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Abstract

With the expansion of thermal power units and higher operating parameters, oxygen
corrosion in boiler feedwater has become increasingly serious. Traditional methods such as
thermal, stripping, and vacuum deaeration are mature but limited by energy consumption,
system complexity, and adaptability. In contrast, membrane deaeration has emerged as a
promising alternative due to its energy efficiency, compact design, and superior adaptability.
Recent advances in membrane materials and module configurations have enabled efficient
dissolved oxygen removal to ppb levels under mild operating conditions. This review
summarizes the mechanisms, equipment, and application features of conventional methods,
and outlines progress in membrane deaeration regarding mass transfer, module design,
and process integration. Future development will focus on multi-technology coupling,
mass transfer intensification, and intelligent control to achieve ppb-level oxygen removal.

Keywords: boiler feedwater; dissolved oxygen; membrane deoxygenation; mass transfer
enhancement; hollow fiber membrane

1. Introduction
Thermal power generation plays a vital role in the global power system [1–3]. As the

core equipment in thermal power plants, boilers are responsible for converting the chemical
energy of fuel into thermal energy, thereby directly influencing the stability and quality of
power supply [4,5]. During long-term operation, boilers and their feedwater systems are
exposed to complex hydro-chemical environments and harsh service conditions, making
corrosion an inevitable issue [6]. Corrosion has become one of the key factors affecting the
safety, reliability, and service life of power plant equipment. From a mechanistic perspective,
the primary forms of boiler corrosion include oxygen corrosion [7], acid corrosion [8], and
stress corrosion [9]. Among these, oxygen corrosion caused by dissolved oxygen (DO)
is particularly prevalent in practical operation. Dissolved oxygen refers to molecular
oxygen present in water, and under normal temperature and pressure conditions, its
concentration can reach 7–9 mg/L [10]. At elevated temperatures and pressures, dissolved
oxygen exhibits strong electrochemical corrosivity toward metallic materials. It accelerates
corrosion through direct oxidation [11], electrochemical reactions [12], and differential
aeration mechanisms [13], resulting in the formation of iron oxides that reduce heat transfer
efficiency. In severe cases, this can lead to water wall corrosion or even tube rupture due
to overheating, posing significant risks to boiler safety [14]. To avoid such risks, industry
organizations such as the American Society of Mechanical Engineers and the American
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Boiler Manufacturers Association recommend that the dissolved oxygen content in boiler
feedwater be maintained below 7 µg/L to ensure long-term safe operation [15].

Conventional deoxygenation methods can be broadly classified into chemical and
physical methods. Although chemical methods are effective in reducing dissolved oxy-
gen [16–19], they present several drawbacks, including reagent toxicity (e.g., hydrazine [20])
and the accumulation of byproducts (e.g., increased dissolved solids from sodium sul-
fite [21]). In contrast, physical methods have gained increasing attention due to significant
advantages, such as the absence of chemical additives [22], elimination of secondary pollu-
tion risks [6], and lower maintenance requirements [23]. In particular, for high-pressure
boiler systems, physical methods, such as thermal deaeration [24], vacuum deaeration [23],
and membrane separation [25], can meet stringent deoxygenation standards while reduc-
ing energy consumption and environmental pollution. This review focuses on physical
deoxygenation technologies for boiler feedwater, systematically summarizing traditional
methods and recent research progress, with the aim of providing theoretical support and
practical guidance for the optimization and innovation of boiler deoxygenation systems.
This article first outlines the fundamental mechanisms and performance of conventional
thermal, stripping, and vacuum deoxygenation methods. It then provides a comprehensive
analysis of the emerging membrane deoxygenation technology, detailing advancements
in mass transfer mechanisms, module design, and material selection. Finally, the review
discusses future development trends, including multi-technology coupling and intelligent
control, to achieve highly efficient and in-depth deoxygenation.

2. Traditional Physical Methods
The corrosion of boilers caused by dissolved oxygen is essentially an electrochemical

process occurring between metals (primarily iron) and oxygen. The corresponding anodic
and cathodic reactions of the galvanic cell can be expressed as follows in Table 1:

Table 1. The corrosion galvanic cell reactions of boilers.

Anodic reaction M − ne− → Mn+ E
◦
= −0.409 V (M2+ = Fe2+)

Cathodic reaction O2+2H2O + 4e− → 4OH− E
◦
= +0.401 V

Overall reaction nM + O2+2H2O → M(OH)n E
◦
cell= 0.810 V (Mn+ = Fe2+)

Here, E
◦

represents the standard electrode potential of the half-cell reaction. Due to
the relatively high positive potential of oxygen reduction, dissolved oxygen can readily
react with metals and accelerate corrosion, as shown in Table 1. Therefore, controlling
and reducing oxygen concentration is an effective strategy to limit its corrosive effects on
steel. Physical deoxygenation methods primarily remove dissolved oxygen by altering
its solubility in water. According to Henry’s Law [26], at a constant temperature, the
concentration of a gas dissolved in a given volume of liquid is directly proportional to its
partial pressure at the gas–liquid interface. This relationship can be expressed as follows:

CO2 = kH × PO2 (1)

where CO2 represents the concentration of dissolved oxygen in water, PO2 represents the
partial pressure of oxygen in the gas phase, and kH represents Henry’s constant. Further-
more, the higher the water temperature, the lower the solubility of gases in the water.
When the water temperature reaches its boiling point, the vapor pressure above the water
surface equals the external pressure, and the partial pressures of other gases are all zero,
thus eliminating their ability to dissolve gases and causing various dissolved gases in the
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water to separate out. The relationship between the saturated dissolved oxygen content of
boiler feedwater and pressure and temperature is shown in Figure 1.

Figure 1. Saturated DO concentration in pure water vs. temperature and pressure.

According to the two-film theory, the transfer of dissolved oxygen from the liquid
phase to the gas phase is jointly controlled by liquid film resistance and gas film resistance.
In traditional physical deoxygenation processes, the mass transfer rate can be expressed
as [27]:

N = KL × a × (C − C∗) (2)

where N represents the oxygen mass transfer flux, KL represents the liquid phase mass
transfer coefficient, a represents the gas–liquid contact area per unit volume, C represents
the dissolved oxygen concentration in the liquid phase, and C* represents the dissolved
oxygen concentration in equilibrium with the gas phase. Therefore, mass transfer enhance-
ment can be achieved through three pathways [28–30]: (1) increasing the specific surface
area, such as using atomized spraying or packed towers; (2) improving the mass transfer
coefficient, such as introducing turbulence or hyper-gravity fields; and (3) increasing the
mass transfer driving force (C − C*), such as reducing the partial pressure of oxygen in
the gas phase or increasing the water temperature. Traditional thermal deoxygenation,
analytical deoxygenation, and vacuum deoxygenation technologies all optimize processes
around the above pathways, but due to limitations in macroscopic equipment structure and
operating conditions, the mass transfer enhancement effect has a theoretical upper limit.

2.1. Thermal Deoxygenation

Thermal deoxygenation can be classified into atmospheric thermal deoxygenation
and jet-type thermal deoxygenation, as shown in Figure 2. The principle involves heating
boiler feedwater to its boiling point, thereby reducing the solubility of dissolved oxygen
and promoting its continuous release from the liquid phase. The liberated oxygen, together
with water vapor, is subsequently removed from the system.
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Figure 2. The schematic diagram of (a) typical horizontal tray-type deaerator and (b) typical spray-
type deaerator.

In atmospheric thermal deoxygenation, the deaerator operates at a pressure slightly
above atmospheric pressure (typically around 20 kPa gauge), corresponding to a boiling
temperature of approximately 104 ◦C. Under these conditions, dissolved oxygen and other
non-condensable gases are rapidly released and discharged through continuous venting,
achieving effective deoxygenation. As the water temperature approaches its boiling point,
the mass transfer resistance is significantly reduced, resulting in enhanced oxygen removal
efficiency. From the perspective of mass transfer enhancement, advancements in ther-
mal deoxygenation technologies primarily focus on two aspects [31]: first, increasing the
gas–liquid contact area through optimization of structural and operational parameters,
such as tray opening ratio and spray density; second, reducing liquid film thickness and
associated mass transfer resistance by leveraging the turbulence induced by steam injec-
tion or jet effects. The steam–water contact process enhancement scheme proposed by
Istre et al. [32] essentially improves the overall mass transfer coefficient by improving the
uniformity of the two-phase flow distribution. Santoro et al. [33] proposed a scheme to
improve the internal gas–liquid mass transfer efficiency from the perspective of tray config-
uration and support structure optimization. They enhanced the contact uniformity between
steam and liquid phases through microstructure design, thereby optimizing the overall
deoxygenation performance. Wolf et al. [34] optimized the thermal contact path between
steam and feedwater by introducing multi-stage mass transfer zones and different cross-
section packing designs inside the deaerator. At the same time, they used a heat-exchange
heat medium to preheat feedwater to improve deoxygenation efficiency and enhance the
stability and maintainability of the equipment under varying operating conditions.

Jet-type thermal deoxygenation typically utilizes steam jetting devices to create a
negative pressure environment inside the deaerator, rapidly heating the feedwater and
ensuring full contact with steam, thereby promoting the release and removal of dissolved
oxygen [35]. Under the jetting action, water is atomized or forms a thin liquid film, signifi-
cantly increasing the gas–liquid contact area and accelerating the rate of oxygen transfer
from the aqueous phase to the gas phase, thus achieving rapid removal of dissolved oxygen
in a short time. Compared to atmospheric deaerators, spray structures in industrial boilers
and power units can maintain stable, low oxygen content under medium-to-high flow
conditions, demonstrating excellent dynamic adaptability and high-efficiency deaeration
performance. Burke and co-workers [36] proposed a nozzle assembly design for a spring-
driven jet diffuser that can form an annular jet orifice according to the feedwater pressure
to achieve uniform spray distribution. This design not only improves the water atomiza-
tion quality and spray pattern stability but also maintains high-efficiency deoxygenation
performance over a wide flow range. They [37] further optimized the nozzle assembly
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design, realizing tool-free installation and disassembly and reducing the difficulty of equip-
ment maintenance, while ensuring the stability of the spray effect and deoxygenation
efficiency. In addition, Averesch [38] proposed connecting the nozzle unit to the deaerator
body through a flange to achieve modular installation and consistent spray geometry,
thereby ensuring uniform contact between water flow and steam in the entire deaerator
volume and improving gas–liquid mass transfer efficiency. However, the mass transfer
enhancement of thermal deoxygenation is limited by the physical boundary of boiling heat
transfer, and the mass transfer driving force is significantly reduced under low temperature
conditions, making it difficult to meet the stringent requirements of supercritical units for
dissolved oxygen.

A comparison of thermal deaerators and outlet dissolved oxygen performance are
shown in Table 2. A clear trend is observed in terms of oxygen removal efficiency: con-
ventional rotating film deaerators achieve outlet dissolved oxygen levels in the range of
6–10 µg/L, whereas thermally driven and nitrogen-assisted systems can reduce oxygen
concentrations to below 7 ppb under optimized conditions. The improvement in perfor-
mance is primarily attributed to enhanced gas–liquid interfacial area (rotating film and
spray structures), reduced oxygen partial pressure (nitrogen sweep and vacuum-assisted
designs), and intensified mass transfer driven by thermal equilibrium effects. In addition,
system-level integration strategies, such as re-oxygenation suppression using closed surge
tanks, further improve overall oxygen control stability.

Table 2. Comparison of thermal deaerators and outlet dissolved oxygen performance.

Deaerator Type Outlet DO
Concentration Key Innovations and Performance Highlights Ref.

High-Pressure
Rotating Film Less than 7 µg/L Increased gas–liquid contact area, reduced vibration

and noise [39]

Low-Temperature Rotating
Film Less than 10 µg/L Ambient inlet temperature, no auxiliary heating

required [40]

Thermal
Rotating Film Less than 6.3 µg/L

Forms water film skirt through rotating film tubes for
deep deoxygenation, effectively recovers moisture in
exhaust

[41]

Nitrogen
Sweep Thermal Less than 7 ppb Nitrogen sweep reduces O2 to <7 ppb and CO2 to

undetectable [42]

Thermal
Deaerator Method Less than 7 ppb Preferred embodiments achieve <~7 ppb through

heating and stripping [43]

Deoxidizing
Condenser Less than 7 ppb Ensures oxygen content in condensate < 7 ppb [44]

Polypropylene
Spheres Assisted Less than 7 ppb System-level thermal deaeration and re-oxygenation

suppression architecture by polypropylene [45]

2.2. Stripping/Desorption Deoxygenation

Stripping deoxygenation involves intensely mixing an oxygen-free inert gas with the
water to be deoxygenated. This reduces the partial pressure of oxygen in the gas phase at
the liquid–gas interface, lowering the equilibrium concentration of dissolved oxygen in
the liquid phase. This promotes the diffusion of dissolved oxygen from the liquid phase
to the gas phase, thus reducing the oxygen content of the feedwater. The diffused oxygen
flows with the inert gas to the reactor, where it reacts with charcoal to convert into carbon
dioxide. This carbon dioxide is then used as an oxygen-free gas and intensely mixed with
the water to be deoxygenated, and the cycle continues [46].

Zhu et al. [47] proposed a low-temperature deoxygenation system design that uses
catalytic deoxygenators to replace traditional electric heating charcoal furnaces in order to
reduce dependence on heat sources and improve operating conditions; however, CO2 is also

https://doi.org/10.3390/membranes16070244

https://doi.org/10.3390/membranes16070244


Membranes 2026, 16, 244 6 of 22

an important factor leading to carbonic acid corrosion. Due to the solubility of CO2 in water,
the pH value of water is reduced by about 0.2 to 0.3, which in turn enhances the dissolved
oxygen corrosion effect and is detrimental to the safe operation of boilers and feedwater
systems. Since conventional deaerators alone cannot completely eliminate all CO2, Ding
et al. [48] proposed a room-temperature hydrogen deoxygenation method to eliminate
carbonic acid corrosion caused by CO2. However, since hydrogen has higher industrial
application value, Jin et al. [49] proposed using carbon molecular sieve adsorption columns
to adsorb adsorbable gases in feedwater under vacuum conditions. This method can reduce
the content of dissolved gases, including oxygen and CO2, in continuous operation, but
once activated carbon is saturated, the operation of the reactor becomes unstable, leading
to a decrease in deoxygenation performance. Against this backdrop, the application of high
gravity/rotating packed bed (RPB) technology in oxygen stripping and CO2 adsorption
provides a potential means of mass transfer enhancement for desorption. Yuan et al. [50]
reported that in the application of jet fuel deoxygenation, RPB can significantly improve the
gas–liquid interface area and mass transfer rate through a high-gravity field, and rapidly
reduce the dissolved oxygen in the fuel to less than 1 ppm at a rotation speed of 1200 rpm,
while the device volume is only about 0.02 m3. Although these designs have alleviated
the constraints of the original desorption deoxygenation device to some extent, the related
technologies still face problems such as easy saturation of reactants, high dependence on
temperature control, and still-large energy consumption and maintenance costs. Therefore,
desorption deoxygenation has been gradually replaced by other deoxygenation processes
in modern boiler feedwater treatment systems.

2.3. Vacuum Deoxygenation

Vacuum deoxygenation utilizes the fact that water boils at a lower temperature under
vacuum than at normal pressure, thereby reducing the solubility of oxygen to near zero
at low to medium temperatures (30–60 ◦C) to achieve deoxygenation [51]. As early as the
1960s and 1970s, the performance verification and improvement exploration of the system
began. Adams [52] reported that the vacuum deoxygenation system could reduce the
dissolved oxygen in the Pan American Petroleum Corp. water injection field from about
9 ppm to 0.5 ppm and operate stably for a long time at low operating costs. Kogure [53]
used a vacuum spray column to improve gas–liquid contact and optimize the operating
pressure range to enhance the deoxygenation effect. In conjunction with the deoxygenation
method, he proposed a scheme to reduce the dissolved oxygen in pure water to <10 ppb by
spray packing and inert gas in combination under conditions where the vacuum degree
is slightly higher than the saturated vapor pressure. Zhao et al. [46] combined vacuum
degassing with vacuum N2 stripping coupling technology to enhance gas–liquid mass
transfer and deoxygenation effects. The results show that under the conditions of coupled
vacuum suction and nitrogen stripping, the overall dissolved oxygen removal efficiency η

reached 97.34%, which is significantly improved compared with single vacuum degassing
(η = 89.95%). Jun et al. [54] proposed a vacuum degassing system based on the Venturi cav-
itation vacuum bubble method. By adjusting the vacuum degree, a dissolved oxygen level
close to 0 mg/L was achieved for 360–400 L drinking water samples at a vacuum degree of
about 1 kPa. Compared with thermal deoxygenation technology, the heating conditions of
vacuum deoxygenation method are improved and the boiler self-consumption of steam is
reduced. However, the requirements for key equipment such as jet pumps and pressuriza-
tion pumps are higher than those for thermal deoxygenation, and the cost of heat-exchange
equipment and circulating water tank is also increased. Chu et al. [55] proposed a liquid
deoxygenation system that integrates hyper-gravity equipment, a vacuum device, and a
gas supply module. This system can use hyper-gravity-enhanced degassing, vacuum suc-
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tion deoxygenation and inert gas desorption deoxygenation separately or simultaneously
according to different working conditions, so as to realize the free switching and synergistic
optimization of multiple deoxygenation methods.

3. Novel Deoxygenation Membrane Method
With the advancement of membrane materials science and separation technology,

membrane deoxygenation technology has gradually emerged since the 1990s. Its earli-
est origin was in the application scenario of oxygenating blood via the exploration of
gas–liquid transfer in microporous membranes [56]. In the early exploration work of Yang
and Cussler [57], inert gas and oxygen were used as research objects. By constructing
hollow fiber membrane modules, the key mass transfer mechanism controlling degassing
efficiency was revealed, laying a key theoretical foundation for the industrial application
of membrane deoxygenation. Subsequently, the application of membrane deoxygenation
technology to several key industrial scenarios was attempted, including supplying oxygen
to closed subsea facilities [58] and deep deoxygenation of ultrapure water for the semi-
conductor [59] and energy industries [60], and showed significant application potential.
Compared with traditional technologies, membrane deoxygenation has achieved large-
scale industrial application due to its advantages such as room-temperature operation,
low energy consumption, no chemical addition, and modular design. Table 3 compares
major dissolved oxygen removal technologies, including thermal, stripping/desorption,
vacuum, membrane, and catalytic membrane processes, in terms of operating tempera-
ture, achievable DO level, energy demand, and key advantages and limitations. Overall,
thermal and stripping-based methods are mature and widely used but generally require
higher energy input or carrier gas assistance, whereas membrane and catalytic membrane
technologies operate under milder conditions and offer lower energy consumption with
higher separation efficiency, though they are still limited by cost and long-term stability.

Table 3. The comparison between traditional methods and membrane methods.

Technology Operating
Temp.

Achievable
DO Level

Energy
Demand Advantages Limitations

Thermal High
(90–180 ◦C)

Low
(ppb level) High Simple principle,

mature tech

High energy cost, scaling
issues, not for heat-sensitive

fluids

Stripping
/Desorption

Ambient
(~60 ◦C)

Moderate
(ppb level) Moderate Lower temp than

thermal, effective

Requires carrier gas (N2), risk
of gas dissolution,
evaporation loss

Vacuum Ambient
(~80 ◦C)

Moderate
(ppb level) Moderate-low No carrier gas needed,

simple

Requires vacuum pump,
limited by vapor pressure,

evaporation

Membrane Ambient
(5~40 ◦C)

Very Low
(<0.1 ppb) Low-medium

No phase mixing,
compact, high

efficiency, modular

Membrane wetting risk, pore
clogging, module cost

Catalytic
Membrane

Ambient
(20~60 ◦C)

Moderate
(ppb level) Low Fast kinetics, works at

low conc.

Catalyst cost (Pd), catalyst
poisoning risk, complex

fabrication

3.1. Membrane Deoxygenation Mechanism

Membrane deoxygenation is essentially a physical separation process, and its theo-
retical basis still follows Henry’s Law. The core innovation lies in its optimization of the
gas–liquid mass transfer process, decoupling fluid flow from interphase mass transfer and
thus improving the efficiency of physical deoxygenation, with the selective permeability
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of the membrane material serving as a key enabling factor [61,62]. In the deoxygenation
process of boiler feedwater, the membrane material, acting as an inert medium, isolates the
aqueous phase from the gas phase [63]. Water molecules are blocked due to the hydropho-
bic properties of the membrane material, while dissolved oxygen molecules diffuse from
the liquid phase side to the low-pressure or purge gas side driven by the partial pressure
difference, thereby achieving the removal of dissolved oxygen from the boiler feedwater.
The diffusion behavior of dissolved oxygen between gas and liquid can be described by
Fick’s First Law:

dm
dt

= − DA
dc
dx

(3)

where dm/dt is the oxygen mass transfer rate, D is the oxygen diffusion coefficient, A is
the effective mass transfer area, and dc/dx is the oxygen concentration gradient. The rate
of dissolved oxygen diffusion in water is positively correlated with the gas–liquid contact
area and the oxygen concentration gradient. Therefore, it is necessary to maximize the
gas–liquid contact area of the membrane material and artificially reduce the oxygen partial
pressure on the other side of the membrane. Equation (4) describes the overall mass transfer
resistance to identify the rate-limiting step in the membrane deoxygenation process [64].

1
K

=
1
kl

+
1

km
+

1
kg

(4)

where 1/kL, 1/km and 1/ke represent the layer resistance of the liquid boundary, membrane
and gas boundary, respectively. Based on Fick’s Law and the boundary layer theory, the
liquid and gas phase mass transfer coefficients (kl and ke) are significantly influenced
by hydrodynamic conditions, as flow velocity dictates the boundary layer thickness. As
shown in Equation (5), the membrane mass transfer coefficient (km) is governed by the
membrane’s structural properties and gas diffusivity, expressed as [65]:

km =
Dmε

τδ
(5)

where Dm represents the diffusion coefficient of the gas within the membrane pores, ϵ is
the membrane porosity, τ denotes the pore tortuosity, and δ is the membrane thickness.
Compared to traditional absorption processes, in membrane deoxygenation technology,
the gas and liquid phases flow independently on both sides of the membrane. Because
no phase mixing occurs, problems such as mist entrainment and flooding, common in
traditional absorption processes, are effectively avoided. Furthermore, the membrane, as a
self-supporting structure, eliminates the need for additional supports, greatly simplifying
the complexity of assembling membrane modules [66,67]. By constructing membrane
modules through modular design, a gas–liquid contact area far exceeding that of traditional
methods can be achieved. When this interface works in conjunction with a vacuum system,
the driving force for dissolved oxygen separation can be significantly enhanced, thus
exhibiting higher process efficiency [68].

As shown in Figure 3, in order to maintain a low oxygen partial pressure at the mem-
brane interface to enhance the driving force of mass transfer, the following three desorption
methods are mainly used in practice [69]: (1) Vacuum desorption: By establishing a vac-
uum environment in the opposite membrane cavity, the total pressure of the gas phase
is reduced, thereby reducing the oxygen partial pressure and forming the driving force
for the transfer of dissolved oxygen across the membrane. This method does not require
the introduction of external gas and the process is clean, but a vacuum pump system
is required. (2) Purge degassing: An inert gas (such as nitrogen) is introduced into the
purge side of the membrane module. The oxygen partial pressure in the gas phase on
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this side is reduced by dilution. This method operates at a pressure close to atmospheric
pressure and the equipment requirements are relatively simple, but it consumes purge
gas. (3) Composite desorption: This method combines vacuum desorption and purge
desorption. Vacuum suction is applied while purge gas is introduced, which can reduce
the oxygen concentration by gas dilution and further reduce the total pressure by vacuum,
thereby forming a superposition effect of a stronger partial-pressure difference driving
force, which can significantly improve deoxygenation efficiency and operational flexibility.

Figure 3. Three membrane degassing desorption methods.

Membrane materials can be mainly classified into porous membranes and dense mem-
branes according to their microstructure. The two have significant differences in separation
mechanism and application scenarios. The separation process of porous membranes mainly
depends on the micro–nano-scale pore structure inside. The porous membranes provide
a gas-filled hydrophobic interface through which oxygen transfers according to partial-
pressure difference, with membrane wetting and liquid entry pressure (LEP) being key
practical constraints. When a mixed gas or liquid encounters the membrane surface, the
components with molecular size smaller than the membrane pore size can pass through
the pores, while the components with larger size are trapped, thus achieving separation.
Depending on the dominant mass transfer mechanism, its separation process can be man-
ifested in various forms such as Knudsen diffusion, viscous flow, and surface diffusion.
Membrane wetting significantly deteriorates degassing efficiency. The core mechanism
involves an increase in mass transfer resistance. Specifically, a higher wetting constant
corresponds to a lower membrane-phase mass transfer coefficient, which subsequently
reduces the overall mass transfer coefficient and ultimately diminishes the stripping flux,
thereby limiting process performance [70]. Rangwala [71] found that even marginal (≲2%)
local pore wetting can raise the membrane-phase resistance so that it accounts for up to
~60% of the total mass transfer resistance, and the effective overall mass transfer coeffi-
cient drops accordingly, whereas a more extensively wetted state can push the membrane
resistance ∼two orders of magnitude above the non-wetted baseline. Nakhjiri and Hey-
darinasab [72] employed a mass transfer resistance-in-series model to investigate the CO2

transport process within a hollow fiber membrane contactor (HFMC). Their comprehensive
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modeling and CFD simulation demonstrated that membrane wetting along the fiber axis
introduces significant additional resistance to mass transfer. This wetting phenomenon di-
rectly increases the membrane-phase resistance term in the overall mass transfer coefficient
equation, thereby substantially reducing the overall mass transfer coefficient and, conse-
quently, the gas stripping efficiency. Toh et al. [73] demonstrated that the hydrophobicity of
PVDF-HFP membranes can be effectively tuned by optimizing the polymer concentration,
using ethanol as a coagulation medium, and incorporating modified silica nanoparticles.
These adjustments enhanced the water contact angle from 100.4◦ to 163.1◦ and increased
the LEP from 0.23 bar to 3.38 bar, thereby improving wetting resistance.

In contrast, the separation process of dense membranes follows the dissolution-
diffusion mechanism [74]. This theory holds that gas molecules first dissolve on the surface
of the dense membrane material and then diffuse under the drive of the concentration
gradient or chemical potential difference in the membrane and finally desorb on the other
side of the membrane. This process is closely related to the solubility and diffusion coef-
ficients of the components in the membrane material. Therefore, its separation efficiency
depends on the specific physicochemical interactions between the membrane material and
the components to be separated, rather than simple size exclusion. This allows dense mem-
branes to exhibit extremely high separation selectivity. However, in large-scale industrial
water treatment scenarios such as boiler feedwater deoxygenation, which require efficient
and low-cost removal of dissolved oxygen, hydrophobic porous membranes offer greater
engineering advantages than dense membranes. These membranes enable gas transfer
across a hydrophobic, gas-filled membrane interface, driven by an oxygen partial-pressure
gradient. Their main benefits include high permeate flux, relatively mature fabrication
technology, and cost-controllable production, making them a more practical and widely
adopted choice [75–77].

3.2. Selection of Membrane Modules

In the design of membrane separation systems for boiler feedwater deoxygenation,
the selection of membrane modules directly affects deoxygenation efficiency, operating
energy consumption and engineering feasibility. Common membrane module forms in
industry include plate and frame, spiral wound, tubular and hollow fiber [78,79]. The
plate and frame structure is easy to maintain, but has low packing density and is prone
to forming uneven flow areas; spiral wound modules have higher packing density, but
complex flow channels, which limit the full utilization of their mass transfer area and
have general anti-fouling performance; tubular modules have smooth flow channels and
strong anti-fouling ability, but their mass transfer area per unit volume is usually low,
and a larger equipment volume is often required to achieve the same treatment capacity.
In comparison, hollow fiber membrane modules show significant advantages in boiler
water deoxygenation applications. As shown in Figure 4, its core characteristic is that it
can provide an extremely high specific surface area in a compact modular form, thereby
greatly improving the gas–liquid mass transfer rate and meeting the process requirements
of continuous and efficient deoxygenation. At the same time, the hydrophobic porous
membrane materials such as polypropylene and polyvinylidene fluoride used in these
modules [80] can effectively block liquid water permeation, ensuring the stability and
reliability of long-term operation.
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Figure 4. Classic design of membrane deoxygenation module based on polypropylene hollow
fiber membrane.

The typical boiler water membrane deoxygenation process is shown in Figure 5. To
ensure long-term stable operation of the degassing membrane and prevent membrane pore
blockage, the feedwater must be purified by sand filtration, activated carbon adsorption,
reverse osmosis membrane desalination, and electrodialysis for deep deionization. This
purified water first passes through a security filter to prevent membrane fouling, then
enters the degassing membrane system. In the system, the water flows through multiple
membrane modules connected in series, and dissolved oxygen is removed from the water
under the combined action of vacuum and nitrogen purging provided by the system. The
deoxygenated effluent can be used for subsequent processes, such as heating it in a heat
exchanger and using it as boiler feedwater. The removed oxygen and purging nitrogen are
finally extracted from the system by a vacuum pump.

Figure 5. Classic boiler water deoxygenation process.

3.3. Membrane Materials and Structural Design

The selection of membrane material is a critical factor influencing deoxygenation effi-
ciency. A comparison of different membrane materials is shown in Table 4. Polypropylene
(PP) was widely used in early applications due to its excellent chemical stability and cost
effectiveness. However, its inherent hydrophobicity limitations or relatively low surface
hydrophobicity restrict its deoxygenation performance. Chen et al. [81] prepared a poly-
dimethylsiloxane/polypropylene (PDMS/PP) composite membrane by the dip coating
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method for efficient removal of dissolved oxygen in water. They found that multilayer
coating can significantly improve the operation stability (>1760 min), while the deoxy-
genation rate and mass transfer coefficient only decreased slightly (about 3.8%), which
proved that the composite membrane has both high efficiency and long-term stability in
the deoxygenation process of boiler feedwater. Han et al. [82] experimentally studied the
intrinsic oxygen mass transfer characteristics of a hydrophobic PP hollow fiber membrane.
They found that the mass transfer coefficient does not increase monotonically with the
increase in water flux, but increases significantly with the increase in air inlet pressure.
Based on this, they proposed a new mass transfer model that combines liquid membrane
renewal time and solubility equilibrium time, which shows that the total mass transfer
rate is controlled by both interface renewal and oxygen diffusion rate. Peng et al. [83] ob-
tained woven PP hollow fiber membranes by melt spinning and used them for membrane
deoxygenation on a medium scale. The results showed that the woven type achieved a
deoxygenation efficiency of 97.5% under vacuum conditions due to its transverse flow
design, and the mass transfer coefficient was higher than that of the traditional fiber bundle
packing structure. This further explored the industrial scale-up potential of PP materials
for membrane deoxygenation.

Table 4. The comparison of different membrane materials and corresponding properties.

Membrane
Material

Typical
Module Type

Deoxygenation
Efficiency

Mass Transfer
Coefficient (km)

Operating
Conditions Stability and Comments

PP
(Polypropylene) Hollow fiber Very high

(removal > 99%)
High

(10−5~10−4)
Vacuum or
N2 sweep

Excellent; low cost, widely used
commercially, but lower

mechanical strength.
PVDF

(Polyvinylidene
Fluoride)

Hollow fiber High
(removal > 95%)

Vacuum or
sweep

Good; high mechanical strength,
resistant to ozone/oxidation

compared to PP.

PTFE
(Polytetrafluo-

roethylene)
Hollow fiber High

(removal > 99.9%) Moderate Vacuum or
sweep

Outstanding; highest
chemical/thermal resistance;
maintains non-wetting state

under harsh conditions.

Ceramic
(Al2O3)

Tubular/
hollow fiber High

Moderate
(varies with
pore size)

Vacuum or
sweep

Excellent; inert, durable, but
brittle and high cost; suitable for

aggressive environments.

Silicone Rubber
(PDMS) Hollow fiber Moderate Very high

(10−4~10−3) Vacuum

Low; prone to wetting; low
hydrophobicity retention;

mainly used in specific catalytic
deoxygenation.

Polyvinylidene fluoride (PVDF) membranes have become another important choice
due to their excellent corrosion resistance and thermal stability. Ci et al. [84] combined
PVDF porous membranes with vacuum distillation process. Under the optimal conditions
of a 0.1 MPa vacuum degree, 30 ◦C temperature, and 160 L/h flow rate, the dissolved
oxygen removal rate reached up to 94.8%, which proved the advantages of this technology
in terms of efficient deoxygenation and process controllability. Rahbari-Sisakht et al. [85]
improved the hydrophobicity of PVDF hollow fiber membranes by adding modified macro-
molecules to the surface of the membrane. When the SMM concentration increased to
6 wt.%, the CO2 desorption flux and efficiency in water were the highest, which also
showed that increasing the liquid temperature can significantly increase the gas flux. Using
non-porous hollow fiber membranes for feedwater deoxygenation is also feasible. Ito
et al. [86] studied the process of using silicone rubber as a hollow fiber membrane for pure
water deoxygenation. The results showed that during vacuum degassing, when the pres-
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sure on the permeate side dropped to 13 kPa, the dissolved oxygen dropped from 6 mg/L
to below 2 mg/L. In addition, the gas phase driving force theory developed based on gas
permeability accurately predicted the influence of pressure and flow rate on deoxygenation
efficiency, demonstrating the controllability of the technology. The structural design of the
membrane module has an important influence on the mass transfer efficiency. Although
traditional straight fiber membranes have a simple structure, they have the problem of in-
sufficient mass transfer efficiency. Moulin et al. [87] found through pure water oxygenation
experiments that the oxygen mass transfer coefficient of the spiral hollow fiber membrane
was 2–4 times higher than that of the traditional straight fiber membrane, confirming that
the Dean vortex can effectively destroy concentration polarization and enhance liquid
phase mass transfer. Kaufhold et al. [88] further investigated the influence of Dean vortices
on the oxygen transfer rate. They demonstrated that generating Dean vortices in curved
hollow fiber membranes, specifically helical and meander-shaped geometries, enhanced
the oxygen transfer rate by up to a factor of 2.4 compared to straight fibers. For helical
fibers, the enhancement factor showed a linear dependence on the Dean number. For
meander-shaped fibers, the relationship exhibited a slightly s-shaped dependency, with a
critical Dean number range between 10 and 20, beyond which the mass transfer enhance-
ment rapidly adjusted to levels comparable to helical fibers. Tepper et al. [89] developed
helical-ridge hollow fiber membranes that induce secondary flow in the lumen, signifi-
cantly enhancing gas–liquid mass transfer and achieving up to a 10-fold improvement in
transmembrane gas fluxes. Kong et al. [90] focused on the mass transfer enhancement
effect of the Dean vortex on pure water deoxygenation. They found that the deoxygenation
rate of the spiral hollow fiber membrane was twice that of the traditional straight fiber
membrane by inducing transverse fluid disturbance through a vortex, which significantly
improved tube-side mass transfer, as shown in Figure 6.

Figure 6. Mass transfer enhancement effect in membrane gas transfer process.

Alhmiedy et al. [91] focused on the quantitative relationship between mass transfer
efficiency and liquid velocity, membrane area and pressure drop when liquid flows in a
tube. By establishing a simplified one-dimensional model for the size design of hollow fiber
membrane degassing applications, they found that the mass transfer efficiency depends
only on the ratio of liquid velocity to membrane area. For example, a fiber with an inner
diameter of 140 µm can achieve an oxygen removal efficiency of 98% at a specific flow
rate ratio, and the pressure drop can be accurately predicted by the Hagen–Poiseuille law,
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providing a reliable theoretical tool for the scale-up design of membrane deoxygenation, as
shown in Figure 7.

Figure 7. High-efficiency membrane contactor module and mass transfer gradient for in-cavity liquid
flow in scavenging stripping. Obtained from [91].

In the field of boiler water treatment, membrane deoxygenation technology has shown
significant advantages. Liu et al. [92] combined micro-interface broad-spectrum analysis
technology with vacuum membrane deoxygenation in steam injection boiler water treat-
ment and found that under the conditions of a 0.098 MPa vacuum degree and 20 ◦C water
temperature, the oxygen content of feedwater was significantly reduced, which proved that
the technology has promotion value. Xu et al. [93] studied the actual application efficiency
of membrane deoxygenation technology in the vaporization cooling system of a steel rolling
furnace and proved that the deoxygenation effect of the technology is good and stable (up
to 1 ppb) and the investment recovery period is short (1.4 years), which strengthens its
advantages in energy saving. Shao et al. [94] studied the vacuum deoxygenation process of
boiler feedwater through a pilot-scale hollow fiber membrane. Experiments showed that
the deoxygenation efficiency was significant under the conditions of a flow rate of 4.9 m3/h
and a vacuum degree of −0.095 MPa, but the use of surface water caused membrane fouling
(composite scale of organic matter and aluminum silicate). After air backwashing, the
efficiency recovered to 80%, which verified the high efficiency and controllable pollution of
the technology.

In addition to the high oxygen removal efficiency demonstrated in pilot-scale studies,
long-term operational stability remains a critical barrier for the industrial application of
membrane deaeration in boiler feedwater systems. Membrane fouling is a significant chal-
lenge that deteriorates membrane performance by reducing flux and selectivity. To mitigate
fouling, strategies such as optimizing hydrodynamic conditions to enhance surface shear
and modifying membrane surface properties for improved anti-fouling characteristics are
effective [95]. Shao et al. [94] also reported that membrane modules operating under pilot-
scale conditions suffered from performance decline due to the accumulation of composite
foulants, including organic matter and inorganic species such as aluminum silicates. Simi-
lar observations have been reported by Horseman et al. [96], who found that membrane
fouling typically evolves from reversible deposition in the early stage to more compact and
strongly adhered layers during long-term operation, resulting in increased mass transfer
resistance and reduced deoxygenation efficiency. Although physical cleaning methods such
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as air backwashing can partially restore performance, repeated fouling–cleaning cycles
may still lead to gradual performance degradation over extended operation periods [97].
Li et al. [98] revealed that Dean vortices, induced by specific flow configurations, can
substantially alleviate membrane fouling. The vortices produce strong shear stresses near
the membrane surface, which continuously remove accumulating particles and prevent the
development of a compact cake layer, thereby helping to sustain stable permeate flux.

Membrane wetting is another major challenge affecting long-term stability. Ibrahim
et al. [99] highlighted membrane wetting as one of the most significant obstacles to the
industrial application of membrane contactors. Once liquid intrusion occurs into the
hydrophobic membrane pores, the gas–liquid interface is disrupted, leading to a sharp
decline in oxygen transfer efficiency. Wetting is often induced by the presence of sur-
factants, organic contaminants, or long-term fouling layers, which reduce the effective
surface tension of the liquid phase. Chabanon et al. [100] demonstrated that even slight
wetting of membrane pores can substantially increase mass transfer resistance and dete-
riorate separation performance. Therefore, recent studies have increasingly focused on
developing superhydrophobic and omniphobic membranes to mitigate wetting risks and
enhance the long-term operational reliability of membrane contactor systems. Membrane
wetting leads to the loss of a stable gas–liquid interface within the membrane pores, which
significantly deteriorates mass transfer efficiency and separation performance [101]. To
address this limitation, surface modification strategies, including the construction of re-
entrant surface structures and fluorination, have been widely explored. These approaches
effectively increase the LEP, thereby delaying or suppressing pore wetting [102,103]. For
instance, omniphobic membranes have demonstrated substantially higher LEP values
(typically 1.5–5.5 bar) compared to conventional hydrophobic membranes (0.5–3.5 bar),
along with excellent repellency toward low-surface-tension liquids containing surfactants
or oils [104,105]. In gas–liquid membrane contactors for CO2 capture, superhydrophobic
ceramic membranes have shown remarkable improvements, with water contact angles
reaching up to 170.7◦ and CO2 capture efficiency increasing from 28.55% to 98.55% under
laminar flow conditions [106]. These advancements highlight the potential of surface-
engineered membranes in achieving robust anti-wetting performance and stable long-term
operation in practical applications.

From an engineering perspective, additional limitations include pressure drop, energy
consumption, and membrane lifetime. Gabelman and Hwang [107] reported that increasing
module packing density improves mass transfer efficiency but simultaneously increases
hydraulic resistance and flow maldistribution, leading to higher pumping energy require-
ments. Moreover, membrane degradation caused by prolonged exposure to oxidants,
thermal stress, and chemical cleaning agents indicates that membrane lifetime remains
a key uncertainty in scale-up applications. In addition, vacuum systems or sweep-gas
supply are necessary to maintain the driving force for oxygen removal, and their energy
consumption should be considered in process evaluation, particularly when ultra-low
dissolved oxygen concentrations are required [108]. Techno-economic analyses have shown
that membrane deaeration systems offer advantages such as compact design, modular
operation, rapid start-up, and reduced steam consumption compared to conventional ther-
mal deaerators [109–111]. However, their economic competitiveness in large-scale boiler
feedwater applications remains uncertain due to membrane replacement costs, cleaning fre-
quency, and auxiliary energy consumption associated with vacuum or gas supply systems.
Gong et al. [112] conducted an application study of membrane deaerator through the case
of thermal recovery boiler in the Bohai K oilfield (processing capacity of 60 t/h). In this case,
the membrane deoxygenation system occupies only 50 m2 (thermal deoxygenation 80 m3)
and has an operating weight of 45 t (thermal deoxygenation 132 t). It also achieves the
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removal effect of dissolved oxygen of ≤0.02 mg/L under normal temperature operation,
which proves the lightweight advantage of the technology in the space-constrained scenario
of offshore platforms. Gao [113] studied the application of a degassing membrane in boiler
feedwater deoxygenation through a case study of a 330 MW heating unit. The degassing
membrane device of the unit had a processing capacity of 100 ton/h, and the dissolved
oxygen was reduced from 9550 µg/L to below 100 µg/L, with a removal rate of 98.96%, and
the condenser vacuum was significantly improved (94.72 kPa). Yang et al. [114] verified
the engineering applicability of degassing membrane technology through a case study of
boiler water deoxygenation in a waste incineration power plant. In a medium-scale study,
three degassing membranes in series were used to treat 5 m3/h of demineralized water.
Under the conditions of 20 ◦C, −0.1 MPa vacuum and high-purity nitrogen purging, the
dissolved oxygen was reduced from 8 mg/L to 7 µg/L, which was significantly better than
the boiler feedwater standard of 15 µg/L.

In addition, membrane deoxygenation technology has also been successfully extended
to other important industrial fields. Zegeye et al. [115] developed an integrated membrane
distillation-selective electrodialysis system for sustainable lithium recovery from geother-
mal brine. In parallel, the use of hollow fiber membrane contactors (HFMCs) has shown
significant promise in gas–liquid mass transfer processes, particularly for CO2 desorp-
tion. Vadillo et al. [116] highlight the advantages of HFMCs over conventional desorption
columns, including higher interfacial area, enhanced mass transfer coefficients, and more
compact system design, and underscore the importance of membrane surface engineering
to prevent wetting and maintain long-term operational stability in CO2 capture systems.
Zhou et al. [117] conducted an experimental study on the removal of hydrochloric acid
using hollow fiber membrane degassing technology. They systematically investigated the
effects of membrane area, feed flow rate and concentration on the removal efficiency. Under
the conditions of membrane area of 1.0 m2, flow rate of 0.12 m/min and vacuum degree of
0.090 MPa, the removal rate of 6 mol/L hydrochloric acid was as high as 85%. Feng [118]
studied the process efficiency of CO2 removal by a degassing membrane through the case
of semiconductor ultrapure water preparation. Compared with the traditional NaOH
dosing system, the degassing membrane (two parallel and two series design) stabilized the
conductivity of the secondary reverse osmosis (RO) effluent at 1.29–2.21 µS/cm, providing
cross-domain technical verification for the boiler feedwater deoxygenation process. Lee
et al. [119] systematically studied the effect of using a hollow fiber membrane for deoxy-
genation of feedwater and return water in district heating systems and its inhibitory effect
on steel pipe corrosion on a pilot scale, and reduced the dissolved oxygen concentration of
the effluent to below 10 µg/L. After deoxygenation treatment, the corrosion weight loss of
the steel pipe sample was significantly reduced, and the corrosion resistance was improved
by inhibiting the cathodic oxygen reduction reaction. In addition to physical deoxygenation
based on gas–liquid balance and membrane contact to enhance mass transfer, researchers
are also actively exploring new catalytic deoxygenation pathways that combine efficient
chemical reactions with membrane separation processes. The core idea is to load catalyti-
cally active components into membrane materials or membrane modules so that dissolved
oxygen is rapidly catalytically reduced while mass transfer is enhanced, thereby achieving
faster removal. Vaart et al. [120] studied commercial membrane contactors with in situ
deposited palladium catalysts for dissolved oxygen removal in water. By successfully
coating Pd catalysts on PP hollow fiber membranes, the feasibility of deoxygenation with
hydrophobicity after membrane surface modification was verified. As shown in Figure 8,
Zhang et al. [121] prepared polymethacrylate hybrid microgels (PMAA-Pd) and introduced
them into the pores of a highly asymmetric polyether sulfone (PES) microfiltration mem-
brane, where they reversibly expanded in response to external stimuli and achieved efficient
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catalysis by utilizing the high dispersion of palladium nanoparticles. At room temperature,
with a residence time of 32.3 s, the three-layer membrane can reduce the dissolved oxygen
concentration to 10 ppb and has good stability. By functionalizing membrane materials
and coupling physical separation with chemical reactions, it is hoped that the limitations of
physical mass transfer processes in terms of kinetics and thermodynamics can be overcome,
opening up new paths for achieving ultra-low dissolved oxygen concentration control and
adapting to more complex water quality or harsh conditions such as low temperature and
low pressure.

Figure 8. The catalytic membrane used for the chemical removal of dissolved oxygen from water.

4. Summary and Outlook
Boiler feedwater deoxygenation is a crucial step in ensuring the safe and reliable oper-

ation of thermal systems. While traditional physical deoxygenation technologies (thermal
deoxygenation, analytical deoxygenation, and vacuum deoxygenation) have matured in
engineering practice, they are limited by thermodynamic equilibrium and macroscopic gas–
liquid contact area, making it difficult to achieve deep deoxygenation at the ppb level with
low energy consumption. Furthermore, they still suffer from high energy consumption,
complex equipment, and limited system adaptability. Against this backdrop, membrane
methods utilize hydrophobic porous membranes as highly efficient and stable gas–liquid
interfaces, significantly increasing the interphase contact surface area and decoupling fluid
flow from interphase mass transfer, thus reshaping the dissolved oxygen removal mecha-
nism from a kinetic perspective. Their advantages include compact equipment, low energy
consumption, and high modularity, and their feasibility has been verified in multiple in-
dustrial scenarios. Currently, boiler feedwater deoxygenation technology is evolving along
a “mass transfer enhancement” path: industrial applications are transitioning from tradi-
tional physical methods to membrane methods, and research is focusing on functionalizing
membrane materials, optimizing membrane module structures, and catalytic coupling
to overcome engineering bottlenecks such as membrane fouling control, pressure drop
optimization, and system durability. Overall, with the further development of membrane
materials science and mass transfer theory, membrane deoxygenation is expected to achieve
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more efficient and economical deep deoxygenation under higher parameters and more
complex water quality conditions.
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5. Ciupek, B.; Frąckowiak, A. Review of Thermal Calculation Methods for Boilers—Perspectives on Thermal Optimization for

Improving Ecological Parameters. Energies 2024, 17, 6380. [CrossRef]
6. Shokri, A.; Fard, M.S. Principles, operational challenges, and perspectives in boiler feedwater treatment process. Environ. Adv.

2023, 13, 100389. [CrossRef]
7. Chidambaram, S.; Zamindar, S.; Baneerjee, P. Oxygen corrosion of reboiler tube served in production of dilution steam from heat

exchanger of petrochemical refinery. Eng. Fail. Anal. 2024, 164, 108664. [CrossRef]
8. Pal, A.; Das, C. Novel use of kitchen waste: Protection of boiler quality steel from corrosion in acidic media using onion waste.

Chem. Pap. 2023, 77, 1107–1127. [CrossRef] [PubMed]
9. Paul, J.P.; Mutua, J.M.; Mose, B.R.; Olakanmi, E.O. Synergistic effects of chloride ingress and copper deposition on stress corrosion

cracking in SA 210 Gr A1 boiler tubes. Eng. Fail. Anal. 2025, 179, 109761. [CrossRef]
10. Zhou, B.K.; Zhou, Y.H.; Wang, J.M.; Zhao, W.; Wang, H.; Sun, Y.; Chen, Y.; Gao, Y.; Zhang, L.; Shen, Z.; et al. Effect of dissolved

oxygen on autoclave grid-to-rod fretting corrosion behavior of Cr coated fuel cladding in simulated primary water. Corros. Sci.
2026, 263, 113715. [CrossRef]

11. Xue, F.; Yu, F.L.; Li, K. Role of dissolved oxygen on the corrosion behavior of 316L stainless steel. Mater. Des. 2025, 260, 115017.
[CrossRef]

12. Yang, G.M.; Xu, C.W.; Zhang, J.C.; Liu, C.; Cui, H.; Zeng, L.; Liu, Z.; Du, C.; Li, X. Effect of dissolved oxygen on corrosion behavior
and mechanism of X70 pipeline steel in simulated low temperature bentonite-containing alkaline chloride environment. Constr.
Build. Mater. 2024, 438, 137170. [CrossRef]

https://doi.org/10.3390/membranes16070244

https://doi.org/10.1016/j.enpol.2017.10.006
https://doi.org/10.1016/j.enpol.2022.112955
https://doi.org/10.12096/j.2096-4528.pgt.22092
https://doi.org/10.30574/wjarr.2025.27.1.2705
https://doi.org/10.3390/en17246380
https://doi.org/10.1016/j.envadv.2023.100389
https://doi.org/10.1016/j.engfailanal.2024.108664
https://doi.org/10.1007/s11696-022-02549-7
https://www.ncbi.nlm.nih.gov/pubmed/36312322
https://doi.org/10.1016/j.engfailanal.2025.109761
https://doi.org/10.1016/j.corsci.2026.113715
https://doi.org/10.1016/j.matdes.2025.115017
https://doi.org/10.1016/j.conbuildmat.2024.137170
https://doi.org/10.3390/membranes16070244


Membranes 2026, 16, 244 19 of 22

13. Liu, Y.W.; Wang, Z.; Liu, C.; Ma, J. In depth analysis of corrosion mechanism of U-tube under conditions of differential aera-tion.
J. Electroanal. Chem. 2022, 906, 116004. [CrossRef]

14. Sanjay, P.S.; Mandloi, R.K. A Failure Analysis and Remaining Life assessment of Boiler Water Wall tube. IJAERS 2026, 3, 55–60.
15. ASME PTC 12.3-1997 (R2024); Performance Test Code on Deaerators. American Society of Mechanical Engineers (ASME): New

York, NY, USA, 2024.
16. Li, D.L.; Zou, M.; Jiang, L.W. Dissolved oxygen control strategies for water treatment: A review. Water Sci. Techno. 2022, 86,

1444–1466. [CrossRef] [PubMed]
17. Wang, A.; Liang, M.; Lei, S.; Wang, L.; Xue, J. Enhancement of oxygen separation performance through Pr0.6Sr0.4FeO3-δ perovskite

by modulation of oxygen vacancies. Sep. Purif. Technol. 2024, 337, 126425. [CrossRef]
18. Owodunni, A.A.; Ismail, S.; Kurniawan, S.B.; Ahmad, A.; Imron, M.F.; Abdullah, S.R.S. A review on revolutionary technique for

phosphate removal in wastewater using green co-agulant. J. Water Process. Eng. 2023, 52, 103573. [CrossRef]
19. Nie, G.; Xiao, L.; Bi, J.; Wang, S.; Duan, X. New insight to piezocatalytic peroxymonosulfate activation: The critical role of

dissolved oxygen in mediating radical and nonradical pathways. Appl. Catal. B Environ. 2022, 315, 121584. [CrossRef]
20. Sari, T.; Akgul, D. Hydrazine (Bio) synthesis and separation: Advances, state-of-the-art methods, and patent review. Biomass

Conv. Bioref. 2025, 15, 19553–19574. [CrossRef]
21. Xiao, H.; Yan, W.; Zhao, Z.; Tang, Y.; Li, Y.; Yang, Q.; Luo, S.; Jiang, B. Chlorate induced false reduction in chemical oxygen

demand (COD) based on standard dichromate method: Countermeasure and mechanism. Water Res. 2022, 221, 118732. [CrossRef]
[PubMed]

22. Panigrahi, B.S.; Ganapathysubramanian, K. Boiler water treatment. In Mineral Scales and Deposits; Elsevier: Amsterdam, The
Netherlands, 2015; pp. 639–655. [CrossRef]

23. Crovetto, R.; Rossi, A.M.; Murtagh, E. Research evaluation of polyamine chemistry for boiler treatment: Corrosion protection. In
CORROSION 2011 Conference and Expo; AMPP: Houston, TX, USA, 2011; pp. 1–15. [CrossRef]

24. Khan, E.A.; Akhter, K. Optimizing boiler water chemistry and corrosion control systems for enhanced efficiency and reliability.
Spectr. Eng. Sci. 2026, 4, 1–11. [CrossRef]

25. Al-Janabi, Y.T. An overview of corrosion in oil and gas industry. In Corrosion Inhibitors in the Oil and Gas Industry, 1st ed.; Saji, V.S.,
Umoren, S.A., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2020; pp. 1–25. [CrossRef]

26. Teir, S.; Kulla, A. Boiler Calculations. In Energy Engineering and Environmental Protection Publications, Steam Boiler Technology eBook;
Helsinki University of Technology, Department of Mechanical Engineering: Espoo, Finland, 2002; pp. 1–14.

27. Zima, W. Simulation of rapid increase in the steam mass flow rate at a supercritical power boiler outlet. Energy 2019, 173, 995–1005.
[CrossRef]

28. Zhang, F.; Ge, Z.; Shen, Y.; Du, X.; Yang, L. Mass transfer performance of water recovery from flue gas of lignite boiler by
composite membrane. Int. J. Heat Mass Transf. 2017, 115, 377–386. [CrossRef]

29. Hamed, M.H.; Kabeel, A.E.; El-Said, E.M.S. Enhancement of heat and mass transfer performance on humidification tower using
injection of different carrier gases into water bed. Appl. Therm. Eng. 2017, 115, 455–476. [CrossRef]

30. Bhatia, A. Improving Energy Efficiency of Boiler Systems; Continuing Education and Development, Inc.: Stony Point, NY, USA, 2012;
pp. 1–55.

31. Isdahl, O.M.; Shamshiri, S.; Haugen, B.; Helgesen, H. Performance of a novel compact deoxygenation system using liquid jet
compression: Comparative analysis of dynamic simulations and operational data. In Proceedings of the OTC Brasil, Rio de
Janeiro, Brazil, 28–30 October 2025. [CrossRef]

32. Istre, K.M.; Payne, D.C. Boiler Feed Water Deaerator Method and Apparatus. U.S. Patent No. 7503961, 17 March 2009.
33. Santoro, A.; Palma, L.; Carbone, D. Deaerator. U.S. Patent No. 12161951, 10 December 2024.
34. Haj Bolouri, F.; Wolf, H. Deaerator Systems and Methods of Servicing of Deaerator. WO Patent App. No. 2023/180588A2,

28 September 2023.
35. Barochkin, E.V.; Moshkarin, A.V.; Vinogradov, V.N.; Ledukhovskii, G.V.; Korotkov, A.A. Special features of the water decarbona-

tion in thermal jet-type open deaerators. Therm. Eng. 2012, 59, 527–531. [CrossRef]
36. Burke, R.G.; Nguyen, T.D.; Strogus, J.T. Deaerator Spray Nozzle and Related Methods. U.S. Patent No. 8359746 B2, 29 January 2013.
37. Burke, R.G.; Nguyen, T.D.; Strogus, J.T. Deaerator Spray Nozzle and Related Methods. U.S. Patent No. 8114202 B2, 14 February 2012.
38. Averesch, J.J. Spray Type Deaerator. U.S. Patent No. 8936670 B2, 20 January 2015.
39. Liu, S. High-Pressure Swirl-Film Deaerator. China Patent CN2308806Y, 24 February 1999.
40. Zhang, Y.; Zhang, Y.; Hou, W. Low-Temperature Swirl-Film Deaerator. China Patent CN2338613Y, 15 September 1999.
41. Xie, M. Thermal Swirl-Film Deaerator. China Patent CN111747475A, 9 October 2020.
42. Istre, K.M.; Payne, D.C. Boiler Feed Water Deaerator Method and Apparatus. European Patent EP1824593A1, 29 August 2007.
43. Istre, K.M.; Payne, D.C. Boiler Feed Water Deaerator Method and Apparatus. U.S. Patent US7503961B2, 17 March 2009.
44. Lu, R.; Liu, K.; Wu, J.; Yang, Z.; Zhang, J.; Li, B. Deaerating Condenser. China Patent CN100408814C, 6 August 2008.

https://doi.org/10.3390/membranes16070244

https://doi.org/10.1016/j.jelechem.2021.116004
https://doi.org/10.2166/wst.2022.281
https://www.ncbi.nlm.nih.gov/pubmed/36178816
https://doi.org/10.1016/j.seppur.2024.126425
https://doi.org/10.1016/j.jwpe.2023.103573
https://doi.org/10.1016/j.apcatb.2022.121584
https://doi.org/10.1007/s13399-025-06572-y
https://doi.org/10.1016/j.watres.2022.118732
https://www.ncbi.nlm.nih.gov/pubmed/35716411
https://doi.org/10.1016/B978-0-444-63228-9.00026-7
https://doi.org/10.5006/C2011-11391
https://doi.org/10.5281/zenodo.18490522
https://doi.org/10.1002/9783527822140.ch1
https://doi.org/10.1016/j.energy.2019.02.127
https://doi.org/10.1016/j.ijheatmasstransfer.2017.07.037
https://doi.org/10.1016/j.applthermaleng.2016.09.107
https://doi.org/10.4043/36279-MS
https://doi.org/10.1134/S0040601512070026
https://doi.org/10.3390/membranes16070244


Membranes 2026, 16, 244 20 of 22

45. Gilchrist, P.J. Deaerated Feedwater Supply System for a Boiler System and a Method for Deaerating Boiler Feedwater. United
States Patent US5918570A, 6 July 1999.

46. Zhao, Z.M.; Liu, Z.; Xiang, Y.; Arowo, M.; Shao, L. Removal of Dissolved Oxygen from Water by Nitrogen Stripping Coupled
with Vacuum Degassing in a Rotor–Stator Reactor. Processes 2021, 9, 1354. [CrossRef]

47. Zhu, P.; Lu, Z. Catalytic Reaction Low Temperature Desorption Deoxygenation System. China Patent CN87211745U, 15 June 1988.
48. Ding, J.; Cui, T.; Gao, J. Boiler Feed Water Desorption Deoxygenation Equipment. China Patent CN2339858U, 22 September 1999.
49. Jin, Q.; Zhao, J.; He, Y.; Wang, L. Boiler Feed Water Deoxygenation Method. CN101428867B, 13 April 2011.
50. Yuan, S.Y.; Liu, Z.Q.; Liu, G.Z. High-gravity deoxygenation of jet fuels using rotating packed bed. Fuel 2022, 314, 123080.

[CrossRef]
51. Rahmati, P.; Lo, S.Y.; Gaskin, S. Oxygenation of flow at an elbow deflector: Characterisation of air pocket and bubble plume

formation and subsequent mass transfer. Int. J. Heat Mass Transf. 2026, 256, 128048. [CrossRef]
52. Adams, G.H. Vacuum Deaeration in Waterflood Operations; American Petroleum Institute Publishing: Washington, DC, USA, 1967.
53. Kogure, M. Method for Vacuum Deaeration. U.S. Patent No. 5180403, 19 January 1993.
54. Jun, Y.-D. Degassing Dissolved Oxygen through Bubbling: The Contribution and Control of Vapor Bubbles. Processes 2023, 11,

3158. [CrossRef]
55. Chu, G.; Luo, Y.; Chen, Q.; Chen, J.; Sun, B.; Zhou, H. A System and Application for Liquid Deoxygenation. Chinese Patent

CN107661643A, 6 February 2018.
56. Keller, K.H.; Shultis, K.L. Oxygen permeability in ultrathin and microporous membranes during gas.liquid transfer. Trans. Am.

Soc. Artif. Intern. Organs. 1979, 25, 469–472. [CrossRef] [PubMed]
57. Yang, M.; Cussler, E.L. Designing hollow-fiber contactors. AIChE J. 1986, 32, 1910–1916. [CrossRef]
58. Bell, C.M.; Chow, P.; Baker, R.W. Separation of Oxygen from Seawater by Membrane Permeation; U.S. Government Technology Report;

Membrane Technology and Research, Inc.: Mealo Park, CA, USA, 1989; pp. 1–28.
59. Yagi, Y.; Imaoka, T.; Ksama, Y.; Ohmi, T. Advanced ultrapure water systems with low dissolved oxygen for native oxide free

water processing. IEEE Trans. Semicond. Manuf. 1992, 5, 121–127. [CrossRef]
60. Wang, C.B.; Gao, H.L.; Song, Y.Z. The Study and Application on Membrane Separation Technique to Remove Dissolved Oxygen

from Industrial Boiler’s Water. Shandong Sci. 1999, 12, 42–44.
61. Wang, A.; Liang, M.; Xiang, Q.; Xue, J.; Wang, H. Mixed oxygen ionic and electronic conducting membrane reactors for pure

chemicals production. Chem. Ing. Tech. 2022, 94, 31–41. [CrossRef]
62. Mora, E.C.; de Oliveira Paranhos, A.G.; de Aquino, S.F.; de Lemos Chernicharo, C.A. Use of hollow fibre membrane contactors to

remove dissolved gases from effluents of UASB reactors treating sewage after its conditioning with dynamic membrane filtration.
J. Water Process Eng. 2023, 53, 103593. [CrossRef]

63. Buonomenna, M.G. Membrane processes for a sustainable industrial growth. RSC Adv. 2013, 3, 5694–5740. [CrossRef]
64. Mavroudi, M.; Kaldis, S.P.; Sakellaropoulos, G.P. A study of mass transfer resistance in membrane gas–liquid contacting processes.

J. Membr. Sci. 2006, 272, 103–115. [CrossRef]
65. Wang, H.; Zhang, T.; An, R.; Sun, L.; Weng, X.; Chang, Z. Advancements in gas–liquid separation based on membrane contactors:

Critical factors enhancing separation efficiency. Process Saf. Environ. Prot. 2025, 200, 107350. [CrossRef]
66. Chen, L.; Hu, L.; Xu, C.; Yang, L.; Ren, W.; Wang, W.; Li, G.; Zhu, Y.; Hou, Z. Flexible self-supporting metal-free N-doped graphene

membrane as an electrocatalyst for oxygen evolution reaction. Appl. Surf. Sci. 2022, 604, 154667. [CrossRef]
67. Lei, S.; Wang, A.; Weng, G.; Wu, Y.; Xue, J.; Wang, H. Simultaneous generation of electricity, ethylene and decomposition of

nitrous oxide via protonic ceramic fuel cell membrane reactor. J. Energy Chem. 2023, 77, 359–368. [CrossRef]
68. Zhang, Y.; Wang, R. Gas–liquid membrane contactors for acid gas removal: Recent advances and future challenges. Curr. Opin.

Chem. Eng. 2013, 2, 255–262. [CrossRef]
69. Chang, L.J.; Liu, L.Y.; Ding, Z.W. The effects of vacuum degree on the mass transfer performance in removing dissolved oxygen

by membrane desorption. Membr. Sci. Technol. 2007, 27, 7–10+38. [CrossRef]
70. Lee, S.; Kim, J.; Lee, E.; Hong, S. Improving the performance of membrane contactors for carbon dioxide stripping from water:

Experimental and theoretical analysis. J. Membr. Sci. 2022, 654, 120552. [CrossRef]
71. Rangwala, H.A. Absorption of carbon dioxide into aqueous solutions using hollow fiber membrane contactors. J. Membr. Sci.

1996, 112, 229–240. [CrossRef]
72. Nakhjiri, A.T.; Heydarinasab, A. Efficiency evaluation of novel liquid potassium lysinate chemical solution for CO2 molecular

removal inside the hollow fiber membrane contactor: Comprehensive modeling and CFD simulation. J. Mol. Liq. 2020, 297,
111561. [CrossRef]

73. Toh, M.J.; Oh, P.C.; Mohd Shaufi, M.I.S. Preparation of Highly Hydrophobic PVDF-HFP Membrane with Anti-Wettability
Characteristic. IOP Conf. Ser. Mater. Sci. Eng. 2020, 778, 012176. [CrossRef]

74. Han, D.; Zhao, L.; Kang, Y. Research and application progress of hollow fiber degassing membrane technology. Yunnan Chem.
Technol. 2025, 52, 7–13. [CrossRef]

https://doi.org/10.3390/membranes16070244

https://doi.org/10.3390/pr9081354
https://doi.org/10.1016/j.fuel.2021.123080
https://doi.org/10.1016/j.ijheatmasstransfer.2025.128048
https://doi.org/10.3390/pr11113158
https://doi.org/10.1097/00002480-197902500-00091
https://www.ncbi.nlm.nih.gov/pubmed/524623
https://doi.org/10.1002/aic.690321117
https://doi.org/10.1109/66.136273
https://doi.org/10.1002/cite.202100160
https://doi.org/10.1016/j.jwpe.2023.103593
https://doi.org/10.1039/C2RA22580H
https://doi.org/10.1016/j.memsci.2005.07.025
https://doi.org/10.1016/j.psep.2025.107350
https://doi.org/10.1016/j.apsusc.2022.154667
https://doi.org/10.1016/j.jechem.2022.10.035
https://doi.org/10.1016/j.coche.2013.03.008
https://doi.org/10.16159/j.cnki.issn1007-8924.2007.02.002
https://doi.org/10.1016/j.memsci.2022.120552
https://doi.org/10.1016/0376-7388(95)00293-6
https://doi.org/10.1016/j.molliq.2019.111561
https://doi.org/10.1088/1757-899X/778/1/012176
https://doi.org/10.3969/j.issn.1004-275X.2025.01.02
https://doi.org/10.3390/membranes16070244


Membranes 2026, 16, 244 21 of 22

75. Ahmad, N.A.; Leo, C.P.; Ahmad, A.L.; Ramli, W.K.W. Membranes with great hydrophobicity: A review on preparation and
characterization. Sep. Purif. Rev. 2015, 44, 109–134. [CrossRef]

76. Puranik, A.A.; Rodrigues, L.N.; Chau, J.; Li, L.; Sirkar, K.K. Porous hydrophobic-hydrophilic composite membranes for direct
contact membrane distillation. J. Membr. Sci. 2019, 591, 117225. [CrossRef]

77. Arumugham, T.; Kaleekkal, N.J.; Gopal, S.; Nambikkattu, J.; Aboulella, A.M.; Wickramasinghe, S.R.; Banat, F. Recent developments
in porous ceramic membranes for wastewater treatment and desalination: A review. J. Environ. Manag. 2021, 293, 112925.
[CrossRef] [PubMed]

78. Velasco, P.; Jegatheesan, V.; Othman, M. Recovery of dissolved methane from anaerobic membrane bioreactor using degassing
membrane contactors. Front. Environ. Sci. 2018, 6, 151. [CrossRef]

79. Lu, X.; Huang, J.; Pinelo, M.; Chen, G.; Wan, Y.; Luo, J. Modelling and optimization of pervaporation membrane modules: A
critical review. J. Membr. Sci. 2022, 664, 121084. [CrossRef]

80. Chen, H.; Lu, Z.; Cheng, Y.; Drioli, E.; Wang, Z.; Zhang, F.; Cui, Z. Development and emerging application of membrane degassing
technology. Adv. Membr. 2023, 3, 100076. [CrossRef]

81. Chen, Y.; Jia, Z. Preparation of polydimethylsiloxane/polypropylene composite membranes for degassing of water with high
running stability. Desalin. Water Treat. 2021, 215, 43–49. [CrossRef]

82. Han, Y.; Huang, X.; Lu, Y.; Zhu, D.; Shi, X. Study of intrinsic oxygen mass transfer characteristic and model on polypropylene
hollow fiber membrane contactor. Int. Commun. Heat Mass Transf. 2021, 121, 105045. [CrossRef]

83. Peng, Z.G.; Lee, S.H.; Zhou, T.; Shieh, J.J.; Chung, T.S. A study on pilot-scale degassing by polypropylene (PP) hollow fiber
membrane contactors. Desalination 2008, 234, 316–322. [CrossRef]

84. La, L.M.; Deng, C.Y.; Zhou, Y.; Tan, X.; Mo, Y.; Lu, Y.; Liao, A. Study on deoxidization performance of PVDF hydrophobic
microporous membrane. New Chem. Mater. 2020, 48, 215. [CrossRef]

85. Rahbari-Sisakht, M.; Rana, D.; Matsuura, T.; Emadzadeh, D.; Padaki, M.; Ismail, A.F. Study on CO2 stripping from water through
novel surface modified PVDF hollow fiber membrane contactor. Chem. Eng. J. 2014, 246, 306–310. [CrossRef]

86. Ito, A.; Yamagiwa, K.; Tamura, M.; Furusawa, M. Removal of dissolved oxygen using non-porous hollow-fiber membranes. J.
Membr. Sci. 1998, 145, 111–117. [CrossRef]

87. Moulin, P.; Rouch, J.C.; Serra, C.; Clifton, M.J.; Aptel, P. Mass transfer improvement by secondary flows: Dean vortices in coiled
tubular membranes. J. Membr. Sci. 1996, 114, 235–244. [CrossRef]

88. Kaufhold, D.; Kopf, F.; Wolff, C.; Beutel, S.; Hilterhaus, L.; Hoffmann, M.; Scheper, T.; Schlüter, M.; Liese, A. Generation of Dean
vortices and enhancement of oxygen transfer rates in membrane contactors for different hollow fiber geometries. J. Membr. Sci.
2012, 423–424, 342–347. [CrossRef]

89. Tepper, M.; Padligur, M.; Wypysek, D.; Budeus, L.; Mueller-Dott, J.; Roth, H.; Wessling, M. Helical-Ridge-Membranes from PVDF
for enhanced gas-liquid mass transfer. J. Membr. Sci. 2023, 673, 121471. [CrossRef]

90. Kong, Q.R.; Zhang, Y.Z.; Tian, H.; Fang, L.F.; Zhou, M.Y.; Zhu, L.P.; Zhu, B.K. Mass transfer enhancement of hollow fiber
membrane deoxygenation by Dean vortices. J. Zhejiang Univ. Sci. A 2019, 20, 601–613. [CrossRef]

91. Alhmiedy, O.A.; Belaissaoui, B.; Rode, S. A simple model for sizing hollow fiber membrane contactors in degassing applications,
relationship between mass transfer efficiency, liquid flow rate, membrane area and pressure drop; part I: Liquid-in-lumen
configuration. Sep. Purif. Technol. 2025, 365, 132551. [CrossRef]

92. Liu, B. Application of vacuum membrane deaerator in water treatment of steam injection boiler. China Pet. Mach. 2005, 33, 65–66.
93. Xu, P.; Lyu, S.P.; Wu, B. Utilization analysis of membrane deaeration in vaporizing cooling system of heating furnace. Ind. Boil.

2025, 3, 38–42. [CrossRef]
94. Shao, J.; Liu, H.; He, Y. Boiler feed water deoxygenation using hollow fiber membrane contactor. Desalination 2008, 234, 370–377.

[CrossRef]
95. Alsoy Altinkaya, S. A review on microfiltration membranes: Fabrication, physical morphology, and fouling characterization

techniques. Front. Membr. Sci. Technol. 2024, 3, 1426145. [CrossRef]
96. Horseman, T.; Yin, Y.; Christie, K.S.S.; Wang, Z.; Tong, T.; Lin, S. Wetting, scaling, and fouling in membrane distillation:

State-of-the-art insights on fundamental mechanisms and mitigation strategies. ACS ES&T Eng. 2021, 1, 117–140. [CrossRef]
97. Yusuf, Z.; Wahab, N.A.; Sahlan, S. Fouling control strategy for submerged membrane bioreactor filtration processes using aeration

airflow, backwash, and relaxation: A review. Desalin. Water Treat. 2016, 57, 17683–17695. [CrossRef]
98. Li, B.; Ye, M.S.; Yang, F.L.; Ma, H. Mathematical model analysis on the enhancement of aeration efficiency using ladder-type

flat membrane module forms in the Submerged Membrane Bio-reactor(SMBR). Sci. China Ser. E-Tech. Sci. 2009, 52, 1363–1373.
[CrossRef]

99. Ibrahim, M.H.; El-Naas, M.H.; Zhang, Z.; Van der Bruggen, B. CO2 capture using hollow fiber membranes: A review of membrane
wetting. Energy Fuels 2018, 32, 963–978. [CrossRef]

100. Chabanon, E.; Roizard, D.; Favre, E. Membrane contactors for postcombustion carbon dioxide capture: A comparative study of
wetting resistance on long time scales. Ind. Eng. Chem. Res. 2011, 50, 8237–8244. [CrossRef]

https://doi.org/10.3390/membranes16070244

https://doi.org/10.1080/15422119.2013.848816
https://doi.org/10.1016/j.memsci.2019.117225
https://doi.org/10.1016/j.jenvman.2021.112925
https://www.ncbi.nlm.nih.gov/pubmed/34289593
https://doi.org/10.3389/fenvs.2018.00151
https://doi.org/10.1016/j.memsci.2022.121084
https://doi.org/10.1016/j.advmem.2023.100076
https://doi.org/10.5004/dwt.2021.26763
https://doi.org/10.1016/j.icheatmasstransfer.2020.105045
https://doi.org/10.1016/j.desal.2007.09.100
https://doi.org/10.19817/j.cnki.issn1006-3536.2020.02.046
https://doi.org/10.1016/j.cej.2014.02.082
https://doi.org/10.1016/S0376-7388(98)00068-4
https://doi.org/10.1016/0376-7388(95)00323-1
https://doi.org/10.1016/j.memsci.2012.08.035
https://doi.org/10.1016/j.memsci.2023.121471
https://doi.org/10.1631/jzus.A1900181
https://doi.org/10.1016/j.seppur.2025.132551
https://doi.org/10.16558/j.cnki.issn1004-8774.2025.03.008
https://doi.org/10.1016/j.desal.2007.09.106
https://doi.org/10.3389/frmst.2024.1426145
https://doi.org/10.1021/acsestengg.0c00025
https://doi.org/10.1080/19443994.2015.1086893
https://doi.org/10.1007/s11431-008-0342-z
https://doi.org/10.1021/acs.energyfuels.7b03493
https://doi.org/10.1021/ie200704h
https://doi.org/10.3390/membranes16070244


Membranes 2026, 16, 244 22 of 22

101. Mosadegh-Sedghi, S.; Rodrigue, D.; Brisson, J.; Iliuta, M.C. Wetting phenomenon in membrane contactors—Causes and prevention.
J. Membr. Sci. 2014, 452, 332–353. [CrossRef]

102. Lu, K.J.; Chen, Y.M.L.; Chung, T.S. Design of omniphobic interfaces for membrane distillation—A review. Water Res. 2019, 162,
64–77. [CrossRef] [PubMed]

103. Ni, T.; Lin, J.; Kong, L.; Zhao, S. Omniphobic membranes for distillation: Opportunities and challenges. Chin. Chem. Lett. 2021, 32,
3298–3306. [CrossRef]

104. Lee, J. Design principles and considerations of omniphobic membranes for membrane distillation and contactor. J. Membr. Sci.
2024, 689, 122106. [CrossRef]

105. Wang, W.; Du, X.; Vahabi, H.; Zhao, S.; Yin, Y.; Kota, A.K.; Tong, T. Trade-off in membrane distillation with monolithic omniphobic
membranes. Nat. Commun. 2019, 10, 3220. [CrossRef] [PubMed]

106. Fu, H.; Shen, Y.; Li, Z.; Zhang, H.; Chen, H.; Gao, D. CO2 capture using superhydrophobic ceramic membrane: Preparation and
performance analysis. Energy 2023, 282, 128873. [CrossRef]

107. Gabelman, A.; Hwang, S.-T. Hollow fiber membrane contactors. J. Membr. Sci. 1999, 159, 61–106. [CrossRef]
108. Lin, L.I.; Ma, G.Y.; Pan, Z.; Zhang, N.; Zhang, Z. Research progress in gas separation using hollow fiber membrane contactors.

Membranes 2020, 10, 380. [CrossRef] [PubMed]
109. Kehrein, P.; Jafari, M.; Slagt, M.; Cornelissen, E.; Osseweijer, P.; Posada, J.; van Loosdrecht, M. A techno-economic analysis of

membrane-based advanced treatment processes for the reuse of municipal wastewater. Water Reuse 2021, 11, 705–725. [CrossRef]
110. Pérez, G.; Gómez, P.; Ortiz, I.; Urtiaga, A. Techno-economic assessment of a membrane-based wastewater reclamation process.

Desalination 2022, 522, 115409. [CrossRef]
111. Fasaei, F.; Bitter, J.H.; Slegers, P.M.; Van Boxtel, A.J. Techno-economic evaluation of microalgae harvesting and dewatering

systems. Algal Res. 2018, 31, 347–362. [CrossRef]
112. Gong, J.; Dou, P.; Gao, P. The application of membrane separation deoxygenation on offshore thermal recovery platform. Sci.

Technol. Ind. 2022, 22, 390–393.
113. Gao, Q.S. Application of the degassing membrane device to boiler make-up water in the heat supply unit. Ind. Water Treat. 2017,

37, 105–108.
114. Yang, T.; Xu, J.Z.; Rong, J. Application of degassing membrane in boiler water deoxygenation of incineration power plant. Sci.

Technol. Vis. 2024, 6, 32–34.
115. Zegeye, R.B.; Tufa, R.A.; Santoro, S.; Inzillo, B.M.; Aquino, M.; Politano, G.G.; Embaye, A.S.; Argurio, P.; De Bartolo, L.; Curcio, E.

Sustainable lithium recovery from geothermal brine via integrated membrane distillation–selective electrodialysis. Green Chem.
2025, 27, 4205–4221. [CrossRef]

116. Vadillo, J.M.; Gomez-Coma, L.; Garea, A.; Irabien, A. Hollow fiber membrane contactors in CO2 desorption: A review. Energy
Fuels 2020, 35, 111–136. [CrossRef]

117. Zhou, W.J.; Jia, Y.; Lü, X.L. Study of membrane degassing technology for HCI removal. Membr. Sci. Technol. 2014, 34, 72–76.
118. Feng, J.S. Application of degassing membrane in ultra-pure water preparation. Shanghai Light Ind. 2024, 9, 155–157.
119. Lee, J.; Baek, S.M.; Boo, C.; Son, A.; Jung, H.; Park, S.S.; Hong, S.W. Water deoxygenation using a hollow fiber membrane contactor

to prevent pipe corrosion for sustainable management of district heating systems: A pilot-scale study. J. Clean. Prod. 2020, 277,
124049. [CrossRef]

120. Van der Vaart, R.; Petrova, I.; Lebedeva, V.; Volkov, V.; Tereshchenko, G.; Kochubey, D. In-situ application of catalytic phase to
commercial membrane contactor for removal of dissolved oxygen from water. Desalination 2006, 199, 424–425. [CrossRef]

121. Zhang, T.; Zhang, H.; Zhu, T.; Mao, Y.; Wang, J.; Zhu, L.; Wang, J. Flexible chemical removing dissolved oxygen from water by
nano-palladium hybrid microgel filled membrane. Chem. Eng. J. 2025, 508, 160877. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/membranes16070244

https://doi.org/10.1016/j.memsci.2013.09.055
https://doi.org/10.1016/j.watres.2019.06.056
https://www.ncbi.nlm.nih.gov/pubmed/31255782
https://doi.org/10.1016/j.cclet.2021.02.035
https://doi.org/10.1016/j.memsci.2023.122106
https://doi.org/10.1038/s41467-019-11209-6
https://www.ncbi.nlm.nih.gov/pubmed/31324790
https://doi.org/10.1016/j.energy.2023.128873
https://doi.org/10.1016/S0376-7388(99)00040-X
https://doi.org/10.3390/membranes10120380
https://www.ncbi.nlm.nih.gov/pubmed/33260435
https://doi.org/10.2166/wrd.2021.016
https://doi.org/10.1016/j.desal.2021.115409
https://doi.org/10.1016/j.algal.2017.11.038
https://doi.org/10.1039/D4GC06530A
https://doi.org/10.1021/acs.energyfuels.0c03427
https://doi.org/10.1016/j.jclepro.2020.124049
https://doi.org/10.1016/j.desal.2006.03.205
https://doi.org/10.1016/j.cej.2025.160877
https://doi.org/10.3390/membranes16070244

	Introduction 
	Traditional Physical Methods 
	Thermal Deoxygenation 
	Stripping/Desorption Deoxygenation 
	Vacuum Deoxygenation 

	Novel Deoxygenation Membrane Method 
	Membrane Deoxygenation Mechanism 
	Selection of Membrane Modules 
	Membrane Materials and Structural Design 

	Summary and Outlook 
	References

