Fig. 15. Comparison of clean water fluxes of unused and cleaned CHFM (left) after a short-term test and (right) long-term
test and subsequent cleaning procedure with alkaline cleaning agent.
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80% compared with the initial permeate flux. In region
(I with the back-flushing parameter applied, the level
of flux reached 40lm™>h™" and remained almost con-
stant until the end of the experiment. The results of
these experiments have shown that rapid back-flush-
ing can be temporarily effective during the treatment
of PW containing high oil concentrations, and its effec-
tiveness declines with increasing trial duration.

4.4. Oil and TC rejection efficiency

Besides the permeate membrane flux, rejection is
another important parameter to represent membrane
performance. The values of oil and TC removals
obtained from six representative experiments are
reported in Table 3. It shows that the 40-nm ceramic
hollow fiber UF membrane always gave an excellent
oil rejection of higher than 99.5% for both OMS and
TDPW, independent of the initial oil concentration of
the feed. Also during the treatment of OMS with an
initial TC concentration between 50 and 100 ppm, an
efficient TC removal of 90-95% was achieved.

4.5. Clean water flux/chemical cleaning effectivity

Chemical cleaning of membranes is an integral
part of operation for MF/UF systems in wastewater
treatment and has significant impact on membrane
performance. In this study, a series of filtration experi-
ments were performed systematically to investigate
the chemical cleaning effectivity of the CHFMs used.
Therefore, prior each filtration experiment, the flux of
pure water through the unused membrane was mea-
sured with distilled water at different TMP at room
temperature. Additionally, after completing the chemi-
cal cleaning procedure for a fouled membrane, the
clean water fluxes were also measured in the same
way.

In Fig. 15, representative results of the clean water
flux measurements as a function of TMP for a CHFM
before and after two TDPW treatment processes
(short-term test with a running time of 8 h and mean-
term test over 70 h of running time), are shown. After
the filtration and membrane cleaning with alkaline
agents, the water permeability could be regenerated to
94% compared with the clean water permeability of
the unused membrane (Fig. 15, left). A cleaning effec-
tivity of 83% was observed after a mean-term filtration
experiment of 70 h (Fig. 15, right), indicating that more
permanent membrane fouling occurs during longer
operation periods. All together, the results show that
the chemical cleaning effectivities of the ceramic mem-
branes fell between 70 and 100%, depending on the
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operating conditions (test duration and applied CFV)
during the treatment process.

5. Conclusions

PW, any fossil water that is brought to the surface
along with crude oil or natural gas, is difficult to han-
dle/treat and represents the largest volume of waste
associated with the oil and gas industry.

Major technical challenges that are associated with
the integration of any membrane processes for more
effective PW treatment include: high filtrate flux and
quality, low-fouling properties, easy cleaning, chemi-
cal, mechanical, and thermal stability. In this research
study, the efficient treatment of oilfield PW, generated
from TDPW and OMS, was investigated using an
innovative ultrafiltration (UF) CHFM with a dg, pore
diameter of 40 nm. In this context, in a first test series,
the effect of CFV as a main membrane operating con-
dition was studied based on membrane fouling behav-
ior, oil, and TC removal efficiency at a low TMP of
0.5bar. Based on the results of the filtration experi-
ments presented in this work, the new CHFM is a
robust solution for the treatment of oily wastewaters
and can be an excellent and effective technology for
deoiling and TC removal from oilfield PW.

During the treatment of TDPW and OMS, oil and
TC removal efficiencies higher than 99.5 and 61-94%
were achieved, at any applied CFV. The design of the
CHFM presented here combines the advantages of
both inorganic material and hollow fiber geometry,
and allows the utilization of compact CHFM systems
that could reduce the space and weight of installed
equipment within harsh onshore/offshore operating
environments. This membrane design also leads to a
low TMP in operation and to a high permeate flux
meaning the pressure drop of the open-structured
support layer can almost be neglected. In this study,
also the chemical cleaning effectivity and the effective-
ness of rapid back-flushing in enhancing the permeate
flux in cross-flow ultrafiltration of TDPW has been
demonstrated. Results have shown high chemical
cleaning effectivities between 70 and 100%, depending
on the operating conditions during the treatment pro-
cess. It was also found that rapid back-flushing can be
temporarily effective during the treatment of PW con-
taining high oil concentrations.

It was especially demonstrated that the applied
ultrafiltration CHFM is able to treat high feed oil con-
centrations of some thousand ppm within stable mem-
brane  operation. = Currently, = membrane-based
ultrafiltration is mostly used as a final polishing step
in PW treatment with a feed water concentration of
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only few hundred ppm. The characteristic of these
new CHFMs to stand also process conditions with
much higher feed oil contents bears the attractive
potential of reducing the required number of total pro-
cess steps in PW treatment.

In order to optimize the PW treatment process, fur-
ther investigations evaluating the effect of process
parameters, such as initial feed oil concentration, CFV,
TMP, and alternative properties of the membranes
and statistical combinations of these parameters, are in
progress.
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