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Preface to ”Novel Membrane Technologies for

Traditional Industrial Processes”

Traditional industry is indispensable for human society, but is challenged by high mass and

energy consumption. Among the technologies addressing these problems, membrane separation

exhibits great prospect. In recent years, its application has been extended to more diverse

fields in traditional industry, as novel ideas in material and engineering have contributed to

enhanced membrane performance and process efficiency. This Special Issue engaged researchers

from 17 universities and institutes to discuss and illustrate some of the latest advancements in gas

separation, biorefinery, forward osmosis, membrane bioreactors, and nanofiltration. It is hoped that

more excellent work on membrane technology can be delivered in the future through Processes,

encouraging its wider application.

Pei Li, Yan Wang, Lan-Ying Jiang, Tai-Shung Chung

Special Issue Editors
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1. Background

Traditional industries span multiple sectors, such as coal, iron and steel, textile, machinery,
chemical engineering, shipbuilding, and construction materials. They are indispensable to the social
economy but consume significant quantities of raw materials and energy and release myriads of waste.
With rising population and expansion of urbanization, there is a higher demand for the supply of
goods and services, the problem may be intensified. Raising awareness about sustainable development
has led to an increased pressure on technological upgrades to enhance the capacity of traditional
industries in conducting “responsible consumption and production” [1].

Membrane technology, in general, refers to membrane separation that covers a spectrum of
processes involving various organic and inorganic membranes as selective mediums. Investigation
into combining membrane technology with traditional industrial processes is abundant and has
identified its potential and versatility in tackling problems concerning mass and energy efficiency [2,3].
The key strength of membrane separation processes as a whole as compared with others is due to
process continuity, environmental friendliness, and low footprint [4]. For several specific membrane
technologies, for example, pervaporation (PV) and gas separation (GS), energy efficiency is an extra
bonus [5]. Given the above points, a widespread implementation of membrane separation in the
traditional industrial sector is expected to bring about more social and economic benefits. The truth,
however, is that the overall level for industrial adoption is, thus far, limited.

It is argued by some that “innovation management” is not efficient. The consequence comprises
the “awareness gap” and delayed transfer of advanced technology to low- and medium-tech
industries [6]. A more important factor for scientists and engineers to consider is the technical
problems arising in the process of the combination. On the one hand, traditional industrial processes
commonly consume multifarious raw materials that makes the mass flows more or less complex and,
hence, gives rise to the impossibility of solely relying on a single membrane unit or a simple process [7].
To realize workable solutions, upstream and/or downstream operations with sound design are needed,
which requires multidisciplinary coordination and a long lead time. On the other hand, the drawbacks
of membrane technology constitute a setback for its attractiveness. The separation properties of some
commercial membranes are not sufficiently high. And decline in separation efficiency often occurs
during service [8]. Several critical issues for practically operating a membrane system, for example,
the capital and operational costs, are closely correlated with membrane separation performance.
Another point to be noted is the diversity in separation mechanisms and operation modes among the
varied membrane processes. Therefore, the determinant for process efficiency is not merely membrane
property. As for forward osmosis (FO), for instance, an energy efficient manner to handle draw solution
(DS) will greatly facilitate its spread [9].

Processes 2019, 7, 144; doi:10.3390/pr7030144 www.mdpi.com/journal/processes1
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Obviously, the scope of the problems require a multi-dimensional effort for further actualizing
the boon of membrane technology. Novel scientific and engineering approaches need to be developed
to identify effective solutions for the challenges. This encourages us to compile this special issue
of Novel Membrane Technologies for Traditional Industrial Processes. It is now available online at: https:
//www.mdpi.com/journal/processes/special_issues/membrane_processes.

2. Content in This Special Issue

Nine articles are selected for this special issue. In the form of research or review, they present us
with the latest progress addressing several aspects critical for developing efficient membrane systems.
The papers are grouped into five categories:

(i) Gas separation; (ii) Biorefinery; (iii) Forward osmosis; (iv) Membrane bioreactor; (v) Membranes
with aquaporins.

2.1. Gas Separation (GS)

A critical step for the effective operation of Integrated Gasification Combined Cycle (IGCC) is
air separation for gasification. Membrane separation is an energy-efficient way, but lacks membranes
with high selectivity. In Yang et al.’s work [10], on-stream catalytic cracking deposition (CCD) was
applied to modify MFI-type zeolite membranes. Selectivity of the modified membrane with an
alumina-containing ZSM-5 surface (~1.95) was slightly lower than that (~2.25) of modified membrane
without a ZSM-5 surface, but the former membrane exhibited a permeance 15 times higher. The channel
narrowing during CCD was constrained within the thin layer near the outer surface, due to the “gate”
effect in the presence of a ZSM-5 surface. This helped avoid back diffusion of less permeable N2.
Attention was also directed to intercrystalline spaces for further improving selectivity.

The spectrum of utilization of natural gas has broadened in past decade. Seeburg et al. carried out
low-temperature hydrogen production from natural gas via steam reforming with 47 vol% successfully
and H2 was generated at 350 ◦C [11]. The novelty of the work for obtaining this result is associated with
two points. The first was the production of a natural gas stream enriched with liquefied petroleum gas
(LPG) alkanes. n-butane enrichment in a process using zeolite membranes of type MFI (Mobile Five)
was 37.6 and 22.6 vol% in permeate. Another is a highly active Rh catalyst. It was formed in situ
on Al2O3 during the reaction of C1–C5 alkanes with steam. The active component in the resultant
Rh1/Al2O3 compound was Rh in nanoparticles (1–3 nm). The reforming was performed with real
natural gas.

A problem raised before applying natural gas for any purpose is the presence of acid gas
(e.g., CO2, H2S). They will reduce the caloric value of fuel and cause corrosion of pipelines.
For polymeric membranes used in natural gas treatment to remove CO2, a severe challenge is
performance degradation due to CO2-induced plasticization. Zhang et al. composed a review of
the advanced methods for suppressing plasticization of polyimide membranes [12]. These include
thermally-induced crosslinking, chemical crosslinking, physical crosslinking, ultraviolet-radiation
crosslinking, and blending.

2.2. Biorefinery

Utilization of microalgae solely for obtaining biofuels is not an economically viable process.
To solve the problem, several other aspects should be considered, such as inclusive CO2 capture,
water quality improvement, procurement of commodities, and products with high-added value.
The work by Lorente et al. showed us an innovative downstream route for bringing down production
cost [13]. Acid-catalyzed steam explosion was employed to disrupt cells, generate hydrolysis of
carbohydrates and partial hydrolysis of proteins. Dynamic filtration produced a permeate containing
water and monosaccharides and a retentate containing the lipids and proteins. The steam explosion
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operation cost varied between 0.005 $/kg and 0.014 $/kg of the microalgae dry sample, depending on
the cost of fuel. Membrane filtration cost was about 0.12 $/kg of microalgae (in dry state).

The challenge for the commercial application of lignin lies with its heterogeneity in structure
and the low-purity of lignin delivered in traditional fractionation. Concerning the second challenge,
several researches paid attention to the supported ionic liquid membrane (SILM). The selected paper
in this special issue made a more comprehensive study to identify the suitable materials for effective
lignin extraction and purification [14]. Among the combination from five different membrane supports
and nine ionic liquids (ILs), the one with IL of [BMIM][DBP] embedded in polytetrafluoroethylene
(PTFE) demonstrated selective transport for target solutes.

2.3. Forward Osmosis (FO)

FO is an emerging and versatile membrane separation that derives its driving force from a
highly concentrated draw solution (DS). DS regeneration step will consume energy, which renders
the necessity to find methods that could reduce energy consumption. Long et al. conducted a review
analyzing the types of energy applied in DS regeneration [15]. Some DS (e.g., natural sugar, fertilizer)
can be directly used without recovery, constituting the most effective way of saving energy. Chemical
reactions involving precipitation and redissolving capitalize on chemical energy. The biggest family
may be related to the utilization of thermal energy. Technologies making use of magnetic energy via
magnetic particles and solar energy via light-sensitive hydrogels were also introduced. The most
common one is electricity. This work gives a clear guideline for research into DS in the future.

Thin-film composite (TFC) membranes are widely used in FO. Membrane performance
deterioration due to degradation and the polyamide (PA) skin layer breaking off often occurs.
The former is due to disinfectants cleaning, and the latter results from the different materials for
the selective layer and substrate. Wang et al. proposed a new strategy to overcome the problem [16].
Dopamine (DA) was the only amine in the aqueous phase to react with trimesoyl chloride (TMC) during
interfacial polymerization (IP). In the reaction, PDA particles formed by self-assembly led to significant
π–π and hydrogen-bonding interactions between the active and support layers. Additionally, the ester
bonds had higher resistance to active chlorine than amide bonds of conventional PA layers.

2.4. Membrane Bioreactor (MBR)

This review by Argurio focuses on photocatalytic membrane reactors (PMR), a combination
of photocatalytic and membrane processes [17]. PMR is a relatively new membrane technology,
and the pioneering work was performed by Anderson and coworkers using TiO2-based membranes.
This review is comprehensive as it introduces system configurations based on catalyst confinement,
the influence of operation parameters, and materials selection and membrane formation. Within these
parts, the advantages and limits of PMR were analyzed. The final section is selected case studies.

2.5. Membranes with Aquaporins

Aquaporins which are highly permeable for water molecules and resistant to contaminants
and small molecules are receiving great attention from membranologists, particularly for water
treatment. An important challenge for their utilization in membrane separation is associated with
maintaining their integrity and performance during developing membranes with embedded and
aligned aquaporins, while keeping support porous enough. The steps key to the solution designed
by Wagh et al. included [18]: (1) The connection of Cysteine modified aquaporins (Aqp-SH) to the
polymeric support covalently, which results in an aligned pattern of the proteins; (2) which results in
the remaining sites on the support reacting with polyvinyl alcohol with long alkyl chains (PVA-alkyl)
to seal the gaps without aquaporin molecules. The membranes with aquaporins exhibited much higher
and more stable rejection towards inorganic salts.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The separation of small molecule gases by membrane technologies can help performance
enhancement and process intensification for emerging advanced fossil energy systems with CO2

capture capacity. This paper reports the demonstration of controlled modification of zeolitic channel
size for the MFI-type zeolite membranes to enhance the separation of small molecule gases such
as O2 and N2. Pure-silica MFI-type zeolite membranes were synthesized on porous α-alumina
disc substrates with and without an aluminum-containing thin skin on the outer surface of zeolite
membrane. The membranes were subsequently modified by on-stream catalytic cracking deposition
(CCD) of molecular silica to reduce the effective openings of the zeolitic channels. Such a pore
modification caused the transition of gas permeation from the N2-selective gaseous diffusion
mechanism in the pristine membrane to the O2-selective activated diffusion mechanism in the
modified membrane. The experimental results indicated that the pore modification could be
effectively limited within the aluminum-containing surface of the MFI zeolite membrane to minimize
the mass transport resistance for O2 permeation while maintaining its selectivity. The implications of
pore modification on the size-exclusion-enabled gas selectivity were discussed based on the kinetic
molecular theory. In light of the theoretical analysis, experimental investigation was performed to
further enhance the membrane separation selectivity by chemical liquid deposition of silica into the
undesirable intercrystalline spaces.

Keywords: zeolite membrane; pore modification; gas separation

1. Introduction

The energy-efficient membrane gas separation technology can play significant roles in
performance enhancement and process intensification for the advanced fossil energy systems with
CO2 capture capacity. For the emerging coal- and natural gas-based IGCC power production with CO2

capture and sequestration (CCS), cost effective air separation unit (ASU) for the gasifier and H2/CO2

separation units for pre-combustion CO2 capture are critical to commercial success. However, both the
O2 and CO2 gas separations currently remain challenging that hinders the realization of the IGCC-CCS
technology. Traditional industrial O2 separation by cryogenic distillation or pressure swing adsorption
(PSA) is highly energy intensive and involves large capital investment. Membrane separation has
shown promises as energy-efficient alternative for O2 separation in the past few decades [1]. However,
because of the very close kinetic diameters (dk) of the O2 (dk = 0.346 nm) and N2 (dk = 0.364 nm)

Processes 2018, 6, 13; doi:10.3390/pr6020013 www.mdpi.com/journal/processes5



Processes 2018, 6, 13

molecules and similarly weak adsorbing behaviors of both gases in common membrane materials,
low temperature O2 separation membranes reported in the literature have been of relatively poor
performance with limited selectivity and low permeance. The microporous zeolite membranes, because
of their extraordinary stability and molecular sieving effects enabled by their uniform sub-nanometer
pore sizes, are promising for separating many small molecule gases. The kinetic molecular theory of
gas transport in zeolitic pores suggests that, in order to achieve O2/N2 selectivity by non-adsorptive
diffusion mechanism, the zeolite pore size must situate in between or very near the kinetic diameters
of O2 and N2 [2,3]. Therefore, in order to achieve size-selectivity between O2 and N2 molecules, the
zeolite membranes must possess pore diameter (dp) very close to the kinetic size of N2, i.e., <0.4 nm.

Membranes of zeolites with pore openings defined by 8-membered rings are promising candidates
for O2 separation because their dp are around 0.4 nm. The highly siliceous DDR zeolite (dp ~0.4 nm)
membrane has been reported to exhibit O2/N2 permselectivity around 2 but the O2 permeance was
only in the order of 10−9–10−8 mol/m2·s·Pa at 298 K [4–6]. Since O2 and N2 are both weakly adsorbing
with similarly small adsorption amounts in the DDR zeolite [5], the very low O2 permeance in the DDR
zeolite membrane is a result of the large resistance for O2 transport in the critically sized zeolitic pores
over the entire membrane thickness. The membrane of NaA zeolite (dp ~0.41 nm) was once reported to
have surprisingly high O2/N2 separation factor of ~7 and O2 permeance of 2.6 × 10−7 mol/m2·s·Pa
at room temperature [7]. This performance though was observed under vacuum pressure and its
reproducibility is yet to be confirmed. In general, for zeolite membranes of very large aluminum
contents, such as the A-type membranes, the gas permeation properties are often severely affected by
the presence of trace water vapor due to its extremely ionic and hydrophilic surface [8]. In addition,
zeolite membranes of such high-aluminum contents are known to experience gradual degradation
when subjected to dehydration in vacuum over extended time [9].

Zeolites with pore openings formed by 10-membered rings have effective dp of around 0.6 nm,
which are much less resistive to small gas transport but become incapable of achieving size-selectivity
or molecular sieving effect between the closely sized molecules like O2, N2, H2 and CO2. However,
such relatively large pore size allows for depositing molecular modifiers to the internal pore wall to
fine tune the effective channel openings. In the literature, highly siliceous MFI-type zeolite membranes,
which have nearly cylindrical zeolitic channels formed by 10-membered rings with a diameter of
~0.56 nm, were successfully modified by depositing mono-silica species on their internal pore surfaces.
The effective dp of the internally modified zeolitic channels was estimated to be around 0.36 nm
based on the observation of obvious permeance cut-off effects between H2 and N2 or CO2 [3,10,11].
The modification of the MFI-type zeolite membranes by deposition of mono-silica on the internal
pore wall using methyldiethoxysilane (MDES) as precursor was first reported by Masuda et al. [10].
The MDES molecule has a linear geometry with nominal dimension of 0.41 nm × 0.91 nm, which
can penetrate into the pristine MFI zeolitic channels of 0.56 nm in diameter. The modification was
conducted by pre-loading MDES in the zeolitic channels at low temperature followed by calcination to
thermally decompose the MDES molecules and deposit mono-silica inside the zeolite channels [10].
After modification, the H2/N2 separation factor increased from 1.5~4.5 to 90~140 at 383 K but the
H2 permeance decreased by an order of magnitude to only 2 × 10−8 mol/m2·s·Pa. The drastic loss
of H2 permeance was attributed to the deposition of mono-silica over the entire channel length that
caused enormous resistance to molecular diffusion. An on-stream catalytic cracking deposition (CCD)
method was developed in our lab to avoid excessive silica deposition over the channel length [12].
In the on-stream CCD modification process, the MDES precursor is carried in a feed stream during
membrane gas permeation operation at around 450 ◦C where the CCD process can occur at catalytically
active sites such as the alumina tetrahedron sites in channel surface without inducing non-catalytic
MDES thermal decomposition [3,13,14]. Thus, in principle, after CCD deposition of silica at a single
site, this mono-silica deposit creates a narrow “gate” to prevent MDES molecules from entering the
rest of channel length. Consequently, the deposition of mono-silica is effectively limited in a small
segment of the zeolitic channel while large part of the channel remains in its original size (~0.56 nm)
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for fast diffusion [3,15]. The on-stream CCD method alleviated the mass transport resistance increase
while achieving selectivity improvement. However, the supported zeolite membrane had largely
random distribution of catalytic sites and the locations of CCD depositions were consequentially
uncontrolled along the membrane thickness, which is a multiple of individual crystal size in the film.
It is conceivable that when the modified site, which could be thought of as a “gate,” locates deep down
the channel length, the less permeable molecules will have to back diffuse from the gated point to the
feed stream during gas mixture permeation. Such a back-diffusion process would inevitably hinder
the permeation of the more permeable component.

Here we report the synthesis and on-stream CCD modification of an MFI-type zeolite membrane,
which has a pure-silica (i.e., silicalite) base layer with an outer surface of aluminum-containing
framework (i.e., ZSM-5), in attempt to effectively control the pore modification within a small
depth near the membrane outer surface. The hypothesis is that such a surface “gated” channel
structure can improve the gas permeance by avoiding the back diffusion of the less permeable gases
without sacrificing permeation selectivity. The modified MFI-type zeolite membranes are examined by
permeation for a number of small molecule gases including O2 and N2.

2. Experimental

2.1. Materials and Chemicals

The porous α-alumina disc substrates were made of α-alumina powders with an average diameter
of 0.46 μm (SG16, Alcoa, TN, USA). The alumina disc was 2-mm thick and 2.6-cm in diameter with
porosity and average pore diameter (dp) of 27–30% and 0.1 μm, respectively. The edge of the disc
was sealed by glass and the active membrane area was ~2.5 cm2 after excluding the glass sealed
edge area. The surface of the disc used for membrane coating was polished by 800 mesh sandpaper
and washed and dried in an oven at 313 K for overnight before membrane synthesis. The following
chemicals and materials were used in the present work: sodium hydroxide (99.99% trace metal basis,
pellet, Sigma-Aldrich, USA), fumed silica (0.007 μm, Aldrich, USA), tetrapropylammonium hydroxide
(TPAOH, 1 M, Aldrich, USA), sodium aluminate (anhydrous, Al content as Al2O3: 50–56 wt. %,
Riedel-de Haën, Germany), HNO3 solution (1.0 M, Fluka, USA) and methyldiethoxysilane (MDES,
96%, Aldrich, USA). All chemicals were used as received. Gases used for membrane permeation tests
included H2 (99.999%), He (99.999%), N2 (99.999%), O2 (99.6%), CO2 (99.99%), CH4 (99.999%), i-C4H10

(99.5%) and SF6 (99%). All gases were obtained from Wright Brothers Inc. (Cincinnati, OH, USA) and
used as received.

2.2. Synthesis of MFI Zeolite Membranes

Two kinds of MFI-type zeolite membranes were synthesized by the in situ hydrothermal
crystallization method under different conditions. The first was a silicalite membrane
without an aluminum-containing zeolite surface and the second was a silicalite membrane
with an aluminum-containing MFI-zeolite (ZSM-5) outer surface obtained through a two-stage
synthesis procedure.

The silicalite membrane without a ZSM-5 surface was obtained from an alumina-free synthesis
precursor, which was prepared by mixing 0.35 g NaOH, 5 g SiO2 and 25 mL 1 M TPAOH solution under
vigorous stirring at 353 K. The TPAOH was used as the structure directing agent (SDA). The synthesis
solution was aged for four hours at room temperature and then transferred into the synthesis autoclave
where the disc substrate was placed horizontally at the Teflon-lined bottom with the polished side
facing upward. About 25 mL of the synthesis solution was poured into the autoclave alone the
autoclave wall to immerse the alumina disc. The hydrothermal synthesis was conducted at 453 K for
5 h and then the disc membrane was recovered and washed with DI water until the water pH was
close to 7. The cleaned membrane disc was dried in an oven at 313 K and then calcined in air at 773 K
for 6 h to remove the SDA from the zeolitic pores. This membrane is denoted as M1Si hereafter.
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The membrane with a silicalite base layer and a ZSM-5 outer surface was obtained by a two-stage
synthesis procedure where the liquid phase composition was varied for the second stage. A specially
designed synthesis autoclave, as schematically shown in Figure 1, was employed for the continuous
two-stage synthesis. The zeolite precursor solution and hydrothermal reaction conditions for the first
stage of synthesis were identical to those used for synthesizing the M1Si. However, the hydrothermal
treatment was not terminated in 5 h; and instead, 1.2 mL of sodium aluminate solution (21 wt. %
NaAlO2) was injected into the liquid phase by a high-pressure precision syringe pump (KD Scientific,
KDS-410, Holliston, MA, USA) and the hydrothermal treatment continued for another hour at 453 K.
The reaction was then terminated and the membrane was recovered. The thus synthesized membrane
is denoted as M2Al hereafter. Membrane M2Al underwent the same washing, drying and calcining
processes as used for preparation of M1Si.

Figure 1. Schematic diagram of the setup used for synthesizing M2Al.

To confirm the formation of a ZSM-5 thin skin on the outer surface of the silicalite crystals by the
above described synthesis process, silicalite crystals were synthesized with and without the second
stage treatment in NaAlO2 containing solution following the exact procedures used for the syntheses of
the two kinds of membranes. The pure-silica MFI-type zeolite (i.e., silicalite) crystals were synthesized
using the same aluminum-free precursor and reaction temperature (453 K) and duration (5 h). The thus
obtained silicalite particles are denoted as P1Si. In synthesis of the silicalite crystals with a ZSM-5 outer
surface, 1.2 mL 21wt. % NaAlO2 solution was introduced into the above silicalite synthesis solution
(~25 mL) after 5 h of reaction and the hydrothermal treatment continued for another hour. The thus
obtained zeolite particles, which have a ZSM-5 outer surface, are denoted as P2Al.

Both zeolite particulate samples were extensively washed to ensure that any aluminum ions
adsorbed on the external surface were completely removed. The washing process including the
following consecutive steps: (1) repeated process of zeolite particle dispersion in DI water followed
by filtration and rinsing until the filtered water reached pH of ~7; (2) surface cleaning by treating the
particles in a 0.1 M NaOH solution under stirring and subsequent ultrasonication for 1 h; (3) washing
the NaOH solution-treated zeolite particles by DI water until pH of the washing water reached
pH of ~7; (4) treating the cleaned particles in 0.1 M HNO3 solution under stirring and subsequent
ultrasonication for 1 h; and (5) final cleaning by rinsing the zeolite particles with DI water until the
filtered water reached pH of ~7. This rigorous surface cleaning process was repeated twice to ensure
the complete removal of any aluminum ions and silicate species adsorbed to the external surface of the
zeolites. The zeolite particles were then dried and calcined at 450 ◦C for SDA removal.
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2.3. Material Characterizations

The zeolite membranes were examined by X-ray diffraction (XRD, PANalytical, X’Pert Pro MPD,
The Netherlands) to confirm the crystal phase and purity. Scanning electron microscopy (SEM, FEI,
XL30, Philips, USA) was used to observe the membrane morphology and determine the individual
crystallite size and membrane thickness. The energy dispersive X-ray spectroscopy (EDS, EDAX,
PV9761/70, NJ, USA) was employed to estimate the elemental compositions at different locations of
the zeolite crystals in combination with the transmission electron microscopy (TEM; FEI CM20, Philips,
USA).

2.4. Membrane Modification

Figure 2 shows the schematic diagram of the experimental system for CCD modification of
the membranes that was essentially the same as that described in our previous publication [12].
This apparatus was also used for membrane gas mixture separation measurements. The disc-shaped
zeolite membrane was mounted in a stainless-steel permeation cell using soft graphite gasket
seals (Mercer Gasket & Shim, NJ, USA). The membrane permeation cell was placed in a
temperature-programmable furnace.

Figure 2. Schematic diagram of the apparatus for membrane modification and gas separation tests.

The CCD modification started with permeation of an equimolar H2/CO2 mixture gas fed at a
total flow rate of 40 cm3 (STP)/min when the permeate side was swept by a helium stream at a flow
rate of 30 cm3 (STP)/min. The partial pressure of MDES in the H2/CO2 carrier gas was determined
to be ~4.3 kPa from the room temperature saturator. The temperature for CCD modification was
723 K at which MDES decomposition occurs catalytically at [AlO2

−] sites but not on pure silicalite
surface, which is noncatalytic. During the gas permeation, the membrane cell was heated up to 723 K
at a heating rate of 0.5 K/min and kept at 723 K throughout the modification process. The H2/CO2

mixture feed was then switched to bubble through the MDES liquid column to carry MDES vapor
before entering the membrane cell. The permeate stream was continuously analyzed by an online
gas chromatographer (GC, Agilent 6890N, USA) equipped with a Carboxen 1000 packed column
(Supelco, USA) and a thermal conductivity detector (TCD). The H2/CO2 separation through the zeolite
membrane was continuously monitored during the entire CCD modification process. The feed gas
flow was switched back to dry gas feeding route to stop the MDES supply when the online monitored
H2/CO2 separation factor and gas permeance were stabilized for 2 h.

2.5. Gas Permeation

The membrane was degassed in the permeation cell by vacuuming at 453 K for 12 h prior to testing
permeation for each gas. The permeance of pure gases was measured by the transient permeation
method in a temperature range from 297 to 773 K with feed pressure of 2 bar using an experimental
setup reported a previous publication [16]. The separation of gas mixtures was performed by the
conventional steady-state permeation setup (Figure 2) at a feed flow rate of 40 cm3 (STP)/min and a
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helium sweep flow rate of 30 cm3 (STP)/min. The permeance for gas i (Pm,i), permselectivity (i.e., ideal
selectivity) of gas i over gas j (αo

i/j) and separation factor of gas i over gas j in mixture (αi/j) are defined
as follows:

Pm,i =
Q

Am·t·ΔPi
(1)

αo
i,j = Po

m,i/Po
m,j(i �= j) (2)

αi/j =
(yi/yj)

(xi/xj)
(i �= j) (3)

where Q (mol) is the moles of gas i permeated through the membrane over a time period of t (s); ΔPi
is the partial pressure difference (i.e., ΔPi = Pi,f − Pi,p, where Pi,f and Pi,p are the partial pressures of
gas component i in the feed and permeate sides, respectively); Po

m,i and Po
m,j are pure gas permeance

of gas i and gas j, respectively; and x and y are molar compositions of the feed and permeate gas
mixtures, respectively.

3. Results and Discussion

3.1. Material Characterizations

The supported zeolite membranes were verified to be of pure MFI-type zeolite phase by the XRD
patterns shown in Figure 3. The low intensity of zeolite peaks observed in contrast to the strong peaks
of α-alumina substrate was resulted from the thinness of the zeolite layer. Figure 4 shows the SEM
images of the two zeolite membranes, i.e., M1Si and M2Al. The zeolite crystals in the two membrane
surfaces had very similar shapes of typical siliceous MFI zeolite crystals with individual crystallite size
of ~0.3 μm. The SEM pictures of the membrane cross-section also showed zeolite layer thicknesses of
~1 μm for both M1Si and M2Al membranes.

Figure 3. XRD patterns of the MFI membranes M1Si and M2Al together with the standard pattern of
silicalite powders [17].

It is well-known that silicalite membranes obtained by in situ crystallization on α-alumina
supports in the highly alkaline Al-free precursor used in this work have nearly pure silicalite outer
surface but inevitably contain framework aluminum at the zeolite/support interface region [18].
However, because of the thinness of the zeolite layers on the alumina substrates, determining the
Si/Al ratios in the zeolite membrane surfaces by EDS elemental analysis is rather challenging. Thus,
the incorporation of Al into the framework of silicalite surface was investigated by comparing the
two kinds of zeolite particles, i.e., P1Si and P2Al, which were obtained under conditions identical to
the syntheses of M1Si and M2Al, respectively. Each zeolite crystal was examined by EDS survey at
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two locations, namely the center and corner surfaces of the crystal as shown in Figure 5. The EDS
examination used an X-ray beam size of 20 nm in diameter and an operation voltage of 200 kV under
which the beam penetration depth was expected to well exceed the zeolite crystal thickness, which was
around 200 nm. Crystal P1Si had no detectable Al content (i.e., Si/Al → ∞) at both locations because
no alumina source existed in the precursor throughout the synthesis process. The crystal P2Al had
Si/Al ratios of 150 ± 18 at the center surface and 40 ± 15 at the corner that confirmed Al incorporation
into the framework of zeolite surface. The measured Si/Al ratio was much lower at the corner than
at the center because the X-ray beam sampled more surface materials from the side surfaces at the
corner than did from the top surface at the center. Since the EDS results are averaged over the depth
penetrated by the interrogating X-ray, the Si/Al ratio in the P2Al outer surface must be <40.

(a) (b)

(c) (d)

Figure 4. SEM pictures of M1Si and M2Al: (a) surface of M1Si and (b) cross-section of M1Si; (c) surface
of M2Al and (d) cross-section of M2Al.
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(a) (b)

Figure 5. TEM pictures and illustration of EDS sampling locations for elemental analyses for the zeolite
crystals: (a) P1Si and (b) P2Al.

3.2. Membrane Modification

The two membranes, i.e., M1Si and M2Al, had similar H2/CO2 gas permeation properties before
modification that made the modification and subsequent performance analyses and comparisons
meaningful. Figure 6 presents the evolution of H2/CO2 separation performance for membranes M1Si
and M2Al during the CCD modification process. Both fresh membranes exhibited H2/CO2 separation
factors (αH2/CO2) of ~0.2 at room temperature because at room temperature CO2 is preferentially
adsorbed into and diffusing through the zeolitic pores to hinder the entry and permeation of the
non-adsorbing H2 that results in CO2-selective permeation. The integrity of the membranes was
also evidenced by their high permselectivity of H2 over SF6 (dk ~0.55 nm) (αo

H2/SF6,K) prior to CCD
modification, which was 159 for M1Si and 120 for M2Al at 453 K. The αH2/CO2 changed to 2.9 and
2.8 (H2-selective) for M1Si and M2Al, respectively, when temperature increased to 723 K where
adsorption of CO2 becomes negligible and transport of both CO2 and H2 is governed by gaseous
diffusion mechanism, which is selective towards the lighter H2 [3,12]. However, these αH2/CO2 values
are below the theoretical value (αH2/CO2 =

√
Mw,CO2/Mw/H2) of ~4.69 given by the gaseous diffusion

mechanism that indicates enlargement of intercrystalline spaces at high temperature because of the
mismatch of thermal expansion coefficient between the zeolite layer and the alumina substrate [19].

Figure 6. Evolution of the H2/CO2 separation factor and H2 permeance for the two membranes during
the CCD modification process.
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As shown in Figure 6, after introducing the MDES vapor at 723 K, the permeance of H2

and CO2 decreased sharply from 5.42 × 10−7 and 1.87 × 10−7 mol/m2·s·Pa to 2.36 × 10−7 and
1.92 × 10−8 mol/m2·s·Pa, respectively, in 2 h for membrane M1Si; and from 6.03 × 10−7 and
2.16 × 10−7 mol/m2·s·Pa to 3.48 × 10−7 and 4.08 × 10−8 mol/m2·s·Pa, respectively, in 1 h for
membrane M2Al. Meanwhile, αH2/CO2 of M1Si and M2Al increased from 2.9 and 2.8 before
modification to 12.3 and 8.5 after modification, respectively. The time needed for stabilizing αH2/CO2
and H2 permeance after introducing MDES vapor was noticeably shorter for M2Al (~1.0 h) than
for M1Si (~2 h) that might be explained by the different locations of CCD modification in the
two membranes. The CCD deposition of mono-silica in the zeolitic channels of M2Al membrane
presumably occurred at the outer surface that is expected to complete quickly and essentially no
further CCD modification could happen in deeper locations down the zeolite channels because the
pore entries are narrowed and become inaccessible to the MDES. On the contrary, the M1Si membrane,
are known to have a silicalite outer surface but the framework near the zeolite/alumina-substrate
interface contains certain amount of Al3+ [12,18]. Thus, the CCD modification in the M1Si
membrane takes place deep along the thickness in the channels (close to the zeolite/substrate
interface) and thus requires longer time due to the difficult diffusion of MDES molecules and
debris of catalytic cracking. The modified M1Si and M2Al are denoted as M-M1Si and M-M2Al,
respectively, hereafter. The effective control of pore modification within the surface of M2Al has
led to its much higher H2 permeance (Pm,H2 ~3.46 × 10−7 mol/m2·s·Pa) than that of the M-M1Si
(Pm,H2 ~2.36 × 10−7 mol/m2·s·Pa). However, the M-M2Al exhibited an αH2/CO2 of ~8.5 which is
lower than that of the M-M1Si (αH2/CO2 ~12.3), suggesting that more intercrystalline pores exited in
M-M2Al, which could also contribute to its high Pm,H2.

3.3. Single Gas Permeation for O2 and N2

The O2 and N2 Single gas permeation was performed as a function of temperature for both
membranes before and after the CCD modification. The results are presented in Figures 7 and 8. Before
modification, M1Si had O2/N2 permselectivity (αo

O2/N2) of ~0.925–0.970, which was very close to
the Knudsen factor (αo

O2/N2,K ~0.935) for gaseous diffusion, while M2Al had αo
O2/N2 of ~0.996–1.03,

which was slightly greater than the αo
O2/N2,K in the temperature range of 297–773 K. Since the dk

of O2 (~0.346 nm) and N2 (0.364 nm) are significantly smaller than the diameter of the pristine
MFI zeolitic pores (dp ~0.56 nm). The αo

O2/N2 was slightly larger than the αo
O2/N2,K because both O2

and N2 are weakly adsorbing in the MFI-type zeolites with O2 having slightly higher adsorption
amount [20]. The M2Al exhibited slightly higher αo

O2/N2 than M1Si that may be attributed to the
higher content of extra-framework Na+ in the former, which enhances the O2 adsorption. In addition,
the extra-framework metal ions can slightly reduce the zeolitic pore size to favor the diffusion of
the smaller O2. Observations of O2/N2 permselectivity greater than Knudsen factor on the alumina
supported ZSM-5 membranes have been previously reported in the literature (αo

O2/N2 ~1.02–1.16) [21].
The permeance of both O2 and N2 exhibited “S”-shaped temperature-dependences on both M1Si and
M2Al as shown in Figures 7a and 8a, respectively. As temperature increases, the permeances of O2

and N2 increase first and then decrease after passing maxima; as temperature further increases, the
permeances increase again after passing minima. Such a temperature-dependence of the permeance
(Po

m,i) is a result of the adsorption-diffusion transport mechanism because increasing temperature
reduces adsorption but enhances the transport diffusivity [22]. The αo

O2/N2 values of both unmodified
membranes were almost unchanged over the entire temperature range as expected.
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(a) (b)

(c) (d)

Figure 7. O2 and N2 single gas permeation on M1Si and M-M1Si. (a,b) M1Si and (c,d) M-M1Si.

(a) (b)

(c) (d)

Figure 8. O2 and N2 single gas permeation on M2Al and M-M2Al. (a,b) M2Al and (c,d) M-M2Al.
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In Figures 7b and 8b, the gas permeance of the two unmodified membranes are presented by the
Arrhenius plots in the temperature range of 573–773 K, where the adsorption of O2 and N2 become
negligible. The activation energies (Ed,i) for diffusion of O2 and N2 were similar in the two unmodified
membranes, i.e., Ed,O2 = 4.30 kJ/mol and Ed,N2 = 4.69 kJ/mol in M1Si; and Ed,O2 = 5.40 kJ/mol and
Ed,N2 = 5.61 kJ/mol in M2Al. However, the Ed,O2 and Ed,N2 are slightly greater in M2Al than in M1Si
that again suggest variation of zeolitic channel size due to the difference in amount of extra-framework
metal ions between the two membranes.

The gas permeation behavior of the two modified membranes became qualitatively different from
their unmodified counter parties. As shown in Figures 7c and 8c, the M-M1Si and M-M2Al were found
to be O2 selective over N2 with αo

O2/N2 much higher than that of the M1Si and M2Al and the selectivity
values are opposite to the N2-selective Knudsen factor for gaseous diffusion mechanism. These indicate
that the zeolite channel openings have been effectively narrowed to enable size-selectivity between
O2 and N2. For the modified membranes, the diffusion activation energy Ed,O2 and Ed,N2 were also
significantly increased from the values of the unmodified membranes as can be seen in Figures 7d
and 8d. The Ed,O2 and Ed,N2 were 7.26 kJ/mol and 8.96 kJ/mol, respectively, for M-M1Si; and were
6.72 kJ/mol and 9.35 kJ/mol, respectively, for M-M2Al. Apparently, the CCD modification caused
larger increase in Ed,N2 than Ed,O2 because N2 is bigger in size than O2. In other words, O2 and N2

and permeation through the two membranes were governed by gaseous diffusion mechanism before
modification, which is selective towards N2 of smaller mass and became controlled by the activated
diffusion mechanism after pore size reduction by the modification, which is selective towards O2

of smaller size. Interestingly, the temperature-dependences of gas permeance were quite different
between the two membranes as shown in Figures 7c and 8c. The M-M1Si exhibited monotonic
increase of permeance with increasing temperature that deviates from the “S”-shaped dependence
observed before modification. However, the M-M2Al maintained “S”-shaped permeance dependence
on temperature, which is similar to that observed on the unmodified membrane. This difference may
be caused by the different locations of pore narrowing in the channels of the two modified membranes.
In M-M1Si, because the modification presumably occurs near the exiting end of channel and thereby
the gas permeation is less influenced by the adsorbing effect since the transport is mainly controlled by
the section of reduced channel size.

3.4. O2/N2 Mixture Separation

The two modified membranes were also examined for separation of O2/N2 mixtures. Figure 9
shows the temperature and pressure dependencies of gas permeance (Pm,i; i= O2 and N2) and separation
factor (αO2/N2) on M-M1Si for an O2/N2 mixture feed with 20/80 molar ratio. It was found that, as
feed pressure increased, the Pm,O2 remained almost unchanged at temperature of 297 K but showed
moderate deceases at temperatures of ≥333 K; the Pm,N2, on the other hand, increased slightly as feed
pressure increased at 297 K but also decreased moderately at ≥333 K. Overall, Pm,O2 decreased with
pressure more rapidly than did Pm,N2, resulting in decline of αO2/N2 with increasing feed pressure.
Similar pressure-dependences of gas permeance and αO2/N2 were observed for M-M2Al. The decrease
in αO2/N2 with increasing feed pressure may be explained by considering the increasing contribution
of N2-selective gaseous diffusion through the intercrystalline pores while the transport through
the zeolitic pores is less sensitive to pressure as limited by the weak adsorption at zeolite surface.
Both Pm,O2 and Pm,N2 of the M-M1Si were found to increase monotonically with temperature for all
feed pressures due to the activated diffusion mechanism for both gases in the modified membranes.
However, due to the difference in magnitude of the temperature dependencies between Pm,O2 and
Pm,N2, the αO2/N2 exhibited bell-shaped temperate-dependence as shown in Figure 9f. The maximum
αO2/N2 appeared at 373 K for all feed pressures and achieved the best value of ~2.25 with a Pm,O2 of
7.24 × 10−9 mol/m2·s·Pa at feed pressure of 1 bar. Thus, for M-M1Si, the gas mixture separation factor
αO2/N2 was very close to the permselectivity αo

O2/N2 (~2.29) but Pm,O2 was notably lower than the
Po

m,O2 (9.10 × 10−9 mol/m2·s·Pa).
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(a) (b)

(c) (d)

(e) (f)

Figure 9. Effects of feed pressure and operating temperature on gas permeance and O2/N2 separation
factor in the M-M1Si for an O2/N2 mixture feed containing 20 mol% O2. (a) Pm,O2 as a function
of pressure; (b) Pm,O2 as a function of temperature; (c) Pm,N2 as a function of pressure; (d) Pm,N2

as a function of temperature; (e) αO2/N2 as a function of pressure; and (f) αO2/N2 as a function
of temperature.

The results of separation for the 20/80 O2/N2 mixture on the M-M2Al membrane are presented
in Figure 10. Both Pm,O2 and Pm,N2 deceased with feed pressure at all temperatures tested while both
Pm,O2 and Pm,N2 exhibited bell-shaped dependencies on temperature at each pressure, i.e., increased
first and then decreased after reaching maxima at around 333 K. The temperature-dependence of
gas permeance on the M-M2Al was again different from that on M-M1Si, which was similar to that
observed in single gas permeation. The αO2/N2 also exhibited a bell-shaped profile of temperate
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dependence at each feed pressure as shown in Figure 10f. The αO2/N2 achieved maxima at 333 K,
which was lower than the temperature (373 K) for maximum αO2/N2 on the M-M1Si. At feed pressure
of 1 bar, M-M2Al obtained the best αO2/N2 of 1.95, which was almost identical to the αo

O2/N2 (~1.96)
and a Pm,O2 of 1.2 × 10−7 mol/m2·s·Pa, which was also very close to its Po

m,O2 (1.3 × 10−7 mol/m2·s·Pa)
and far greater than that of the M-M1Si.

(a) (b)

(c) (d)

(e) (f)

Figure 10. Effects of feed pressure and operating temperature on gas permeance and O2/N2 separation
factor in M-M2Al for O2/N2 mixture feed with 20 mol% O2: (a) Pm,O2 as a function of pressure;
(b) Pm,O2 as a function of temperature; (c) Pm,N2 as a function of pressure; (d) Pm,N2 as a function of
temperature; (e) αO2/N2 as a function of pressure; (f) αO2/N2 as a function of temperature.
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As presented above, in separation of the O2/N2 mixture, both M-M1Si and M-M2Al had αO2/N2
values very close to their respective αo

O2/N2 that was expected from a selectivity largely determined by
size exclusion or steric effects at the reduced pore openings. However, Pm,O2 in mixture permeation
was significantly lower than the Po

m,i for M-M1Si while Pm,O2 remained similar to the Po
m,i for M-M2Al.

Such a difference in permeance change between single gas and mixture permeation for M-M1Si and
M-M2Al may be caused by the variation of the modification locations along the zeolite channel and
membrane thickness as schematically illustrated in Figure 11. The deposition of silica modifier was
near the zeolite/substrate interface in M-M1Si but was at the outer surface in M-M2Al. Thus, for gas
mixture feed, the O2 permeation rate is expected to remain very similar to that of single gas permeation
in M-M2Al as depicted in Figure 11c but to be inevitably hindered by the back diffusion of the less
permeable N2 from the narrowed section in M-M1Si as depicted by Figure 11b.

Figure 11. Schematic illustration of the presumed channel structures in the MFI-type zeolite membranes.
(a) Unmodified; (b) M-M1Si; and (c) M-M2Al.

3.5. Gas Permeation Selectivity by Size Exclusion

Both M-M1Si and M-M2Al membranes were able to achieve O2 permselectivity over N2; however,
the M-M2Al with a ZSM-5 surface drastically improved the O2 permeance as compared to M-M1Si.
However, the αO2/N2 for both membranes were limited to around 2. The relatively low αO2/N2 was
attributed primarily to the intercrystalline spaces, which are known to be of nanometer sizes and
selective towards the permeation of the lighter N2. In literature, the effect of pore narrowing in
MFI-type zeolite membranes by CCD modification on small gas permeation has been discussed
based on the molecular transport model developed by Xiao and Wei [2,3,23]. In the kinetic molecular
transport model, gas permeance (Pm) is expressed by Equation (4),

Pm =
ϕ

δ
(Doβ) =

ϕ

δ
·α
z
(

8RT
πMw

)
1/2

·β · exp(− Ed
RT

) (4)

where Do is jump diffusivity, which correlates with the transport diffusivity Dc and molecule load q
in zeolite, i.e., Do = Dc/q [24]. Under conditions where ideal gas behavior can be assumed and gas
adsorption is negligible, q may be represented by q = βP [23,25]. ϕ is a constant depending on the
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porosity and tortuosity; δ is the membrane thickness; and α and z are the single jump distance and
diffusion coordination number, respectively.

Equation (4) can be used to understand the diffusion mechanisms inside the zeolitic channels
according to the magnitude of diffusion activation energy (Ed) obtained from the Arrhenius
representation of permeance but cannot correlate the gas selectivity with the size contrast between
the molecule and pore opening, i.e., dk/dp (=λ), since neither λ nor dk and dp is explicitly related in
Equation (4). The selectivity for permeating molecules by size discrimination at the channel entrance
may be qualitatively analyzed based on kinetic molecular theory and an assumption of elastic collision
of hard sphere molecule at pore mouth. At a specific temperature and pressure, the frequency of
molecule colliding to the area of channel opening is given the product of gas phase molecular density
(ρ = p/RT) and molecule travel velocity (υ), which is related inversely to the square root of molecular
weight (υ ∝ M−0.5). As schematically illustrated in Figure 12, when rk < rp, collisions that can lead
to effective entry of molecules must occur within the center area of channel opening defined by re

(=rp − rk).

Figure 12. Schematic illustration of molecule entering the zeolite channel entrance.

Therefore, using the original pore radius (rp = 0.56 nm for MFI zeolite) as the basis of consideration,
for molecule “i” with rk < rp, when permeance is limited by the rate of molecule entering the entrance,
Pm,i depends on the collision frequency in the entire original pore area Ap (= πr2

p) and probability (ς)

of effective collision in Ae, i.e., ς = Ae/Ap = r2
e /r2

p = (1 − λi)
2. Thus, the gas permeation selectivity

for molecule i over j by size exclusion effect at the pore opening can be related to the molecular weight
and kinetic size and the pore size as

αo
i/j ∝ (

1 − λi
1 − λj

)
2
·
√

Mw,j√
Mw,i

· exp(−Ea,i − Ea,j

RT
), λi = rk,i/rp (5)

where Ea,i is the energy barrier for molecule i to enter the zeolitic channel, which is presumably
dependent of λi. It is well-known that molecules can enter zeolites even when the nominal rk and rp

are equal (i.e., λi = 1) or rk is slightly bigger than rp (i.e., λi > 1). Thus, theoretically quantifying αi/j or
αo

i/j is difficult because both the zeolitic pores and molecular size are not exactly known due to their
structural flexibility. Nevertheless, relation (5) can still help understanding the size exclusion effects.
Figure 13 shows the relation between [(1 − λO2)

2/(1 − λN2)
2 · (√Mw,N2/

√
Mw,O2)] and dp that is

predicted for the ideal system of rigid pore opening and hard sphere molecules. Because Ea,O2 < Ea,N2,
the value of exp[−(Ea,i − Ea,j)/RT] is always >1; therefore, αo

O2/N2 > [(1 − λO2)
2/(1 − λN2)

2 ·
(
√

Mw,N2/
√

Mw,O2)]. Apparently, [(1 − λO2)
2/(1 − λN2)

2 · (√Mw,N2/
√

Mw,O2)] and consequently
αo

O2/N2 remains close to 1.0 when dp is relatively large (e.g., dp > 0.45 nm) and increases sharply when
dp becomes < 0.4 nm to approach dk,N2.

The above simple calculation indicates a conservative estimate of αo
O2/N2 > 4.22 for dp < 0.38 nm by

size-selectivity at the pore entrance, which is significantly greater than the αo
O2/N2 of the CCD modified

membranes in this study. The O2/N2 selectivity was thus believed to be lowered primarily by gas
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permeation through the intercrystalline pores where the molecular transport is mainly governed by
the gaseous diffusion mechanism and selective towards N2 [26].

Figure 13. Dependence of [(1 − λO2)
2/(1 − λN2)

2 · (√Mw,N2/
√

Mw,O2)] on dp.

3.6. Reduction of Intercrystalline Spaces

Preliminary experiment was carried out in attempt to reduce the intercrystalline spaces and
improve the O2/N2 separation selectivity by liquid phase deposition of silica using tetramethoxysilane
(TMOS) as the precursor. This chemical liquid deposition (CLD) method was recently developed and
proven very effective for filling the nonzeolitic spaces in the DDR zeolite membrane to enhance the
small gas permeation selectivity [6].

An MFI-type membrane was prepared using the same precursor and the same synthesis procedure
as described earlier. The membrane was however obtained by two times of hydrothermal treatment
that minimized nonzeolitic pores in the membrane as evidenced by its very small αO2/N2 (≈0.1)
for separation of an equimolar H2/CO2 mixture at room temperature. The CCD modification
was terminated in 4 h when the online-monitored αO2/N2 and Pm,H2 stabilized at 14 and of
1.2 × 10−7 mol/m2·s·Pa, respectively. The CCD modified membrane was tested for O2/N2 separation
and then treated by the CLD method for reducing the intercrystalline pores, which was similar to
that reported in literature [27,28]. The CLD modification was conducted by the following procedure.
First, the alumina substrate of the disc membrane was soaked with water and any liquid water was
wiped off the substrate surface; second, the zeolite membrane surface was dried by sweeping with
compressed air for about 10 s after the membrane disc was mounted in a permeation cell; third, the
liquid TMOS was immediately filled into the cell chamber on the zeolite surface side while the chamber
on the substrate side was filled with D.I. water; finally, the membrane cell was kept static at room
temperature with the zeolite membrane surface facing upward for 2 h. During the finally step, TMOS
hydrolysis and hydrous silica deposition took place inside the intercrystalline spaces by liquid phase
counter diffusion of TMOS and water but not in the zeolitic pores because dk of TMOS is far bigger
than the zeolitic pore diameter. After the CLD process, the membrane disc was dried at 333 K for 1 day
followed by further drying at 473 K for 6 h and finally calcined at 723 ◦C for 6 h.
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(a)

(b)

(c)

Figure 14. Results of separation of equimolar O2/N2 gas mixture on the CCD modified membrane
before (M-CCD) and after the CLD treatment (M-CLD). (a) αO2/N2 and Pm,O2 as functions of
temperature; (b) αO2/N2 and Pm,O2 as functions of feed pressure; and (c) Arrhenius plots of
gas permeance.
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The CLD modified zeolite membrane was again tested for separation of an O2/N2 equimolar
mixture in a temperature range of 293–473 K and a feed pressure range of 1–6 bar. The O2/N2

separation results obtained on the CCD-modified membrane before and after the CLD treatment
are presented in Figure 14. The modified membrane is named as M-CCD before the CLD treatment
and named as M-CLD after CLD treatment. The temperature- and pressure-dependencies of αO2/N2
and Pm,O2 for M-CCD and M-CLD were in general consistent with those for M-M1Si and M-M2Al,
both decrease moderately with increasing temperature or pressure. However, M-CCD and M-CLD
exhibited significantly high αO2/N2 but much lower Pm,O2 as compared to M-M1Si and M-M2Al
because the former was obtained by two time of hydrothermal crystallization that resulted in thicker
membrane with less microdefects. The M-CLD had notable improvement in αO2/N2 but with large
decreases in Pm,O2 as compared to M-CCD that demonstrated the effective reduction of intercrystalline
spaces by the CLD modification. The best αO2/N2 on the M-CLD was nearly 5 but the Pm,O2 was
only ~1.0 × 10−8 mol/m2·s·Pa, which was less than 10% that of the M-M2Al. Figure 14c presents the
Arrhenius correlations of gas permeance at relatively high temperatures (≥373 K) for M-CCD and
M-CLD. The Ed,O2 and Ed,N2 of M-CCD were 6.75 kJ/mol and 9.38 kJ/mol, respectively, which were
very similar to the values observed in M-M2Al as expected. The Ed,O2 and Ed,N2 of M-CLD increased
to 9.40 kJ/mol and 12.89 kJ/mol, respectively; both became significantly greater than the values of
M-CCD that further indicated the effective reduction of gaseous diffusion through the intercrystalline
spaces by the CLD modification.

4. Conclusions

The CCD modified MFI-type zeolite has been demonstrated to have O2/N2 permselectivity
and mixture separation factor around 2. The O2 permeance was drastically enhanced for the
modified MFI zeolite membrane by forming of an alumina-containing zeolite membrane surface,
which effectively limited the channel narrowing within a small thickness near the outer surface by
CCD modification. The modified membrane with a ZSM-5 surface (i.e., M-M2Al) had a moderately
lower αO2/N2 (~1.95) than the modified membrane M-M1Si (αO2/N2~2.25) but the former had a Pm,O2
of 1.2 × 10−7 mol/m2·s·Pa, which was 16 times that of the M-M1Si (Pm,O2 = 7.24 × 10−9 mol/m2·s·Pa).
The theoretical analysis of size exclusion effect by the reduced pore size was carried out based on a
simplified system of rigid pore openings and hard sphere molecules. The results suggested that the
CCD modified MFI-type zeolite membrane was expected to possess much higher O2/N2 selectivity
than those obtained on the two CCD modified membranes. The lower-than-expected αO2/N2 on the
modified membranes was attributed to the inevitably existing intercrystalline spaces, which allow
the undesirable gas transport by gaseous diffusion to lower the O2/N2 selectivity. Preliminary
investigation on CLD treatment of a CCD modified MFI-type zeolite membrane demonstrated
that O2 selectivity of the modified zeolite membrane could be further improved by reducing the
nonzeolitic pores by repeated hydrothermal synthesis and the CLD repairing of intercrystalline
pores. The CLD-modified membrane achieved an impressive αO2/N2 of 4.9 but with a low Pm,O2
of ~1.0 × 10−8 mol/m2·s·Pa. To further improve the separation of small gases such as the O2/N2

mixture, the challenge of synthesizing high quality silicalite membranes with very small thickness and
a ZSM-5 surface need to be addressed so that the membrane can achieve both high selectivity and high
permeance after the CCD modification.
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Abstract: Low-temperature hydrogen production from natural gas via steam reforming requires
novel processing concepts as well as stable catalysts. A process using zeolite membranes of the
type MFI (Mobile FIve) was used to enrich natural gas with liquefied petroleum gas (LPG) alkanes
(in particular, propane and n-butane), in order to improve the hydrogen production from this mixture
at a reduced temperature. For this purpose, a catalyst precursor based on Rh single-sites (1 mol%
Rh) on alumina was transformed in situ to a Rh1/Al2O3 catalyst possessing better performance
capabilities compared with commercial catalysts. A wet raw natural gas (57.6 vol% CH4) was fully
reformed at 650 ◦C, with 1 bar absolute pressure over the Rh1/Al2O3 at a steam to carbon ratio
S/C = 4, yielding 74.7% H2. However, at 350 ◦C only 21 vol% H2 was obtained under these conditions.
The second mixture, enriched with LPG, was obtained from the raw gas after the membrane process
and contained only 25.2 vol% CH4. From this second mixture, 47 vol% H2 was generated at 350 ◦C
after steam reforming over the Rh1/Al2O3 catalyst at S/C = 4. At S/C = 1 conversion was suppressed
for both gas mixtures. Single alkane reforming of C2–C4 showed different sensitivity for side reactions,
e.g., methanation between 350 and 650 ◦C. These results contribute to ongoing research in the field of
low-temperature hydrogen release from natural gas alkanes for fuel cell applications as well as for
pre-reforming processes.

Keywords: steam reforming; pre-reforming; alkanes; hydrogen; membrane separation; single-sites

1. Introduction

Exploitation of the world’s reserves of natural gas has increased tremendously, while the spectrum
of utilization has broadened continuously. Methane, the main component in natural gas, is typically
combusted for energy generation, since it is difficult to activate this smallest alkane and form more
valuable products [1]. In terms of direct methane activation, several directions can be pursued
which are currently only of academic interest [2–6]. Hence, for chemical processing, methane is
mainly converted into H2/CO mixtures (syngas) which provide key components for the production of
chemical products [7–10], e.g., for the synthesis of ammonia, methanol, and liquid hydrocarbons [11].
The steam reforming process of methane is typically performed at high temperatures between 750 and
900 ◦C. At a pressure of p = 24 bar and a steam to carbon ratio of S/C = 3, nearly 75 vol% H2 is
produced (excluding water) [12].

Wet natural gas, rich in C2–C5 alkanes, or C2–C5 alkane fractions from natural gas conditioning,
are valuable sources for syngas production. Depending on the alkane composition and the processing
technology (i.e., steam reforming, partial oxidation, autothermal reforming, dry reforming), syngas with
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different H2/CO ratios can be obtained by using suitable catalysts [13]. Generally, the highest possible
amount of H2 can be achieved by using steam as a reactant for alkanes, due to the inherent hydrogen
content of the water. Industrially, pre-reforming of the higher alkanes in wet natural gas can help to
reduce the size of a downstream tubular reformer [9]. Moreover, liquid fuels such as butane, alcohols,
or diesel are increasingly being considered as easily storable sources of hydrogen which can be applied
in fuel cell systems [14–18]. Among those, reforming of bioethanol could contribute to sustainable
hydrogen production. However, a high temperature of about 700 ◦C is required to obtain hydrogen
yields above 70% [19].

Steam reforming of alkanes requires a significant energy input [20,21]. For methane conversion,
the required ΔH◦ is +206 kJ/mol [22], hence, the reaction has to be performed at high temperatures
(often higher than 900 ◦C) to ensure full conversion [23]. In order to decrease the required reaction
temperature, low pressure and a relatively high S/C ratio are necessary [14]. Several attempts have
been made in order to lower the required energy input for alkane steam reforming [22]. Interestingly,
the reforming of higher alkanes can be performed at a lower temperature compared to methane.
For instance, complete conversion of n-butane can be achieved at 405 ◦C over Pt-Ni/δ-Al2O3 [15].
Schädel et al. [20] systematically tested an industrial Rh catalyst as a washcoat on cordierite honeycomb
monoliths for the steam reforming of methane, ethane, propane, butane, and natural gas. The authors
showed that methane requires a much higher temperature for conversion compared to the other
alkanes. Consequently, steam reforming of a natural gas with a high liquefied petroleum gas (LPG)
fraction would offer lower reaction temperatures.

The enrichment of natural gas with LPG alkanes via MFI (Mobile FIve)-membranes has been
reported in the past. Selective gas transport across zeolite membranes can be achieved by either
selective adsorption or size exclusion [24]. Due to their selective adsorption properties, MFI zeolite
membranes are extensively studied for separation of different alkanes [25–29]. From a mechanistic
point of view, the higher molecular weight alkanes adsorb preferentially at the membrane surface and
thus block the pores for further passage of lighter components. However, a fundamental understanding
of transport across the membrane and the accurate analysis of optimal operating parameters are
essential for achieving high membrane performances. The separation of natural gas alkanes based
on the adsorption behavior of the different alkanes was first demonstrated by Arruebo et al. [30] and
detailed parameter studies were performed by our group [31–34].

Unfortunately, stable catalysts working at lower temperatures in the steam reforming of LPG
enriched natural gas are rather scarce. Carbon deposition, the most serious problem affecting the
stability of catalysts at low reaction temperatures (400–550 ◦C), was investigated by Angeli et al. [35]
who found significant carbon residues on Ni catalysts, while in the presence of Rh, coke was oxidized.
Our initial idea was to reduce the size of the active sites in order reduce coking ability. In terms of
methane activation, Bao and co-workers developed an oxygen free route towards C2 and aromatic
products over Fe single-sites [36]. Moreover, direct transformation of methane to methanol can
be performed over Pd single-sites at a low temperature [37], or over single-site copper species in
zeolites [38–41]. Molecularly attached VOx single-sites on silica have been used as catalysts for the
selective oxidation of methane towards formaldehyde [42–44]. However, in terms of steam reforming
of methane, Bokhoven and co-workers recently found that the catalytic reaction over single Rh sites on
stabilizing supports requires additional nanoparticles to oxidize formed carbon species [45]. In the
absence of nanoparticles, reaction rates are lowered due to the formation of carbon species which are
strongly bound to the surface.

In this work, we started with single Rh site rhodium catalyst precursors in the steam reforming of
alkanes and LPG rich natural gas. The single-sites were transformed during the reaction and the in
situ formed catalysts containing Rh nanoparticles surprisingly delivered a much better performance
compared to commercial catalysts at low temperature. Therefore, a membrane-based pre-enrichment
of LPG can be introduced as a feasible concept to obtain an alkane mixture from which a high amount
of hydrogen can be produced at temperatures as low as 350 ◦C.
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2. Materials and Methods

2.1. Catalyst Preparation

Rh1/Al2O3 with 1.0 mol% Rh was prepared by impregnation of Al2O3. First, 15 g Disperal
P2 (Sasol, Brunsbüttel, Germany) were calcined at 800 ◦C (heating rate 5 ◦C/min) for 90 min in
air. Afterwards, the as-obtained Al2O3 was impregnated with a freshly prepared Rh(NO3)3 solution.
Accordingly, 1.9 g RhCl3·4.5H2O (Alfa Aesar, Karlsruhe, Germany) were dissolved in 100 mL of water.
The solution was heated and 20 mL of aqueous 20 M KOH (Fisher Chemical, Loughborough, UK)
were added dropwise under reflux. The precipitated Rh(OH)3 was centrifuged and washed four times
with hot water. The resulting Rh(OH)3 precipitate was then dissolved in 5 mL of concentrated HNO3

(Fisher Chemical, Loughborough, UK) and subsequently diluted in 20 mL of deionized water to obtain
a Rh(NO3)3 concentration of about 0.35 mol/L. As a last step, 2.85 mL of this solution was further
diluted in 47.2 mL of deionized water and used for the wet impregnation of 10 g of Al2O3. This slurry
was stirred for 1 h, water was subsequently removed using a rotary evaporator, and the resulting
catalyst was dried over night at 110 ◦C. Finally, calcination of the material was performed at 700 ◦C in air
for 60 min (heating rate 5 ◦C/min). The catalysts were abbreviated as follows: Rh1/Al2O3 for 1.0 mol%
Rh on alumina. Several other loadings of Rh on alumina were abbreviated as RhX/Al2O3 with (x = 0.01,
0,1, and 0.5 in mol% Rh, determined via inductively coupled plasma - optical emission spectroscopy
ICP-OES). For comparison, two commercial catalysts consisting of 0.5 % Rh (206172) on alumina
and 5% Rh (C-301099-5) on alumina were purchased from Sigma-Aldrich (Steinheim, Germany) and
Alfa Aesar (Karlsruhe, Germany), respectively, and tested under comparable conditions.

2.2. Catalyst Characterization

The BET (Brunauer–Emmett–Teller) specific surface area of the porous silica and the catalysts
were measured by N2 adsorption using a NOVA 4200e instrument from Quantachrome (Odelzhausen,
Germany). As a pre-treatment, samples were outgassed and dried for 2 h at 200 ◦C at reduced pressure.

Powder X-ray diffraction (XRD) patterns of the calcined samples were measured in the angle
range 5–80◦ 2Theta scale on a Theta/Theta diffractometer X’Pert Pro (Panalytical, Almelo, Netherlands)
using a Ni-filtered Cu–Kα radiation (λ = 1.5418 Å, 40 kV, 40 mA). The data were recorded with the
X’Celerator (RTMS) detector.

Transmission electron microscopy (TEM) measurements at 200 kV were performed on a JEM-ARM200F
(JEOL) with aberration-correction by a CESCOR (CEOS) for the scanning transmission (STEM) applications
(JEOL, Corrector: CEOS, Tokyo, Japan).

A Varian 715-ES ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometer)
(Varian Palo Alto, CA, USA) was used for the determination of the elemental composition of the
catalysts. Before analysis, the catalysts were completely dissolved in a solution containing 8 mL of
aqua regia and 2 mL of hydrofluoric acid.

The H2-TPR (temperature programmed reduction with H2) experiments were done as described
in the following. 160 mg of the respective sample was loaded in a u-shaped quartz reactor and heated
from RT (room temperature) to 500 ◦C at 20 K/min in air, then cooled to RT and flushed with Ar flow
(50 mL/min) for 30 min. H2-TPR of Rh1/Al2O3 samples were carried out from 0 to 800 ◦C in a flow of
5% H2/Ar (20 mL/min) with a heating rate of 5 K/min. The temperature was held at 800 ◦C for 1 h.
The hydrogen consumption peaks were recorded simultaneously via a thermal conductivity detector
(TCD, ChemiSorb 2920-Instrument, Mircomeritics, Norcross, GA, USA).

2.3. Membrane Separation

Pressure-stable and defect-free MFI membranes at the inner side of porous alumina tubes
(l = 125 mm, douter = 10 mm, dinner = 8 mm) were prepared via a secondary growth procedure
previously reported by our group in Reference [31]. The tubes were sealed with glass at both ends
and embedded in stainless steel permeation cells with Viton O-rings. LPG enrichment from natural
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gas using the MFI membranes was performed at ppermeate = 0.17 bar, pfeed = 7 bar, and T = 75 ◦C.
Compositions of permeate and retentate were analyzed continuously using an online coupled capillary
GC HP 6890 from Hewlett Packard (Santa Clara, CA, USA).

2.4. Catalytic Steam Reforming Tests

Steam reforming of alkanes, alkane mixtures, and simulated natural gas (before and after
membrane enrichment) were performed in a vertical fixed bed plug flow quartz reactor (l = 260 mm,
dinner of 8 mm) at 1 bar (detailed composition of the reaction mixtures are given in Table S1 and S2).
If not otherwise stated, 150 mg of catalyst was fixed with quartz wool at the centre of the reactor tube
and heated in a furnace at temperatures ranging from 200 to 850 ◦C. If not otherwise stated, the holding
time spent for each temperature set point was about 35 min. Temperature was controlled by two
thermocouples (ThermoExpert, Stapelfeld, Germany) at the outer reactor wall and in the middle of
the catalyst bed. The gas flow was controlled by mass flow controllers (MKS, Andover, MA, USA).
The total gas flow under ambient conditions of 100 cm3 min−1 consisted of 25 cm3 min−1 of reactant
gas (steam and alkanes) diluted in 75 cm3 min−1 of nitrogen to reach near isothermal conditions. If not
otherwise stated, GHSV (gas hourly space velocity) was about 8000 h−1. The required water was
dosed to a vaporizer using a syringe pump at the front inlet of the reactor. All the transfer lines were
heated at 130 ◦C. At the reactor outlet, water was condensed from the product gas stream in a cold trap
at 0 ◦C. Gas phase products were analyzed by an online-GC 7890A (Agilent, Santa Clara, CA, USA).
H2, N2, and CO were separated with a molsieve column 5Å from Agilent (CP-1306) (Santa Clara,
CA, USA) and detected with a TCD. The alkanes and CO2 were separated with a GS-Q column from
Agilent (113-3432) (Santa Clara, CA, USA) and detected with a flame ionization detector (FID, Agilent,
Santa Clara, CA, USA) with a methanation unit. For quantification of H2, N2, CO, CO2, and C1–C5

alkanes, an external calibration was done with several test gas mixtures (supplied from Linde Group,
Pullach, Germany) and their dilutions in N2, as well as by measuring the pure gases. For discussion,
H2O and N2 were excluded in the given volumetric gas compositions.

3. Results

3.1. Rh1/Al2O3 Catalyst

Rh single-atoms were deposited on a high surface alumina support of 181 m2/g. The BET surface
areas and pore volumes of the obtained Rh1/Al2O3 catalyst, given in Table 1, are only less affected
after calcination, indicating the integrity of the support material after thermal treatment. The molar
fraction of Rh in Rh1/Al2O3 was 1.0 mol%, which is in the range of the targeted value. X-ray diffraction
patterns of the catalyst (Figure S1) shows only typical reflections of different alumina phases, namely,
γ-, δ-, and θ-Al2O3 (JCPDS 29-0063 [46], PDF 46-1215 [47], and ICSD#082504 [48]).

Table 1. BET (Brunauer–Emmett–Teller) specific surface area (SBET), total pore volume (Vt), and average
pore diameter (D), as well as ICP-OES (inductively coupled plasma - optical emission spectroscopy)
data of support and catalysts.

Samples
BET ICP

SBET (m2/g) Vt (mL/g) D (nm) Rh (mol%)

Al2O3 181 0.413 9.1 -
Rh1/Al2O3 169 0.406 9.6 1.0

High-angle annular dark-field—scanning transmission electron microscopy (HAADF-STEM)
images of fresh and spent catalysts are shown in Figure 1a,b. The spent catalysts were isolated
after the light-off test with permeate gas at S/C = 4, running the reaction from 200 to 850 ◦C. In fresh
Rh1/Al2O3, many visible Rh atoms well-dispersed over the γ-Al2O3 support and islands of single-sites
can be detected (bright spots in yellow circles). Rh nanoparticles in the size of 1–3 nm are visible in
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the spent Rh1/Al2O3 catalyst, indicating particle formation from Rh single-sites during the steam
reforming process.

H2-TPR was performed with fresh and spent catalysts. The spent catalysts were isolated again
after the light-off tests with permeate gas at 850 ◦C (S/C = 4). As can be concluded from Figure 1c,
the absence of typical reduction peaks for particulate RhOx species in the range from 80 to 250 ◦C [49,50]
indicate the nature of the sites in fresh Rh1/Al2O3. Most Rh species in the fresh catalysts are present
as single atoms, because the adsorption and dissociation of H2 to H atoms cannot occur over single
atoms [51]. H2-TPR over spent Rh1/Al2O3 catalysts is in accordance with the TEM results. It is obvious
that the single-sites in the fresh catalysts were transformed to nanoparticle species during an initial
activation phase. The formed Rh particles in spent Rh1/Al2O3 show an extraordinary reducibility
below 50 ◦C and were the active catalyst species.

Figure 1. Catalyst characterization. High-angle annular dark-field—scanning electron microscopy
(HAADF-STEM) images: (a) fresh Rh1/Al2O3, (b) spent Rh1/Al2O3, and (c) H2-TPR (temperature
programmed reduction with H2) profiles of fresh and spent Rh1/Al2O3. Spent catalysts were isolated
after hydrogen production from liquefied petroleum gas (LPG)-enriched permeate natural gas with
a steam to carbon ratio (S/C) = 4, heating from 200 to 850 ◦C.

3.2. Steam Reforming of pure C1–4 Alkanes and Mixtures of C2–4 with Methane over Rh1/Al2O3

Steam reforming of the single alkanes methane, ethane, propane, n-butane, and i-butane were
performed over Rh1/Al2O3 using S/C ratio and temperature as a measure for catalyst activity (Figure 2)
and selectivity (Figure 3). At a GHSVs of 8000 h−1, 1 mol% Rh appeared as sufficient loading to
reach nearly equilibrium methane conversion [22] (Figure S2). At lower Rh loading, GHSVs have
to be reduced to fulfil this task (e.g., Figures S3 and S4 for Rh0.5/Al2O3). In the temperature range
250–400 ◦C, increasing S/C ratios lead to higher H2 fractions in the product gas and higher alkanes
yield higher H2 fractions than methane reforming. Above 500 ◦C, increasing methane conversion
leads to higher H2 fractions due to higher hydrogen/carbon-ratios in such mixtures. Between 550 and
850 ◦C, the respective H2 fractions remain nearly constant between 70 vol% and 80 vol% at S/C = 4.
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Figure 2. H2 volumetric gas content (water and inert gas excluded) and H2/CO ratio in the steam
reforming of single alkanes over Rh1/Al2O3 at GHSV (gas hourly space velocity) of 8000 h−1 and
different values of temperature and S/C ratios of (a) 1, (b) 2.5, and (c) 4.

The obtained H2/CO ratios (Figure 2) also depend strongly on the S/C ratio and temperature.
The H2/CO ratios from methane steam reforming decrease with increasing temperature and decreasing
S/C ratios. A more difficile behavior was found for C2–4 alkanes. For many of those, a maximum
H2/CO ratio was observed around 500–600 ◦C, whereby the values increase with increasing S/C ratios.
This region relates to the aforementioned side reactions, namely the water–gas shift reaction as well
as the formation of CH4. Concerning the latter, the amount of formed methane from C2–C4 alkanes
dependent on the temperature and S/C ratio is depicted in Figure 3. At S/C = 1, the potential to form
methane goes along the following order of the alkanes: Ethane~propane > i-butane > n-butane, reaching
values up to ~30 vol% methane, and is most pronounced between temperatures of 500 and 600 ◦C.
For higher S/C ratios another trend is observed according to ethane~propane > i-butane~n-butane.
The CH4 formation can be suppressed by increasing the amount of steam. Different mechanisms
can be responsible for CH4 formation. Schädel et al. [20] observed CH4 formation during the steam
reforming of different higher alkanes over Rh catalysts and concluded that CH4 is formed faster from
higher hydrocarbons than decomposed, due to its lower reactivity at low temperatures. In addition,
CO (and CO2) hydrogenation by formed H2 or the so-called methanation, also contributes to CH4
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production. Although the hydrogenolysis reaction is discussed as mostly being responsible for CH4

production [52], methanation can also contribute to a significant loss of CO and consequently very high
H2/CO ratios. This feature could be suppressed to a certain extend by LPG enrichment as discussed
later. As a direct consequence of CH4 formation from the higher alkanes, two temperature regions can
be defined for our approach: (i) before CH4 formation in a low-temperature region, e.g., up to 350 ◦C
and (ii) a high-temperature region when the formed CH4 is completely reformed starting at 650 ◦C.
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Figure 3. Formation of methane during steam reforming of (a) ethane, (b) propane, (c) i-butane and
(d) n-butane over Rh1/Al2O3 at various S/C ratios and temperatures at a constant GHSV of ~8000 h−1.

Finally, steam reforming tests of binary alkane mixtures with methane, namely, ethane/methane,
propane/methane, and n-butane/methane, were performed at 350 ◦C over Rh1/Al2O3 to demonstrate
the impact of higher alkanes on the achievable H2 fractions and H2/CO ratios (Figures S4 and S5).
At this temperature, no methane is being formed from the higher alkanes. In general, an increasing
content of higher alkanes causes a rise in the respective H2 fractions. In the case of ethane/methane
mixtures, for instance, the H2 fractions increase from 5.0 vol% to 8.7 vol% (S/C = 1) when the volume
fraction of ethane is increased from 0 to 100%. At the S/C ratio of 2.5, the H2 fraction can be increased
from 8.4 vol% to 15.0 vol% and even from 12.6 vol% to 22.6 vol% when the S/C ratio is further
increased to 4. However, in the same way, the H2/CO ratios decrease from 3.3 to 2.4 (S/C = 1), 4.6 to
3.9 (S/C = 2.5), and 5.9 to 4.8 (S/C = 4). Lower H2/CO ratios at low methane content are attributed to
(i) the reduced hydrogen/carbon-ratios and (ii) high CO selectivity of Rh1/Al2O3. The latter has already
been demonstrated for the n-butane steam reforming in low-temperature range over Rh catalysts [53].
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3.3. Enrichment of LPG from Natural Gas Using MFI-Membranes

Compared to presently used methods of recovering heavier hydrocarbons from methane [54],
a membrane process offers a low energy consuming alternative. In this work, a wet natural gas (raw gas)
was enriched with propane and n-butane (permeate gas; enriched with LPG) using a pressure stable
MFI zeolite membrane. The compositions of the raw gas (sour gas and inert gas depleted, water-free)
and permeate gas are depicted in Scheme 1. The subsequent steam reforming was performed in
a separate reactor, since both operations require different working temperatures [55] (Scheme 1).

In the membrane process, pores are blocked for methane due to the preferred adsorption of LPG
alkanes in the MFI structure and permeation is induced by a present gradient of the chemical potential,
preferably by differences between permeate and feed pressure. At ppermeate = 0.17 bar and pfeed = 7 bar
(T = 75 ◦C), propane and n-butane enrichment of 37.6 vol% and 22.6 vol% in permeate from initial
18.9 vol% and 4.9 vol%, respectively, was obtained. i-butane hardly passes the MFI membrane as it
is trapped in the zick-zack-channels of the zeolite [56], which is reflected in a lower amount of this
component in the permeate.

Scheme 1. Two-step process for the generation of hydrogen from wet natural gas, including membrane-
based LPG-enrichment and further steam reforming.

3.4. Steam Reforming of Real Natural Gas Mixtures over Rh1/Al2O3

The product gas distributions obtained after steam reforming of the two gas mixtures over
Rh1/Al2O3 (S/C = 1 and 4, GHSV~8000 h−1) are displayed dependent on temperature in Figure 4.
At S/C = 1 the reforming of raw gas starts at 350 ◦C and full conversion of higher alkanes is achieved
at temperatures above 450 ◦C. With elevation of the reaction temperature, further methane conversion
and rising H2 and COx concentrations are observed. Nearly full methane conversion is reached at
a temperature of 850 ◦C. At S/C = 4, complete conversion of higher alkanes and methane occurs at
lower temperatures compared to the case of S/C = 1, and the respective H2 concentration exhibits
76 vol% at 550 ◦C and levels off at higher reaction temperatures.
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Figure 4. Volumetric gas contents of raw natural gas and LPG-enriched permeate natural gas from
membrane pre-separation and after steam reforming over Rh1/Al2O3 at (a) S/C ratio of 1 and (b) S/C
ratio of 4.
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The product gas distribution resulting from the steam reforming of the permeate gas differs
positively from that of the raw gas at low temperature, due to the higher LPG fraction in the mixture.
Compared to the raw gas reforming, twice the concentration of H2 is achieved from permeate gas
reforming at 350 ◦C and S/C = 4 (H2 concentration of 46.5%). Under such reaction conditions,
Rh1/Al2O3 performs even better than a commercial catalyst consisting of 5% Rh on alumina (Figure S6).
At 550 ◦C higher alkanes are nearly completely converted.

The related H2 fractions, H2/CO ratios, and CO/CO2 volumetric contents are additionally
depicted in Figures S7–S9. For both raw gas as well as permeate gas, the achievable H2/CO ratios
show a maximum between 500 and 550 ◦C, and gradually decrease with the elevation of temperatures
above 550 ◦C. H2/CO ratios obtained from permeate gas reforming are slightly lower than those
from raw gas transformation. At S/C = 4 the CO/COx-ratio (Figure S9) presents the most significant
minimum at 500 ◦C, leading to H2/CO ratios far above 10, which point to the side reactions which
were described earlier.

Time-on-stream performance of Rh1/Al2O3 in the steam reforming of LPG-enriched permeate
natural gas at 350 ◦C and 850 ◦C (S/C ratio = 4) is displayed in Figure 5. The activity of Rh1/Al2O3

increases during the first hour on stream and is nearly stable in the subsequent reaction time.
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Figure 5. Steam reforming of permeate natural gas over Rh1/Al2O3 at S/C ratio of 4 and temperatures
of 350 and 850 ◦C.

This behaviour is not in accordance with general considerations regarding catalyst
deactivation [57]. Commonly, particle deactivation involves (i) a loss in surface area in the beginning
of the reaction, (ii) slowed sintering on stream, and (iii) reaching a stable performance at a certain
time. In the present case, the active phase, e.g., formed nanoparticles from Rh single-sites, is being
created during the initial stage and seems to possess particularly suitable features for the reaction at
low temperatures. At 850 ◦C, Rh1/Al2O3 shows no deactivation over 40 h on stream, the hydrogen
yield remains at ~73 vol%, and the H2/CO ratio was constant at 4.

4. Conclusions

A highly active Rh catalyst was formed in situ on Al2O3 during the reaction of C1–C5 alkanes
with steam. The active phase in Rh1/Al2O3 were Rh nanoparticles in the range 1–3 nm formed from
single Rh-atoms. The product spectrum of steam reformed alkanes over Rh1/Al2O3 strongly depends
on S/C ratios and temperatures. With this catalyst, an alkane mixture of an LPG-rich natural gas
containing 57.8 vol% CH4 can be fully reformed at 650 ◦C at S/C = 4. Below 650 ◦C, the higher alkanes
showed a positive impact on the hydrogen production from binary mixtures at low temperatures
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but contributed to methanation. Furthermore, maximum H2/CO ratios (>10) were detected between
350 and 650 ◦C. Consequently, pre-reforming of LPG-rich natural gas should be performed under very
mild conditions, no higher than 350 ◦C. Therefore, the application of a membrane-based pre-separation
represents a feasible concept to obtain (i) easily activatable LPG-enriched natural gas for hydrogen
production and (ii) a purified methane fraction for possible injection into the gas grid. Exemplarily,
the enrichment of the C2–C5 alkane fraction (remaining 25.2 vol% CH4) in the permeate gas leads to
further enhancement of the steam reforming reaction. At low reaction temperatures as low as 350 ◦C
(S/C = 4), the volumetric hydrogen content in the product was increased from 21.8% to 46.5 vol% at
a reasonable H2/CO ratio of 4.7.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/6/12/263/s1:
Table S1: Composition of the reaction gas mixtures comprising single alkanes or natural gas alkanes in 75% inert
gas; Table S2: Composition of the reaction gas mixtures comprising binary in 75% inert gas; Figure S1. XRD
patterns obtained from Rh1/Al2O3, the support precursor (γ−AlOOH), and the pure support (mixture of γ-, θ-
and δ-alumina phases); Figure S2. (a) CH4 and (b) H2 volumetric gas contents (water and inert gas excluded),
(c) CO/COx ratio, and d) H2/CO ratio in the steam reforming of methane over Rhx/Al2O3 at various Rh loadings
(S/C = 4); Figure S3. (a) CH4 and (b) H2 volumetric gas contents (water and inert gas excluded), (c) CO/COx
ratio, and (d) H2/CO ratio in the steam reforming of methane over Rh0.5/Al2O3 at various Rh loadings at various
GHSVs (S/C = 4); Figure S4. H2 volumetric gas contents (water and inert gas excluded) in the steam reforming of
C2–C4 alkanes in mixture with methane over Rh1/Al2O3 at 350 ◦C and S/C of (a) 1, (b) 2.5 and (c) 4; Figure S5.
H2/CO ratios in the steam reforming of C2–C4 alkanes in mixture with methane over Rh1/Al2O3 at 350 ◦C and
S/C of (a) 1, (b) 2.5 and (c) 4; Figure S6. Volumetric gas contents of permeate gas from membrane pre-separation
and after subsequent steam reforming at 350 ◦C and a S/C ratio of 4 over Rh1/Al2O3 and commercial catalysts;
Figure S7. H2 volumetric gas contents (water and inert gas excluded) in the steam reforming of methane over
Rh1/Al2O3 at various temperatures and S/C ratios of (a) 1,(b) 2.5 and (c) 4; Figure S8. H2/CO ratios in the
product gases in the steam reforming of methane over Rh1/Al2O3 at various temperatures and S/C ratios of (a) 1,
(b) 2.5 and (c) 4; Figure S9. Volumetric CO- and CO2-contents in the product gases (water and inert gas excluded)
in the steam reforming of methane over Rh1/Al2O3 at various temperatures and S/C ratios of (a) 1, (b) 2.5 and
(c) 4.
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Abstract: Polyimides with excellent physicochemical properties have aroused a great deal of
interest as gas separation membranes; however, the severe performance decay due to CO2-induced
plasticization remains a challenge. Fortunately, in recent years, advanced plasticization-resistant
membranes of great commercial and environmental relevance have been developed. In this review,
we investigate the mechanism of plasticization due to CO2 permeation, introduce effective methods to
suppress CO2-induced plasticization, propose evaluation criteria to assess the reduced plasticization
performance, and clarify typical methods used for designing anti-plasticization membranes.

Keywords: polyimide; plasticization; membrane; gas separation; carbon dioxide

1. Introduction

1.1. Natural Gas Process

Narrowly speaking, natural gas—a term in the energy field—is referred to as a mixture of
hydrocarbons and non-hydrocarbon gases that naturally exist underground. The typical composition
of raw natural gas is shown in Table 1, based on samples from eight different locations worldwide [1,2].
Methane is the main component of raw natural gas—one of the raw materials. It is consumed during
combustion for heat release or chemical production. When producing the same amount of energy, CO2

emissions by natural gas are ~26% less than oil and coal [3]. Therefore, natural gas is regarded as a
source for the cleanest and lowest carbon emitting fossil fuel in the world [4].

Table 1. Typical composition of raw natural gas [1,2].

Component Composition Range (mol%)

CH4 29.98–90.12
C2H6 0.55–14.22
C3H8 0.23–12.54
C4H10 0.14–8.12

C5+ 0.037–3.0
N2 0.21–26.10

H2S 0.0–3.3
CO2 0.06–42.66
He 0.0–1.8

Processes 2019, 7, 51; doi:10.3390/pr7010051 www.mdpi.com/journal/processes38
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According to the BP (British Petroleum) Statistical Review of World Energy (2018), 2017 witnessed
the fastest rates of rapid increases in natural gas consumption (3.0%; 96 billion cubic meters) and
production (4.0%; 131 billion cubic meters) [5]. Furthermore, Figure 1 clearly illustrates that in
2017, the share of natural gas in global primary energy consumption by fuel consistently increased to
23.4% [6]. Undoubtedly, strong natural gas growth can be expected in the near future. This is supported
by an increase in the levels of industrialization and power demand, continued coal-to-gas switching,
and the growing availability of low-cost supplies [7]. In conclusion, the rapid increase in natural gas
consumption has driven the necessity for natural gas processing to meet pipeline requirements.

 

Figure 1. Shares of global primary energy consumption by fuel [6].

It has been widely recognized that variations in raw natural gas consumption are considerably
region-dependent [8], which is supported by the worldwide composition data of raw natural gas
(shown in Table 2). Nevertheless, nations tightly control the composition of natural gas prior to entry
into the industrial pipeline grids. Take the U.S. for example, where Table 3 shows a whole set of criteria
defining the upper limits of common impurities. Therefore, to remove the undesired components and
ultimately meet the requirements of target composition specifications, preconditioning is required for
all raw natural gases. Furthermore, the greenhouse effect generated by CH4 must also be taken into
consideration. Generally speaking, if CH4 is released during the purification and shipment of natural
gas, it may cause a severe greenhouse effect.

Table 2. Composition of natural gas reservoirs (volume percent) in some regions of the world [9].

Component
Groningen

(Netherlands)
Laeq

(France)
Uch

(Pakistan)
Uthmaniyah

(Saudi Arabia)
Ardjuna

(Indonesia)

CH4 81.3 69 27.3 55.5 65.7
C2H6 2.9 3 0.7 18 8.5
C3H8 0.4 0.9 0.3 9.8 14.5
C4H10 0.1 0.5 0.3 4.5 5.1

C5+ 0.1 0.5 - 1.6 0.8
N2 14.3 1.5 25.2 0.2 1.3

H2S - 15.3 - 1.5 -
CO2 0.9 9.3 46.2 8.9 4.1
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Table 3. Composition specifications for natural gas delivery to the U.S. national pipeline grid [10].

Component Specification

CO2 <2%
H2O <120 ppm
H2S <4 ppm

C3+ content 950–1050 Btu/scf; dew point: <−20 ◦C
total inert gases (N2, He) <4%

Notes: ppm, parts per million; and scf, standard cubic feet.

CO2 can reduce the calorific value of natural gas and result in global warming. CO2 and
H2S contribute to the corrosion of natural gas pipelines; therefore, numerous studies have been
conducted to remove such acidic gases [11,12]. The most extensively used methods include cryogenic
distillation [13,14], amine absorption [15], pressure swing adsorption (PSA) [16,17], and membrane
separation technologies. Of these, cryogenic distillation requires a large amount of energy to condense
permanent gases such as CO2 [16]. Therefore, a hybrid system combining amine absorption with
membrane separation is preferred due to its high energy efficiency [18].

The amine absorption process has displayed favorable performance in extracting CO2 from the
CO2/CH4 gas mixtures. However, the high capital and operating costs remain a problem. Membrane
technology is a good alternative for gas separation, ascribed to its low capital investment and ease of
operation. It also exhibits the efficiency of the membrane units, and advantages of design flexibility
and compactness [19]. This technology is expected to be the superior gas separation method when
CO2/CH4 selectivity is increased to 40 [20]. However, the presence of CO2 and/or other highly sorbing
components can result in membrane plasticization and swelling.

1.2. Membrane Materials Used for Gas Separation

Progress in membrane technology has been largely dependent on high-performance membrane
materials. Inorganic membranes are not discussed in this paper due to their expensive module
fabrication and limited industrial applications, even though considerable progress has been achieved
in this field. This review focuses on polymer membranes. To date, a variety of promising
polymer membranes, including cellulose acetate (CA) [21,22], polycarbonate (PC) [23–27], polysulfone
(PSF) [28–30], polymethyl methacrylate (PMMA) [31–33], polyimide (PI), and polymer of intrinsic
microporosity (PIMs) [34–37], have been developed to meet the demands of the gas separation industry.

There are many promising polymer membrane materials, yet the gas separation market is only
dominated by a few. This can be explained by the different operating conditions between research
laboratories and industrial applications. Current commercial membranes are used under high pressure,
and high concentrations of plasticizing impurities such as water, BTEX aromatics (The term “BTEX
aromatics” refers to benzene, toluene, ethylbenzene, and xylene), and other heavy hydrocarbons [10].
Performance stability, chemical resistance, and low capital cost should also be incorporated into the
criteria of producing industrially available membranes [20].

In particular, cellulose acetate, polyimides and perfluoropolymers are commercially available
polymers used for fabricating CO2 removal membranes [10]. The performance of CA-based
membranes, and a range of polyimide membranes, have been summarized in detail by
Scholes et al. [38] and will not be discussed in this review.

Throughout this paper, the term polyimide represents aromatic polyimide. Aromatic polyimides
contain the imide group—a constitutional unit in the polymer backbone (illustrated in Figure 2). It is a
linear and heterocyclic aromatic polymer, widely used to synthesize films, fibers, molding powders,
coatings, and composites. Its outstanding heat resistance, relatively high resistance to chemical solvents,
strong mechanical strength, and high selectivity in major gas pairs (such as CO2/CH4 and O2/N2),
make polyimide an attractive candidate amid many polymeric membranes. Since the manufacture of
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commercial polyimides membranes, many have been developed for gas separation, and used in the
separation process by the DuPont (USA) and Ube (Japan) industries [39].

 
Figure 2. Chemical structure of polyimides.

Strong plasticization resistance is required in several gas separation applications such as
CO2/CH4, propylene/propane, and butadiene/butane separations, which can be attributed to the
presence of highly sorbing components. The CO2/CH4 separation containing CO2 sorbates, is more
frequently encountered in industrial applications such as high-pressure natural gas sweetening and
enhanced oil recovery (EOR). Hence, there is a growing concern over the development of polyimide
membranes with a reduced plasticization effect and minimal loss of selectivity. Numerous studies
over the past decade have been carried out to investigate the mechanisms and suppression methods of
plasticization [40].

1.3. Plasticization in Polyimides

Plasticization is usually defined as the increased segmentation mobility of polymer chains [41].
CO2 permeability will rise with increased feed pressure after a critical point, which is generally
regarded as the mark of being plasticized. Simultaneously, an undesired loss of gas pair selectivity
is often observed. Under the high pressure of CO2, the polymer matrix swells, subsequently
resulting in possible free volume changes and inter-chain spacing. Consequently, the mobility of
the polymer segments increases, thus weakening the size-sieving ability of polyimide membranes.
The plasticization phenomena can be demonstrated by the obvious loss of selectivity. Therefore,
developing membrane materials that can maintain gas selectivity in the presence of aggressive feed
streams is of utmost importance.

Some intriguing methods for prominently improving the plasticization resistance of polyimide
membranes are illustrated in this article. Among them, crosslinking, such as thermal crosslink, diamine
crosslink, diol crosslink, semi-interpenetrating networks, ultraviolet (UV) crosslink, and hydrogen
bonding, is a practical and widely used method described in the literature. Furthermore, mixed matrix
membranes (MMMs) or polymer blending have also been proposed to resist plasticization.

This review mainly focuses on approaches to suppress the notorious CO2-induced plasticization
of polyimide membranes. Furthermore, the mechanism, attractive advantages, and unavoidable
weakness of each method are specified in the corresponding sections and illustrated in some cited
literature. Some recent achievements and representative work are discussed in detail. It is fundamental
to understand plasticization mechanisms and principles in order to design polyimide membranes with
less plasticization effect. In the end, a promising prospect is provided to instruct further research and
propose some constructive suggestions.

2. Plasticization Mechanism

Plasticization often takes place in the presence of highly condensable gases (such as CO2),
especially under aggressive conditions (like high pressure and low temperature). There have
been numerous studies on plasticization during the separation process of mixed gases such as
CO2/CH4, propylene/propane [42–46], and ethylene/ethane [47,48]. This review mainly focuses
on the CO2-induced plasticization phenomenon, which usually happens during the natural gas
sweetening process where CO2 acts as a plasticizer.
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Plasticization can be observed through multiple measures. The most commonly used approach is
monitoring CO2 permeability while increasing CO2 feed pressure to observe the changes in polymer
chain segmental mobility. During the gas permeation process, CO2 permeability coefficients of most
glassy polyimides will descend first due to the saturation of Langmuir sites. The polymer matrix will
swell when CO2 concentrations reach a critical point. Then, an obvious acceleration in gas permeability
is observed with increasing CO2 partial pressure [49] (Figure 3 [41]). Feed pressure at the minimum
point of a CO2 permeability curve is commonly defined as the plasticization pressure, which is an
important indicator of plasticization. Simultaneously, a loss in gas pair selectivity occurs.

Figure 3. Mixed gas separation characteristics for 6FDA-6FpDA using 50:50 CO2/CH4 mixtures
at 35 ◦C [41]. Notes: 6FDA, 4,4′-(hexafluoroisopropylidene)diphthalic anhydride; and 6FpDA,
4,4′-(9-fluorenylidene) bis (2-methyl-6-isopropylaniline).

Changes in the physical properties of membranes such as glass transition temperature (Tg),
membrane thickness, and refractive index, can also indicate plasticization [50]. However, the
occurrence of one sign is not necessarily accompanied by changes in other chemical or physical
properties. In the case of polyethersulfone (PES), for example, although the decreased CO2/CH4

selectivity indicates that the polymer is plasticized, CO2 permeability at 25 ◦C decreases by 54% as the
CO2 feed pressure increases from 0 to 27 atm [51]. This indicates that polymer matrix plasticization
will not necessarily lead to an increase in permeability of all gases.

The polymer matrix can absorb a certain amount of CO2 at modest pressure, leading to a significant
reduction in the glass transition temperature [52]. In the range of low pressure, decrease in the
permeability coefficient with increasing partial pressure is caused by the diminution of the solubility
coefficient. In the range of high pressure, the positive correlation between the permeability coefficient
and partial pressure is typical plasticizing behavior, which cannot be described by the dual mode
mobility model [53].

After a systematic study of the plasticizing phenomena caused by CO2 in 11 different glassy
polymers, Bos et al. believed that the plasticization of a glass polymer could be defined as a function
of the increase in the CO2 permeability coefficient to the pressure of the feed gas, and the minimum
pressure required to increase the permeability coefficient was defined as the plasticizing pressure [54].

It is generally believed that the diffusion coefficient increases when CO2 concentrations exceed
the critical value required by plasticization (namely, when the feed pressure exceeds the plasticizing
pressure), subsequently leading to the increment of the permeability coefficient [55]. For glass polymers,
the plasticization phenomenon occurs when polymer CO2 concentrations reach critical levels. However,
the critical pressure is polymer-dependent. Plasticization pressures of different polyimide membranes
reported in the literature are listed in Table 4.

Plasticization induces chain relaxation and results in increased diffusivity of all gases in the feed
mixture. Therefore, the reduction in membrane selectivity can be observed. A plasticization problem
is that it can be inhibited by limiting the flexibility of polymer segments. There are many approaches
that are currently being used to inhibit polymer segment flexibility, which are critically discussed in
the subsequent sections.
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3. Methods to Reduce CO2-Induced Plasticization

Extensive studies have been carried out and have successfully achieved suppression of polyimide
membrane plasticization. Many criteria are available to classify these approaches, which are
considerably involved in the formation of crosslink networks. Some crosslink networks are formed
firmly by physical bonds such as hydrogen bonds, while others are formed by chemical bonds. A wide
range of methods can achieve chemical bonds of polymer chains such as thermal treatment, chemical
crosslinking using diamine or diol, formation of semi-interpenetrating networks, and UV crosslinking.
Crosslinking is a practical and widely used approach to inhibit the plasticization of membrane materials.
Some typical technologies of crosslinking are introduced in the following sections.

3.1. Thermal-Induced Crosslink

Rapidly quenching polyimide polymers can significantly suppress undesirable plasticization
and introduce excess free volume into the polyimide matrix, thereby leading to greater stabilization
in typical solvents. To illustrate, aromatic carboxylic acids along backbones can be dehydrated to
form anhydride, which is subsequently decomposed into aryl radicals. A hydrogen atom will be
abstracted from the backbone to bond covalently with the aryl radical, which is likely to occur in
specific reactive sites.

Steric hindrance of both functional and pendant groups must be taken into consideration while
designing the crosslink points, since some structures (such as –CF3) are too large for steric reactivity.
Fine-tuning crosslink networks is not possible using this method, because the sites and extent of
the crosslink are not measurable or quantifiable as a result of the non-definitive and insufficiently
understood mechanism.

Matrimid 5218 has been utilized as the model polyimide to investigate the plasticization
phenomenon [61]. After thermal treatment at 350 ◦C, the 15 and 30 min heat-treated Matrimid
films did not plasticize in the whole range of CO2 feed pressure (up to about 40 bar, i.e., 39.48 atm).
Noticeably, CO2 permeability gradually approached a limiting constant value with increasing feed
pressure. All thermally-treated films became insoluble. Upon pressure elevation, the 15 and 30 min
heat-treated films showed up to 11% and 30% higher selectivity, respectively, compared with the
untreated membranes. This can be attributed to the densification of the polymer matrix.

3.1.1. Decarboxylation-Induced Crosslinking

A novel polyimide 6FDA-DAM-DABA (2:1) has been successfully synthesized [56]. The sample
quenched from above Tg exhibited enhanced plasticization resistance, where plasticization pressure is
about 34.02 atm (500 psi). Quenching polyimide brings a large free volume into the polyimide matrix
and endows it with enhanced plasticization resistance. Through decarboxylation at high temperature
(slightly below the Tg), thermally crosslinked polyimide linked by covalent bonds has more free
volume compared to diol or diamine crosslinking agents. Thermal gravimetric analyzer (TGA) and
C13-NMR (nuclear magnetic resonance) measurements prove that the free acid polymer undergoes
decarboxylation under such conditions. Then, the residual aryl radicals react through some generated
active sites to form the crosslinked structure. Figure 4 shows possible crosslinking sites through
diamines in the free acid polymer.

The 6FDA-DAM:DABA(3:2) polyimide was prepared by tuning the proportion of monomers in
order to study the effect of thermal treatment on plasticization resistance [57]. The results revealed
that thermally crosslinked membranes showed no signs of plasticization up to 47.63 atm (700 psi) for
pure CO2 gas, or 1000 psi for 50/50 CO2/CH4 mixed-gas separation.
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Figure 4. Possible crosslinking sites through diamines in the free acid polymer: (A) through the DAM
methyl; (B) biphenyl crosslink; and (C) at the cleaved CF3 site [56].

Triptycene—a rigid three-dimensional (3D) symmetric structure with a 120◦ included angle of two
benzene rings—can dramatically disturb polymer chain packing and enlarge polymer free volumes.
Therefore, introducing triptycene building units into polymer chains should enhance permeability
performance. Three triptycene-based polymers, including 6FDA-DAT, 6FDA-DAT/DATCA (9:1),
and 6FDA-DAT/DATCA (8:2), were synthesized by our group [60] (DAT, 2,6-diaminotriptycene; and
DATCA, 2,6-diaminotriptycene-14-carboxylic acid). Figure 5 shows chemical structures of 6FDA-DAT
and 6FDA-DAT/DATCA. No plasticization was observed for crosslinked 6FDA-DAT/DATCA (9:1)
and 6FDA-DAT/DATCA (8:2) at CO2 pressure up to 30 atm for pure gas, and a partial CO2 pressure
up to 20 atm for (CO2:CH4 1:1) mixed gases. In addition, 6FDA-DAT/DATCA (9:1)-450 had the
highest CO2 pure gas permeability of 305.8 Barrer with a CO2/CH4 ideal selectivity of 27.8, while
6FDA-DAT/DATCA (8:2)-350 had the highest CO2/CH4 ideal selectivity of 43.7 with a CO2 pure gas
permeability of 58.5 Barrer.

Two carboxylic acid-containing diamines, CADA1 and CADA2, were successfully synthesized
to polymerize with 6FDA, BTDA, and DSDA, respectively [58]. The synthesis route is illustrated in
Figure 6. The CO2-induced plasticization phenomenon was not observed at a CO2 pressure up to
30 atm for 6FDA-CADA1-425, which had a CO2 permeability of 917.4 Barrer with a CO2/CH4 ideal
selectivity of 28.11.
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Figure 5. Chemical structures of (a) 6FDA-DAT; (b) 6FDA-DAT/DATCA; and (c) estimated distance
(6.69 Å) between the crosslinked chain segments of 6FDA-DAT/DATCA (energy of chain conformations
was minimized using Material Studio 7.0) [60].

 

Figure 6. (a) Synthesis routes of dinitro monomers, diamines as well as and 6FDA-, BTDA-, and
DSDA-based carboxylic acid-containing polyimides, (b) and (c) show the energy-minimized chain
conformations of 6FDA-CADA1 and 6FDA-CADA2 polymers, respectively (using Material Studio
7.0) [58].

In the above work, the temperature sufficient to complete the crosslink reaction was 425 ◦C, which
is higher than the Tg of most polymers. Therefore, the follow-up objective was to lower the crosslinking
temperature, by adopting two phenolphthalein-based polyimides, 6FDA-MPP and 6FDA-PP [59].
Figure 7 shows chemical structures of 6FDA-CADA2, 6FDA-MPP, and 6FDA-PP. No plasticization
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was observed in the 6FDA-MPP-400 and 6FDA-PP-400 polyimides at a CO2 pressure up to 30.62 atm
(450 psi). The results found that 6FDA-MPP-400 obtained the best performance with a CO2/CH4 ideal
selectivity of 39.2 and a CO2 permeability of 193.8 Barrer.

 
Figure 7. Chemical structures of (a) 6FDA-CADA2 [26], and (b) 6FDA-MPP, 6FDA-PP [59].

Figure 8 illustrates two different mechanisms, revealing how polymer chains crosslink under
thermal treatment. The free carboxylic acid groups exist along the polymer chains, allowing the
polymers to go through a series of changes (Figure 8a). Polymers containing lactone rings are supposed
to cleave their lactone ring, which directly decomposes causing polymer chain breaks. Such types
of crosslink reactions occur in the presence of oxygen (heated in air atmosphere). This thermal
oxidative crosslinking method is widely applied during the preparation of carbon molecular sieve
(CMS) membranes. In our current work, the crosslinking temperature of the lactone ring containing
polyimides significantly decreased to 350 ◦C, which is lower than the pre-polymer’s glass transition
temperature. If the lactone ring-based polyimide is adopted to spin hollow fiber membranes, the porous
substrate of the membrane will be preserved during thermal oxidative crosslinking.

3.1.2. Thermally Rearranged (TR) Polymers

Thermally rearranged (TR) polymers are highly permeable polymers that, at high temperatures,
convert polyimide or polyamide into heterocyclic polybenzothiazole (PBT) or polybenzoxazole (PBO).
It was originally proposed that polyimides containing ortho-positioned functional groups (for example
–OH) can be used to prepare rearranged polymers with altered chain pain packing, with confined spatial
location due to the thermal rearrangement [62]. Figure 9 shows changes in conformation–polymer
chains and spatial relocation due to chain rearrangement in confinement. As a result, TR polymers
show excellent resistance to plasticization at CO2 partial pressure as high as 20 atm. In contrast to
glassy polymers, TR polymer membranes do not exhibit substantially reduced selectivity, even at
elevated CO2 fugacity (~15 atm).

Some TR polymers show strong resistance to plasticization. For the polyimide synthesized
from 3,3′-dihydroxy-4,4′-diamino-biphenyl (HAB) and 6FDA (hexafluoroisopropylidene-diphtalic
anhydride), pure CO2 permeation curves pass through a minimum pressure at about 20 atm, which
then begins to increase [63]. However, when the HAB–6FDA polyimide precursor were converted to
polybenzoxazole (PBO) by heating under flowing N2, plasticization pressure points were not observed
for CO2 up to 25 atm. In addition, more TR conversion would result in a higher permeability of CO2

and CH4, as well as higher plasticization fugacity than those of the polyimide.
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Figure 8. (a) The thermal crosslinking mechanism of carboxylic acid-containing polyimides, and (b)
the thermal oxidative crosslinking mechanism of phenolphthalein-based polyimides as well as the
energy-minimized distances between the possible crosslinking sites estimated using Material Studio
7.0 [59].

 

Figure 9. (A) Changes in conformation–polymer chains consisting of meta- and/or para-linked chain
conformations can be created via rearrangement. (B) Spatial relocation due to chain rearrangement in
confinement, which may lead to the generation of free-volume elements [62].
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3.2. Chemical Crosslinking

When polymer chains are chemically crosslinked by covalent bonds, the crosslink networks
are quite stable in harsh environments and can sufficiently inhibit the rotation of polymer chains.
Polyimides contain many activated sites on polymer chains that are able to establish covalent bonds.

Typical reactive sites are imide bonds. In theory, all polyimides can be crosslinked on their imide
groups and show improved plasticization resistance. Crosslink networks can also be tailored according
to the characteristic functional group of specific polymers. This method with an encouraging prospect
is shown in Section 3.2.1.

Beyond using imide bonds as crosslinking sites, the crosslinking reaction can also take place
through reactive functional groups and other crosslinking agents as introduced in Sections 3.2.2–3.2.4.

3.2.1. Polyamine Crosslinking

Imide bonds in polyimide membranes can react with specific diamine monomers to cleave
the imide ring, thereby crosslinking the polymer chains. This is a promising approach to crosslink
polyimide membranes, which possess the imide bond. Introducing amine bonds further introduces
improved properties such as hydrophilicity and stability in solvents.

To collectively optimize the permeability and selectivity, the molecular structure and steric
constraints must be considered as key factors. In addition, different kinds of diamines react distinctly
when crosslinked with polyimide chains. Some factors that are less related to diamines themselves,
may also play critical roles in the performance of polyimide membranes such as side-reactions and
degree of crosslinking.

Previous work has reported on the crosslinking of monomeric and polymeric diamines with
polyimide membranes. Figure 10 illustrates some diamines acting as the crosslinkers reported in the
literature. Monomeric diamines fall into two classes: aliphatic and aromatic diamines.

 

Figure 10. Diamine monomers used in the literature.

This crosslinking method is often followed by thermal treatment to enhance CO2 plasticization
resistance. However, thermal treatment may lead to the release of diamine monomers and
decomposition of the crosslinked polymer networks.

Diamine-Monomer Crosslinking

Shao et al. chose 1,2-ethylene diamine (EDA)—a linear aliphatic diamine—to prepare crosslinked
6FDA-durene, and then treated the membrane material with thermal annealing at 250 ◦C [64].
The modified membrane material exhibited plasticization pressure at 48.99 atm (720 psi), while
the original 6FDA-durene membrane was plasticized by CO2 at 300 psi. The imide bonds reacted with
EDA, resulting in imide ring cleavage. EDA monomers then connected two polymer chains through
their amide bonds. The insertion of crosslinking agents into polymer chains significantly decreased the
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d-space, bringing about the structure-tightening effect. Figure 11 shows possible reaction mechanisms
during 1,2-ethylene diamine (EDA)-induced cross-linking and thermal annealing.

 
Figure 11. Possible reaction mechanisms during 1,2-ethylene diamine (EDA)-induced cross-linking
and thermal annealing [64].

The subsequent thermal annealing triggers the imidization reaction of crosslinking networks,
accompanied by EDA release at specific temperatures. Higher thermal annealing temperatures achieve
stronger plasticization resistance.

At the specific high temperature stage, coupling effects of EDA crosslinking and thermal annealing
accelerate the formation of charge transfer complexes (CTCs). As a consequence, polymer chain
mobility decreases, the membrane matrix becomes denser, and the membranes’ color changes from
transparent to yellow. Shao et al. ultimately found two approaches to enhance the anti-plasticization
properties: (1) A shorter EDA crosslinking time followed by a higher annealing temperature, or (2) a
longer EDA crosslinking time followed by a lower annealing temperature.

It is a remarkable fact that a single treatment, polyamine crosslinking or heating, cannot strongly
suppress the plasticization. Plasticization resistance will be enhanced only if the polymers are
crosslinked by polyamine molecules first, followed by thermal treatment. This is proven by several
experimental phenomena. The original 6FDA-durene was still transparent after heating at 250 ◦C
in vacuum, which indicates that 250 ◦C thermal annealing on the original 6FDA-durene could not
induce CTC formation. Compared to the original, easier membrane plasticization was achieved
after 1-min EDA cross-linking. In summary, only the coupling effects of EDA cross-linking and
thermal annealing may facilitate the formation of CTCs in bulk 6FDA-durene, to achieve the desired
anti-plasticization effect.

6FDA-durene membranes can also be crosslinked with 1,3-cyclohexanebis (methylamine) (CHBA);
the modified membranes showed no obvious plasticization up to 48.99 atm (720 psi) [65]. The reaction
mechanism during the chemical crosslinking and thermal annealing is similar to membranes modified
by EDA. Although the thermal treatment regenerates imide groups from amide groups in the
crosslinked networks, polyimide membranes micro-structures exhibit irreversible changes. Unlike
EDA-modified membranes, crosslinking in the CHBA/methanol solution facilitates the diffusion of
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crosslinking agents through the membranes to react with the bulky body, because methanol swells
the membranes. Thermal annealing almost homogeneously changes the chemical composition and
structure of the crosslinked polyimide matrix. Therefore, in this case, membranes are not only
modified on the surface, but also in the body. Diamine monomers open the main chains in the
membranes’ matrix, increasing polymer chain flexibility. This relative flexibility tends to achieve
configurational rearrangement and forms CTCs, especially at higher temperatures (200 ◦C in this case).
Figure 12 shows charge transfer complex model of 6FDA-durene polyimides. Thermal annealing
induces the regeneration of chemical composition from amide groups to imide groups. However,
the formation of CTCs restricts the mobility of polymer chains. These two factors contribute to
enhancing anti-plasticization characteristics.

 

Figure 12. Charge transfer complex model of 6FDA-durene polyimides [65].

The commercially available polyimide, Matrimid, can be crosslinked with p-xylenediamine to
restrict plasticization [67]. The permeability of 30-day crosslinked membranes remains constant in the
whole range of CO2 feed pressure (from 3.55 to 32.4 atm). The crosslink reaction can be detected by
measuring the gel content. Compared with fluoropolyimides such as 6FDA-durene, Matrimid has less
free volume and swelling degree in methanol [83]. Therefore, it takes the Matrimid membrane matrix
longer to swell in methanol. Furthermore, membrane swelling in methanol is the rate-determining
step, thus the crosslinking rate of Matrimid is much lower than those of fluoropolyimides.

Amine-Tetramer, Dendrimer Crosslinking

Diamines and tetramines—dendrimers containing four free amine groups—can be used as
crosslinkers such as polyamidoamine (PAMAM) and diaminobutane (DAB). Their chemical structures
are shown in Figure 13.
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Figure 13. Chemical structures of (a) diaminobutane (DAB), and (b) polyamidoamine (PAMAM).

Xiao et al. combined PAMAM crosslinking with thermal treatment methods, but did not observe
the plasticization phenomenon up to 30 atm [66]. The start temperature of PAMAM decomposition was
previous to the thermal degradation of PAMAM-modified polyimide membranes. In addition, thermal
stability decrease of the PAMAM-modified polyimide from 593 to 579 ◦C was unexpected. The X-ray
photoelectron spectroscopy (XPS) data proved that thermal treatment of PAMAM-modified polyimide
films at 250 ◦C brought about imidization of poly(amic amide), and the thermal decomposition of
the PAMAM dendrimer. 1H nuclear magnetic resonance (NMR) indicated that PAMAM dendrimers
are cleaved into small molecules at 250 ◦C. When heating membrane materials, PAMAM presence
in polyimide degrades polyimide chains to low molecular weight fragments with lower thermal
stability. Heat treatment increases inter-segmental mobility, thus increasing the likelihood of PAMAM
dendrimer free primary amine groups meeting the imide groups in the polyimide backbone. However,
high temperature treatments induce significant dendrimer decomposition at the amide linkage,
leading to crosslinked structure breakdown. They also result in the degradation of polyimide,
which may produce a heterodispersed population of compounds with lower molecular weights.
A high temperature treatment induces a higher degree of crosslinking, which tightens the polymer
chains and limits intersegmental chain mobility. Therefore, thermal treatments at 120 ◦C offer better
plasticization resistance than simple immersion modifications. Interestingly, modified films treated
at 250 ◦C exhibited stronger plasticization compared with the original polyimide films. The most
likely explanation is that the 250 ◦C treatment rebuilds the imide ring in the main polymer backbone,
and enhances chain rigidity. At the same time, CTCs formation between neighboring polyimide chains
helps decrease CO2 sorption, reduce chain mobility, and stabilizes the structure.

Although many polyamine-crosslinked polyimide membranes have been successfully synthesized,
the plasticization response has not been reported, indicating a need for further research in this
area. Interestingly, investigating the effect of crosslinking reagents on different polyimides has been
made [84].

Immersing the membrane in a dendrimer-methanol solution can induce polymer chains crosslink.
Chung et al. used PAMAM to crosslink 6FDA-durene membranes [85]. Compared with diamines, with
two functional end groups, the bulk teramines exert a space-filling effect on the polymer chains to
reduce d-spacing, which leads to free volume decrease. Furthermore, due to the steric hindrance of the
large dendrimer molecules, it takes more time for them to diffuse into the polymer matrix. This may
result in asymmetric crosslinking throughout the bulky membrane matrix. In addition, the large
molecular size makes the decreasing rate of the diffusion coefficients of PAMAM crosslinked polymers
significantly slower than using other crosslinking agents containing amino groups. The initial increase
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in gas solubility with immersion time may be attributed to two factors: one is that PAMAM contains
all kinds of amine groups such as –NH2, –NH–, or –N<. These amines groups have strong interactions
with CO2, resulting in the increase of CO2 solubility of polyimides; the other possible reason is that
the big molecular size of dendrimers may slightly increase the interstitial space, which may result in
greater adsorption. However, the plasticization response was not reported in this work.

The effect of modification time and the generations of the PAMAM dendrimer on the properties of
modified polyimide films has been reported [86]. When it is only dried at room temperature, some free
primary amine groups for the loaded PAMAM dendrimers remain on the surface of polyimide films.

DAB dendrimers, a crosslinking agent for polyimides, can perform crosslinking reactions at room
temperature and improve gas separation performance of polyimide membranes, especially for H2/N2,
He/N2, H2/CO2 [87].

Polyamine Crosslinking

Compared with monomer polyamines, there have been fewer investigations on crosslinking
polyimide membranes by polymeric polyamine. For instance, poly(propylene glycol) block
poly(ethylene glycol) block poly(propylene glycol) diamine (PPG/PEG/PPGDA) was successfully
employed to chemically crosslink Matrimid 5218 at room temperature [88].

Brief Summary

Based on the above discussion, some insights can be given into polyamine crosslinking. Only the
integration of thermal annealing with polyamine crosslinking can significantly improve plasticization
resistance. As polyamine crosslinking reduces the interchain spacing, the polymer chains become
closer to each other. Thermal annealing enhances chain mobility, so more CTCs will be formed between
the polymer chains. In conclusion, the essence of this method is to facilitate the CTCs’ formation.

Finding a suitable polyamine and probing proper reaction protocols will be the future trend
in polyamine crosslinking aimed improving plasticization resistance. Therefore, the molecular size,
number of free primary amine groups, molecular rigidity and polarization, etc. must be taken
into consideration.

To illustrate, consider the molecular size first: If the polyamine molecule is too small, it will
decrease the d-space of the polymer chains, generating the decline of permeability; conversely, it takes
a large polyamine molecule more time to achieve the desired crosslinking effect because its larger
molecular size makes it harder to penetrate into the polyimide matrix. Therefore, a polyamine with a
moderate molecular size is assumed to space apart the chains while stabilizing the membranes.
They should be able to penetrate deeper into the polymer matrix and thus construct a thicker
crosslinking layer on the surface of polyimide films.

3.2.2. Diol Crosslinking of Carboxylated and Sulfonated Polyimide Membranes

If the polyimides have carboxylate or sulfonate groups, they can be crosslinked by diols or
polyols through esterification. Unlike amine crosslinking, some diols or polyols can suppress the
plasticization, while maintaining good permeability and selectivity of the original polymers. Common
diol crosslinkers are shown in Figure 14.

Similar to crosslinking by polyamines, crosslinking by diols is sometimes followed by thermal
treatment. Furthermore, hydrogen bond formation cannot be negligible due to the presence of carboxyl
groups along the polymer backbones. The contribution made by hydrogen bonding to plasticization
suppression will be discussed in Section 3.3.
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Figure 14. Common diol crosslinkers.

Diol Crosslinking through Carboxylic Acid Groups

Staudt-Bickel C et al. introduced –COOH groups to the polyimide backbones and crosslinked
the polymer with ethylene glycol [19]. The highlight of this crosslinked polymer with exquisite
structure was the little plasticization up to 35 atm pure CO2 pressure accompanied by increased
CO2/CH4 selectivity. The strong crosslinked 6FDA-DABA exhibited much better CO2/CH4 separation
properties with an ideal selectivity of 87 and a CO2 permeability of 10.4 Barrer at 3.74 atm and 308 K.
6FDA-6FpDA/DABA crosslinked with ethylene glycol (EG) can stabilize the membrane much more
effectively, leading to plasticization pressure increase [41].

The cyclohexane-1,4-diyldimethanol (CHDM) monoester can also be used in esterification
crosslinking. The plasticization pressure correlated with a sorbed CO2 partial molar volume of
29 ± 2 cm3/mol in the polymer [68]. However, the exact plasticization pressure was not reported.

To find the initial principle of choosing a diol crosslinker, the effects of length and flexibility
of various diol crosslinking agents has been investigated [69]. In view of high permeability
with reasonable CO2/CH4 selectivity, 6FDA-DAM:DABA 2:1 was used as a model polymer.
The esterification reaction was shown to be effective in stabilizing membranes against CO2

plasticization up to 40 atm feed pressure. Compared with untreated 6FDA-DAM:DABA membranes,
the incorporation of DABA increased selectivity. 6FDA-DAM:DABA crosslinked with buthylene glycol
(BG) obtained the highest selectivity of 34 among the crosslinked samples.

6FDA-DAM:DABA and 6FDA-6FpDA:DABA copolymers have been synthesized for crosslinking
with BG and CHDM [89]. CO2 permeabilities increased by factors of 4.1 and 2.4, respectively, at 20 atm
feed pressure, without loss in selectivity. Furthermore, selectivity increased with higher crosslinking
density for feed pressure below 20 atm. The 6FDA-DAM:DABA 2:1 membranes crosslinked with
CHDM showed a CO2/CH4 selectivity of 32-33, while the membranes crosslinked with BG exhibited
similar selectivity performance with a CO2/CH4 selectivity of 33.

Diol Crosslinking through Sulfonic Acid Groups

Sulfonic acid groups along the polymer chains can react with diol molecules to form ester bonds
linking the two polymer chains. The reaction mechanism of the sulfonic acid group resembles the
mechanism of the carboxylic acid group discussed above. Although this crosslinking method has been
successfully applied in various separation processes [90,91], no report has been found in the field of
polyimide membranes in gas separation applications.

3.2.3. Semi-Interpenetrating Network

The construction of crosslink networks can be obtained from multiple types of polymer chains,
and by crosslinking polymer chains with another polymer network. Some reactive monomers
containing functional groups can chemically crosslink or physically interlock the linear polyimide
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chains, while solely reacting with its species to form a polymer network. The introduction of
these reactive monomers can tune the size and quantity of the cavities. Furthermore, the free
volume distribution of the pseudo-interpenetrating networks (pseudo-IPNs) may be beneficial for the
separation of small molecules by polymeric membranes, due to both the mean cavity size and the
quantity of free volume influencing polymeric membranes permeability.

In situ polymerization of azido monomers tends to form oligomer networks. Simultaneously,
functional groups within the network react with specific sites on polymer chains to form
semi-interpenetrating networks, resulting in a membrane with no signs of plasticization up to
30 atm [72]. The chemical structure of the azide used in this paper is shown in Figure 15. Azide
introduces the azido group, a linear 1,3-dipolar structure, into the membrane matrix. Upon heating
or under ultraviolet radiation, azido groups are able to create nitrene—a highly reactive, short-lived
intermediate. Nitrenes insert into C–H bonds and add to unsaturated C–C bonds such as alkenes,
alkynes, and arenes due to their electrophilicity. These data indicate that every kind of polyimide
has the potential to react with azide. In general, the reactive priority of the C–H insertion follows
this sequence: tertiary > secondary > primary C–H bonds. Functional groups cable of reacting with
nitrene are: (1) Phenyl groups of azide or host polyimide; (2) –CH3 substituent groups of azide or
host polyimide; (3) the –CH2– group in the cyclohexanone structure of azide; and (4) α,β-unsaturated
ketone of azide. First, C–H bonds of phenyl groups are not easily attacked by nitrene radicals, owing
to the benzene ring stability, which comprises the highly conjugated π electrons. Although the
unfavorable addition of nitrene to C=C bonds has been reported, the absence of the characteristic
peak of tertiary amine indicates that the cycloaddition of nitrenes to the phenyl ring and the C=C
bonds has not occurred. Second, due to steric hindrance, there is no reaction with alkenes. Azide can,
therefore, react with its own species to form polymer networks, and with the functional groups of the
host polyimide to form an interconnected pseudo-IPN. Therefore, for those polyimide membranes
containing no functional groups to react with nitrenes, such as 6FDA-NDA, the combination of
polyimide and poly(azide) only results in a pseudo-IPN without any interconnection (NDA is short
for “1,5-naphthalenediamine”).

 

Figure 15. Chemical structure of 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone.

As the insoluble gel in the film reflects the formation of crosslinked networks, it can be
inferred that nitrene radicals react with the methyl C–H bonds of 6FDA-TMPDA to form chemical
crosslinks (TMPDA is short for “2,3,5,6-tetramethyl-1,4-phenylenediamine”). The formation of denser
interconnected pseudo-IPNs restricts chain movement and enhances the anti-plasticization property of
the material.

Another crosslinker, phenolphthalein dicyanate (DCFT), has been shown to improve plasticization
resistance. Chemical structures of DCFT and DCFT-resin are shown in Figure 16. DCFT-modified
membranes did not show any signs of plasticization in CO2 feed pressures ranging from 1 to 30 atm [71].
Dicyanate cyclotrimerized into a uniform three-dimensional network of oxygen-linked triazine rings
(cyanurate ester resin). The absence of by-products was indicated by the 1H NMR, elemental analysis,
and mass spectrometry data. It is worth noting that copper naphthenate and nonylphenol serving as a
catalyst must be added to mitigate curing temperatures from 280 ◦C to 180 ◦C. The results of Fourier
transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC) showed that after
heat treatment at 180 ◦C for 60 min, dicyanate seemed to be entirely converted into the corresponding
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cyanurate ester resin. DCFT introduces cyanurate ester resin into the Matrimid matrix, which causes
a compacting effect. Hence, all semi-IPNs showed a higher density compared to Matrimid films,
indicating the densification of semi-IPNs. Consequently, this densification effect successfully restricts
plasticization by hindering polymer chain mobility.

 
Figure 16. Chemical structures of (a) phenolphthalein dicyanate (DCFT), and (b) cyanurate ester resin
(DCFT-Resin).

Except for highly reactive monomers, oligomer-containing functional groups can also be used
to form semi-IPNs together with host polyimides. It is well-known that the use of longer oligomer
chains results in improved toughness. Bos et al. used Thermid FA-700 as a crosslinker to resist
plasticization effectively [36]. Figure 17 illustrates chemical structure of Thermid FA-700. Modified
films showed a constant permeability at elevated pressure in the pressure range (up to 50 bar, i.e.,
49.35 atm) of the CO2 permeability test. It has been already proven that the acetylenic end group
can be crosslinked by heating at 250–275 ◦C without the evolution of volatile products, while the
oligomer polymerizes [92]. Two kinds of crosslinking reactions are likely to happen: (1) the benzenoid
cyclization (crosslinking) reaction, i.e., trimerization reaction of the acetylene groups; and (2) the
naphthalene formation (polymerization) reaction. These reactions form semi-IPNs. Compared with
the Matrimid/Thermid film without heat treatment, thermal annealing triggers a crosslinking reaction
between the oligomer and Matrimid, which leads to the obvious suppression of plasticization.

Figure 17. Chemical structure of Thermid FA-700.

3.2.4. Ionic Bonding

Apart from inserting covalent bonds into polymer chains, an alternative strategy entails
connecting polymer chains with ionic bonds. A prerequisite for the formation of ionic bonds is
the presence of an electron donor or acceptor along the polymer backbone, which can be carried out by
the substitution reaction.

It has been reported that the introduction of bromine into polymer constitutional
units by bromination of 6FDA-durene, allows crosslinking of the original membrane to
N,N′-dimethylpiperazine [73]. This electrostatic chemical bond effectively restricts polymer chain
mobility and somewhat stabilizes the CO2/N2 selectivity. As a result, membranes did not show an
upturn of permeability in the isotherm within the experimental scale of 25 atm of CO2. It is remarkable
that the pendant piperazinium-mediated crosslinked polyimide membranes displayed a high CO2
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permeability of 475.5 Barrer, together with high CO2/CH4 and CO2/N2 permselectivities of 34.5 and
18, respectively.

3.3. Physical Crosslinking

The introduction of polar functional groups, such as hydroxyl and carboxyl groups, that can form
hydrogen bonds, leads to CTCs and pseudo-crosslink networks formation. To present a larger picture
of the physical crosslinking method, mixed matrix membranes are also discussed in this section.

3.3.1. Hydroxyl Group

Alaslai et al. prepared three polyimides with different numbers of hydroxyl groups (shown
in Figure 18), and demonstrated that polyimides with strong polar –OH groups could mitigate
plasticization when tested under high-pressure binary CO2/CH4 mixed-gas conditions due to strong
chain interactions by inter-chain hydrogen bonding and CTC formation [93]. Compared with
6FDA-mPDA, hydroxyl-containing polyimide membranes maintained very high CO2/CH4 selectivity
(~75 at CO2 partial pressure of 10 atm) due to high CO2 plasticization resistance when tested under
high-pressure mixed-gas conditions.

 

Figure 18. Chemical structures of 6FDA-mPDA, 6FDA-DAP, and 6FDA-DAR.

3.3.2. Carboxyl Group

It is well-known that the majority of carboxylic acids often exist as dimeric pairs in non-polar
media. Structure of associated carboxylic acids is depicted in Figure 19. These strong polar-associating
functional groups, without the formation of any covalent bonds, participate in a reversible process and
are subject to media polarity and system temperature.
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Figure 19. Structure of associated carboxylic acids.

Staudt-Bickel et al. found that polymer chains of polyimides were crosslinked by hydrogen
bonding between the free carboxylic acid groups, which resulted in a strong reduction in
permeability [19]. The effect of such “virtual” hydrogen bonded crosslinks on plasticization has
not been reported. Additionally, an increased CO2/CH4 selectivity corresponds to an increased degree
of crosslinking, attributed to reduced swelling and polymer chain mobility. Even with a 10% degree
of crosslinking, a 20% increased selectivity can be seen in comparison to the reference polyimide.
However, hydrogen bonding accounting for the formation of CTCs in the blends does well to inhibit
plasticization. This will be elaborated in Section 3.5.

3.3.3. Mixed Matrix Membranes (MMMs)

Polymer membranes suffer not only from plasticization, but also permeability–selectivity
trade-off limitations. These undesired phenomena can be eliminated by preparing mixed matrix
membranes [94]. MMMs reported in the literature can be classified as: solid/polymer; liquid/polymer,
and solid/liquid–polymer MMMs [95]. For solid/polymer MMMs, the integration of organic and/or
inorganic fillers such as carbon nanotubes, carbon molecular sieves [96,97], activated carbon [98–100],
zeolites [101,102], silica [103–105], and metal organic frameworks (MOFs) [106–108] can improve
plasticization resistance.

Zeolitic imidazolate frameworks (ZIFs) are a sub-class of metal organic frameworks (MOFs).
ZIFs show superior thermal and chemical stability, and are inherently more compatible with polymer
matrix [109]. Some studies have found that the introduction of ZIF-8 (Zn (2-methylimidazole)2) can
improve the anti-plasticization performance of pure polymer membranes [74,75].

6FDA-durene/DABA co-polyimides were selected as polymer matrix due to their impressive
performance during CO2/CH4 and C3H6/C3H8 separation [74]. MMMs synthesized from
cross-linkable co-polyimides (6FDA-Durene/DABA (9/1) and 6FDA-Durene/DABA (7/3)), showed
significant enhancements in plasticization suppression characteristics up to a CO2 pressure of 30 atm
after annealing at 400 ◦C due to the cross-linking reaction of the carboxyl in the DABA moiety.
After being thermally annealed at 400 ◦C, the MMM made of 6FDA-Durene/DABA (9/1) with 20 wt%
ZIF-8, showed a CO2/CH4 selectivity of 19.61 and an impressive CO2 permeability 728 Barrer in the
mixed gas tests.

Instead of a sharp ZIF-8 crystal, blending 10 wt% blunt ZIF-8 in the waste polystyrene (w-PS)
container-derived membrane matrix showed good aging resistance and improved anti-plasticization
gas separation performance [75]. CO2 permeability of pure PS membranes increased as CO2 pressure
increased to 3 bar (i.e., 2.96 atm). In contrast, MMMs displayed slightly increased permeability at
increased operating pressure.

Except for ZIF-8, zeolite T was used as a filler embedded in the membrane matrix. A quantity of
1 wt% loaded zeolite T/6FDA-durene MMM showed improvement at a CO2 plasticization pressure to
20 bar (i.e., 19.74 atm) when compared to the pristine 6FDA-durene membrane, which was plasticized
at a CO2 pressure of 5 bar [76]. CO2 permeability and CO2/CH4 ideal selectivity of the MMM also
increased to 843.6 Barrer and 19.1, respectively.

Investigations show that the addition of three distinctively different MOFs (MIL-53(Al) (breathing
MOF), ZIF-8 (flexible MOF), and Cu3BTC2 (rigid MOF)) dispersed in a Matrimid polyimide can
somewhat alleviate plasticization [77]. At pressures higher than the plasticization pressure of neat
Matrimid (10–12 bar), the permeabilities of all MOF–MMMs slightly increased when compared with
the native polymer. Additionally, the plasticization pressure increased with the MOF loading.
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Incorporating Ni2(dobdc) (dobdc4− = dioxidobenzenedicarboxylate) metal organic framework
nanocrystals into various polyimides (Matrimid, 6FDA-DAT:DAM (1:1), and 6FDA-DAM) improves
the performance of their anti-plasticization properties [78]. Compared with the pristine polyimides,
plasticized at around 10–15 bar, Ni2(dobdc)/polyimide composites showed no sign of plasticization
at a CO2 partial pressure <30 bar. The separation performance of composite membranes was closer
to the Robeson upper bound of the CO2/CH4 gas pair when compared with the pristine polymer,
especially at high CO2 pressure, thus indicating better anti-plasticization properties. These, along
with the solution processability of the mixed-matrix format, make Ni2(dobdc)/polyimides intriguing
materials for commercial membrane applications.

3.4. Ultraviolet (UV) Radiation Crosslinking

UV radiation is a post-treatment, which is used after membrane fabrication [110,111]. When the
main chain of polyimide contains a specific structure like benzophenone, it can be crosslinked by UV
radiation. Take 3,3′,4,4′-benzophenonetetracarboxylicdianhydride (BTDA) for example, the carbonyl
bridge of the dianhydride is a photoactive group and serves as a UV crosslinking site. Figure 20
shows chemical structure of BTDA. The reaction mechanism of UV crosslinking of BTDA is shown in
Figure 21. Radiation time, intensity, and the distance between the membrane and light source will all
affect the degree of crosslinking. Thus, the degree of crosslinking of these UV-crosslinked membrane
materials strongly depends on the experimental conditions.

 
Figure 20. Chemical structure of 3,3′,4,4′-Benzophenonetetracarboxylicdianhydride (BTDA).

 
Figure 21. The reaction mechanism of UV crosslinking-modified polyimide containing BTDA.

Hays et al. prepared a series of semi-flexible aromatic polyimides by polycondensation of
dianhydrides with phenylene diamines having alkyl substituents on all ortho positions to the amine
functions incorporating at least in part 3,3′,4,4′-benzophenone tetracarboxylic dianhydride [112].
The photochemical crosslinked polyimides membranes reveal high permeation to gases while still being
able to effectively separate several combinations of gases. For instance, the oxygen permeability of this
kind of polyimide does not decline too much, while the selectivity of O2/N2 significantly increased.

In contrast to the findings of Hays et al., Kita et al. observed that the permeability coefficients
decreased with increasing UV irradiation time as a result of crosslinking [113]. This decrease can be
explained by the change in diffusivity, while solubility is not greatly affected. In addition, the largest
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change in selectivity was obtained for the H2/CH4 gas pair, which had a large difference in the
molecular sizes of the constituents. It is worth noticing that the selectivity for the H2/CH4 separation
increased by a factor of 50 after 30 min of UV irradiation with a decrease in the H2 permeability by a
factor of 5.

Liu et al. investigated a series of UV irradiation modified copolyimides prepared from 2,4,6-
trimethyl-1,3-phenylenediamines (3MPDA), BTDA, and pyromellitic dianhydride (PMDA) [114].
Photochemically crosslinking modification resulted in the increasing of gas selectivity of most gas
pairs and declination of gas permeability. However, for the H2/N2 gas pair, the crosslinked copolymer
exhibited a higher H2 permeability and H2/N2 selectivity.

Liu et al. also synthesized another polyimide prepared from BTDA and 2,3,5,6-tetramethyl-1,4-
diphenylenediamine (4MPDA), and compared two crosslinking modification methods: putting the
polyimide in an ambient environment for four months, and under UV irradiation for two or eight
hours [115]. The results found that the crosslinking reaction by UV irradiation only occurred in the
surface layer, but crosslinking at an ambient environment for a long time took place in the whole film.
This led to a much higher crosslinking density on the membrane surface and higher gas selectivity.
Therefore, the resulting crosslinked polymer had an asymmetric structure.

Although plenty of meaningful and interesting work has been done in the UV radiation
crosslinking of polyimide, few researchers have focused on the anti-plasticization performance after
UV radiation crosslinking. Therefore, the effect of UV crosslinking on plasticization resistance needs
further investigation.

3.5. Blending

Given the obvious drawbacks of low permeability and plasticization resistance, it is natural
to conceive the idea of blending polyimides with other polymers exhibiting high permeability and
anti-plasticization to overcome the corresponding disadvantages.

Through blending, materials may show new characteristics different from the pristine materials.
Blending easily plasticized membrane materials with anti-plasticized membrane materials may
improve plasticization resistance. Furthermore, blending one relatively cheaper polymer component
with another more expensive component can cut down on the capital cost. Based on the above
advantages, blending can be used to tailor the performance of the original single polyimide membranes.

However, not all polymers can be blended homogeneously on a molecular level. The miscibility is
the most challenging problem when blending different polymers. Some coexistence modes of different
polymers are well-established. For instance, one polymer may act as a dispersed or co-continuous
phase in another bulky polymer matrix. Another possibility is that a single polymer may exist as an
individual block mass due to the heterogeneous dispersion.

In order to prepare a blend material with superior properties, many well-designed experiments
have been conducted. Polyimides, such as Matrimid, Torlon, Ultem, etc. have the ability to be blended
homogeneously with a small loading of other polymers. The chemical structure of polyimides showing
miscibility are depicted in Figure 22. Homogeneous blend membranes are often transparent, exhibit
a single glass transition temperature, and present a clear and single phase in the polarized light
microscopy (PLM) image.

To begin with, Matrimid, a commercially available polyimide, is often used in blends with
other polymers to modify its low permeability. Matrimid/PSF (20/80 wt%) shows plasticization
pressures up to above 30 atm [79]. The blends have been characterized by optical, morphological,
and thermodynamic measurements to test the compatibility of two candidate polymer materials.
No phase separation was observed with optical microscopy. DSC scans of PSF/PI blends with different
compositions indicated one single glass transition temperature. It is already known that frequency
shifts of miscible blends often indicate specific interactions between the characteristic groups of pure
polymers. FTIR spectra shifts and intensity changes suggest PSF and PI interactions, and mixing
at the molecular level. These results show that PSF and PI blending is complete and homogeneous.
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Furthermore, the phase state of PSF/PI blends has been studied further by differential scanning
calorimetry, rheology, and x-ray scattering [116].

 
Figure 22. Chemical structures of polyimides: (a) Matirmid® 5218, (b) Torlon, and (c) Ultem.

Bos et al. blended PSF and P84 (copolyimide of 3,3′,4,4′-benzophenone tetracarboxylic
dianhydride and 80% methylphenylene-diamine + 20% methylene diamine) with Matrimid,
respectively [80]. The proven homogenous blends, Matrimid/PSF (50/50 wt%) and Matrimid/P84
(60/40 wt%) were cast to form transparent membranes. Matrimid showed relatively high permeability
when compared with P84, and P84 did not display an apparent signal of plasticization up to 30 atm,
much higher than the critical plasticization pressure for Matrimid. Therefore, the latter blend showed
a plasticization pressure of 14.80 atm (15 bar). The incomplete suppression of CO2-plasticization at
room temperature was attributed to the concentration of P84 in the blend. Moreover, the CO2/CH4

mixed-gas experiment of the two blends revealed a strong resistance to plasticization. The two blends
showed no signs of CO2-induced plasticization with the increasing partial CO2 pressure in the mix gas
separation test. CH4 permeability showed a slight increase, indicating a small tendency to plasticize.

Matrimid can also be blended with carboxylated polymers of intrinsic microporosity (cPIM-1) at
the molecular level [81]. The addition of cPIM-1 in Matrimid significantly enhanced the plasticization
pressure for all blended membranes. A small loading of 5–10 wt% of cPIM-1 in Matrimid improved
the plasticization pressure from less than 10 atm to 15 atm, while a higher loading of cPIM-1 shifted
the plasticization pressure to 20 atm. The interstitial space measured by X-ray diffraction (XRD)
indicated an interaction among the polymer chains between cPIM-1 and Matrimid with a reduction in
interstitial space, and an enhancement in chain packing. The presence of hydrogen bonding promoted
compatibility between these two polymers. The newly formed hydrogen bonds between cPIM-1 and
Matrimid, integrated with the rigid polymer backbone of cPIM-1 to suppress the plasticization.

Except for Matrimid, Torlon, a rigid polyimide with superior gas-pair selectivity and
intrinsic superior anti-plasticization property, can be blended with PIM-1 showing outstanding gas
permeability [82]. The Torlon/cPIM-1 blends displayed plasticization pressures up to 30 atm, when
compared with the pristine cPIM-1 membrane, it exhibited a plasticization pressure at around 20 atm.
Hydrogen bonding between Torlon and cPIM-1 promotes polymer chain packing and reduces the
fractional free volume (FFV), which accounts for this enhancement of anti-plasticization performance.
The introduction of Torlon formed partial miscible blends with cPIM-1, and reduced the inter-segment
mobility in the polymer matrix. It is noteworthy that cPIM-1/Torlon blend membranes, with a small
amount of cPIM-1 or Torlon (5–10 wt%), can hold a homogeneous morphology. The principle of
polymer blend miscibility can be testified by PLM, FTIR, DSC, TGA analyses and UV absorbance tests.
A homogenous blend may present a clear and single phase in PLM images. C=O band shifts of cPIM-1
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from 1700 cm−1 to a lower band, with an increase in Torlon loading, indicates hydrogen bonding
interactions between cPIM-1 and Torlon. Moreover, the CTCs formation between cPIM-1/Torlon is
demonstrated by the fact that the wavelength of the UV absorbance band of cPIM-1/Torlon blends
exceeds the predicted data. The strong hydrogen bonding couples with CTC interactions to promote
better compatibility between the two polymers.

Although Ultem/PIM-1 polymer blends have been reported, the plasticization resistance has not
been investigated yet [117].

4. Conclusions and Prospects

In the present literature, various ways have been thoroughly discussed to restrain the typical
CO2-induced plasticization of polyimide membranes, which contribute to providing a big picture
of the research findings in this field. To improve the currently existing methods and develop novel
methods, the mechanisms and processes of plasticization were explored.

Taken together, there are rarely any common methods that can be applied to the majority of
polyimide membranes to suppress plasticization. The most effective ways vary from membrane
to membrane. Therefore, researchers should conceive of specific methods according to the specific
chemical molecular structure.

Many novel and effective crosslinking methods for polyimide membranes, such as hyperbranched
polyimides have yielded good performance in gas separation. Nevertheless, the plasticization response
has not been reported. Therefore, this unexploited area may be one of the directions that will contribute
to synthesizing the next potential polyimide membranes with good plasticization resistance.
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Abstract: The aim of this study is to explore an innovative downstream route for microalgae processing to
reduce cost production. Experiments have been carried out on cell disruption and fractionation stages to
recover lipids, sugars, and proteins. Steam explosion and dynamic membrane filtration were used as unit
operations. The species tested were Nannochloropsis gaditana, Chlorella sorokiniana, and Dunaliella tertiolecta
with different cell wall characteristics. Acid-catalysed steam explosion permitted cell disruption,
as well as the hydrolysis of carbohydrates and partial hydrolysis of proteins. This permitted a better
access to non-polar solvents for lipid extraction. Dynamic filtration was used to moderate the impact
of fouling. Filtration enabled two streams: A permeate containing water and monosaccharides
and a low-volume retentate containing the lipids and proteins. The necessary volume of solvent to
extract the lipids is thus much lower. An estimation of operational costs of both steam explosion
and membrane filtration was performed. The results show that the steam explosion operation cost
varies between 0.005 $/kg and 0.014 $/kg of microalgae dry sample, depending on the cost of fuel.
Membrane filtration cost in fractionation was estimated at 0.12 $/kg of microalgae dry sample.

Keywords: cell disruption; costs; dynamic membrane filtration; fractionation; microalgae; steam explosion

1. Introduction

Around 10 years ago, the idea of using microalgae as a very efficient photosynthetic crop to
provide energy was re-adopted [1], following the results obtained in earlier studies [2]. Microalgae
appeared as a good alternative to produce transportation fuels in the context of energy crisis and
climate change.

Cost barriers in the several stages of mass production of energy vectors appeared. This
resulted in having to re-address improvements in culture, harvesting, cell disruption, lipid extraction,
and final production.

The production of biofuels from microalgae results in a variety of returns. These include a high
lipid content, no competition for arable lands, and the use of a variety of water qualities, including
wastewaters during the cultivation period [3]. However, it has become clear that the option to produce
only fuel from microalgae is not economically viable [4].

Researchers have learned from the preliminary results that, apart from reducing the costs of
microalgae production, benefits have to be obtained from all fractions while also looking for other side
paybacks in order to have an economically feasible production [5].
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To achieve a positive economic balance, several matters should be taken into account such as CO2

capture [6,7], water quality improvement [8,9], procurement of commodities [10,11], and high-added
value products [12,13].

The process unit operations needed in order to proceed to microalgae biorefining depend very
much on the strain and products to be sought (i.e., commodity or high-added value products), but a
typical sequence is: Culture in open ponds or photobioreactors [14,15], dewatering [16–21], cell
disruption [22–27], and fractionation [13,20,28].

In the present study, the focus is on the operation of cell disruption by using steam explosion,
and secondly, in the process of fractionation.

Although steam explosion has been in use from the beginning of the 20th century, it has only been
used in a few cases for microalgae biorefining, and therefore a comparison of the results can hardly be
performed [22,29]. As regards the results of previous work [26], steam explosion is used at relatively
mild conditions to break the cell walls and produce the hydrolysis of carbohydrates.

Depending on the strain cell wall characteristics, cell disruption can be a cost-intensive operation
and several procedures have been reported at the laboratory level, including the use of ultrasounds,
microwave, or high pressure [25,30]. Steam explosion is proposed in this work as an innovative
technique for this application and is easy to scale-up with pilot plant results because of the nature of
the equipment and because it is widely used industrially [22,24]. Steam explosion has given the best
results when compared with other methods for cell disruption such as ultrasonication, microwave,
and autoclave [29]. Beyond breaking the cell wall, if a low concentration of acid is used, steam
explosion can hydrolysate the poly-saccharides in the cell and produce sugars in a first stage of
fractionation [29]. The main energy input for the steam explosion process is heat, thus reducing the
cell disruption costs considering other techniques like sonication and that residual heat can be used.
It should be stated that steam explosion is a commercial high-throughput available technology. A pilot
plant with a capacity of 2 Tm/h has already been operated successfully with lignocellulosic materials
from 1991 [31].

Membrane filtration and solvent extraction are methods to be used for fractionation [24,28].
In a first unit operation, membrane filtration can be used to obtain two streams: a retentate containing
lipids and proteins and a permeate containing water with the hydrolyzed monosaccharides [24].
As in microalgae dewatering, fouling is a main drawback. To overcome this problem, dynamic
filtration provides an adequate solution [32]. Also, the use of ultrafiltration membranes (instead of
microfiltration) increases permeability [20]. In a second unit operation, sugars could be concentrated
using nanofiltration membranes [33]. To recover non-polar lipids from the retentate stream of the
first operation, a hexane extraction is used. In our previous work [24], the microalga Nannochloropsis
gaditana was selected to investigate the fractionation strategy for lipids and carbohydrates recovery.
In this study, we intend to validate the selected fractionation path when different common microalgae
species were used: Chlorella sorokiniana [34], Nannochloropsis gaditana [35], and Dunaliella tertiolecta [36].
They are representative of different types of species of freshwater and marine strains. They have
also been chosen because they represent different levels of strength in their cell walls. N. gaditana
and C. sorokiniana are two species with recalcitrant cell walls, whereas D. tertiolecta lacks a cell wall.
The cell wall of N. gaditana is primarily cellulose (75%) [37]. This inner cellulose layer is protected
by an algaenan layer which is assumed to be primarily responsible for the wall’s recalcitrance to
breakage [37]. Besides, the C. sorokiniana cell wall contains little glucose [38] and therefore its cell wall
may lack cellulose. On the other hand, the presence of algaenan in the C. sorokiniana cell wall may
depend on the physiological state of the culture [39].

The study about the use of steam explosion will provide a basis of cost comparison with those
technologies that use electrical power to operate.

69



Processes 2018, 6, 28

2. Materials and Methods

2.1. Microalgae Samples

A semi-closed photobioreactor, with a 3050 L capacity and placed outdoors, was used for growing
Nannochloropsis gaditana Lubián (strain CCMP1775, Provasoli—Guillard National Center for Marine
Algae and Microbiota). A more detailed description of the photobioreactor is given in Nurra et al. [26].
Cultures were performed between May and July, when the mean temperature ranged from 27 ◦C
to 33 ◦C. The medium for the N. gaditana culture consisted of seawater enriched with 0.3 mL/L of
Codafol 14.6.5 (Coda Sustainable Agro Solution S.A.). This plant fertilizer contains, in w/w, 14%
nitrogen, 6% P2O5, 5% K2O, 0.1% Fe, 0.05% Zn, 0.05% Mn, 0.05% Cu, and 0.001% Mo.

Chlorella sorokiniana (strain CCAP 211/8k) and Dunaliella tertiolecta (strain CCAP19/6B) were
grown indoors in column photobioreactors (300 L, 50 cm diam.) aerated with air and illuminated
with Philips MASTER TLD 58 W/865 fluorescents giving an irradiance at the photobioreactor surface
of 300 μmol photon/m2/s. C. sorokiniana was cultured at 22 ± 3 ◦C in tap water enriched with the
following nutrients: NaNO3 (5.8 mM), K2HPO4·3H2O (0.092 mM), KH2PO4 (0.28 mM), Na2EDTA
(0.045 mM), FeCl3·6H2O (17.9 μM), ZnSO4·7H2O (1.69 μM), MnCl2·4H2O (4.48 μM), Na2MoO4·2H2O
(0.10 μM), CuSO4·5H2O (0.17 μM), and CoCl2·6H2O (0.06 μM). D. tertiolecta was cultured at 20 ± 3 ◦C
in artificial seawater prepared with tap water and 37 g·L−1 of Aquaforest Reef Salt® enriched with
NaNO3 (4.4 mM), Na2HPO4·2H2O (0.04 mM), and the same micronutrient concentrations as in
C. sorokiniana. Phosphate was fed-batch to increase the concentration of the culture to3.2 μM to avoid
precipitation, presumably with magnesium and calcium ions.

All the cultures were harvested some days after the stationary phase of growing was reached,
except for the cultures of D. tertiolecta used in the steam explosion treatment without acid, which were
harvested at the end of the log phase.

A continuous centrifuge (Clara 20 High Flow, Alfa-Laval, Lund, Sweden) was used to concentrate
the microalgal biomass samples. The centrifuge was operated at 9060 rpm, using a counter pressure
of 4 bar. A Seepex progressive cavity pump (BN series) was used to feed the sample with 1000 L/h
of a nominal flow rate. After concentration, the samples N. gaditana and C. sorokiniana were frozen at
−80 ◦C. For defrosting the samples, they were placed at 4 ◦C for two days, prior to the steam explosion
procedure. D. tertiolecta was harvested and concentrated just before the biorefinery process to avoid
extra actions that might break its naked cells.

2.2. Steam Explosion

The equipment for the steam explosion of microalgae consisted of a 16 L reactor, operated in batch,
and a collection vessel. The generation of steam was achieved with an electric boiler (Boreal, 380 V/82 kW)
and thermally isolated high-pressure pipes were used to conduct the steam to the reactor. This was
regulated by two valves placed in series, which were used to control the entrance of steam into the
reactor. In the upper part of the reactor, there was a valve (2” diameter) for feeding the sample. In the
bottom of the reactor, a flash valve allowed a fast decompression to the collecting tank at atmospheric
pressure. The tank consisted of a cylinder with a capacity of 100 L and a diameter of 50 cm. It had two
valves, one for steam release and another for the collection of sample in liquid phase.

In each experiment, 4 kg of microalgae was introduced into the reactor, which had been preheated.
Some samples were previously impregnated with sulphuric acid at a concentration of 5% (w/w, wet
sample basis) by mixing for 2 h at room temperature. The steam explosion pre-treatments were
conducted at 150 ◦C (which corresponds to a saturated steam pressure of 4.7 bar) with a retention time
of 5 min. The selection of the experimental conditions, which includes temperature, time, and acid
concentration, was performed in a previous study [29]. After reaction and before the fractionation
experiments, the exploded samples were collected and neutralized (to pH 5).
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2.3. Filtration

A Vibratory Shear Enhanced Processing (VSEP, serie L, New Logic Research, Inc., Emeryville, CA,
USA) system was used to perform dynamic membrane filtration experiments. A detailed description
of this filtering system can be found elsewhere [19]. Approximately 6.0 kg of microalgal sample was
used for each experiment, with a transmembrane pressure of 5 bar and a vibrational frequency of
55.4 ± 0.1 Hz.

Experiments were performed with PE5, a commercial polymeric membrane (Nanostone, Eden
Prairie, MN, USA), manufactured from polyether-sulfone and with a molecular weight cut-off (MWCO)
of 5000 Da. The filtration area was 0.0446 m2.

Water flux measurements were performed in order to determine the permeability of virgin
membranes. After that, the steam exploded microalgae biomass was filtered and measurements of
permeability vs. time were conducted during the experiment. The permeability with pre-treated algae
was determined at the fixed time of 60 min. Finally, after cleaning, the system water permeability was
measured again. The last step allowed for the determination of the irreversible fouling resistance of
membranes. Also, two factors could be calculated, i.e., the irreversible fouling factor (IF), which is
determined as the ratio of water permeabilities before and after the experiment, and total fouling factor
(TF), consisting of the ratio between virgin membrane permeability with water and microalgae sludge
permeability. In all cases, permeability was calculated from measurements of permeate mass weight
progress with time. Permeate output was driven to a vessel placed on a scale, which was connected
to a computer. An own-made software was recording and calculating permeability in real time to
assess experimentation. Permeability was determined as follows. For water, measurements were
performed at three different transmembrane pressures between the recommended range given by the
manufacturer to ensure that a linear correlation between both parameters was achieved. For microalgae
sludge, flow rate measurements were being performed with an interval of 10 s.

2.4. Lipid Extraction

The lipids from microalgal samples were extracted by contacting the same volume of sample and
of n-hexane (20 mL). The extraction conditions were 60 ◦C and agitation at 800 rpm, for 2 h. After
the contact time, separation was achieved by centrifugation at 4000 rpm for 10 min. The mixture
partitioned into three fractions: organic phase, aqueous phase, and residual solid. To extract and
quantify lipids, the top hexane phase was recovered and was then heated to complete dryness in the
oven (at 70 ◦C).

2.5. Analytical Techniques

2.5.1. Light Microscope

A Zeiss Axio Scope A1 (Carl Zeiss Light Microscopy, Jena, Germany) microscope, equipped with
Nomarski interference contrast optics, was used to check the effects of the steam explosion technique
on cell morphology. A digital camera JENOPTIK ProgRes Speed Xtcore 3 was used to obtain the light
micrographs. Objective magnifications from 10 to 100 were used.

2.5.2. Dry Matter and Ash Content (TGA)

Thermogravimetric analyses (TGA), with a LECO instrument (TGA701), were performed in
order to determine the dry ash free (DAF) weight of the samples which allows us to verify the mass
balance during the steam explosion and membrane filtration processes. The samples were dried in a
nitrogen atmosphere at 105 ◦C to constant mass, for the dry matter content determination. After that,
the atmosphere was changed to oxygen and the temperature was increased up to 550 ◦C, in order to
determine the ash content.
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2.5.3. Total Lipid Extraction with Bligh and Dyer Method

The Bligh and Dyer method was used to extract the lipids from the fresh and steam exploded
microalgal biomass. This method is the most commonly used at the analytical level for the quantitative
extraction of lipids from microalgae [40].

2.5.4. Analytical Acid Hydrolysis

In order to determine the total extractable sugars, analytical acid hydrolysis experiments were
conducted with the fresh microalgal samples, following a standard procedure (ASTM D1106-84).
Although this method was originally used with lignocellulosic materials, microalgal biomass has also
been previously analyzed [41]. The process consists of sulphuric acid hydrolysis in two stages. In the
first stage, the freeze dried algal biomass sample (300 mg) is placed in contact with 72% (w/w, wet
basis) sulphuric acid in a water bath at 30 ◦C, for 1 h. In the second stage, the sample is diluted to a
concentration of 4% (w/w, wet basis) sulphuric acid and placed in an autoclave at 120 ◦C, for 45 min.
After hydrolysis, filtration is performed using glass fiber filters in order to separate the acid insoluble
residues from the hydrolysate. Finally, HPLC (high performance liquid chromatography) analyses
were performed to quantitatively determine the sugar contents.

2.5.5. Monosaccharides Analysis

HPLC analyses were conducted in order to identify and quantify the monosaccharides present in
the microalgal samples in solution. A Biorad Aminex HPX-87H column (300 mm × 7.8 mm) at 50 ◦C
was used, with a refraction index detector. Additionally, the mobile phase was a 5 mM solution of
sulphuric acid with a flow rate of 0.5 mL/min. The identification of monomeric sugars was achieved
by a comparison of retention times with those of the standards. The integration of peaks in the
chromatograms allowed the quantification, using a calibration curve, which was previously prepared
with the standards.

2.5.6. Protein Analysis

Two different methods were used for protein analysis, namely solubilization and hot NaOH.
To quantify the proteins released by the steam explosion treatment, the solubilization method was
used. In this method, proteins were suspended by mixing 0.2 mL of sample in 1 mL 0.1 N NaOH.
After 1 h of incubation at room temperature, samples were centrifuged at 4000 rpm for 10 min. Protein
in the supernatant was precipitated with trichloroacetic acid (TCA) to avoid interfering substances.
Following Barbarino and Lourenço [42], proteins were precipitated with 25% TCA at the ratio of
2.5:1 (TCA:homogenate) and centrifuged at 4000 rpm. Pellets were consecutively re-suspended in
10% and 5% TCA and finally solubilized in 0.1 N NaOH for the Bicinchoninic acid protein assay
(BCA kit, Sigma-Aldrich, St. Louis, MO, USA). Color development was measured as absorbance at
562 nm using a microplate reader (INFINITE M200 PRO, Tecan, Männedorf, Switzerland). Absorbance
values were read against a standard curve generated with a protein standard (bovine serum albumin),
and percentage protein was calculated on a dry weight basis.

Since cell disruption was not expected using the solubilization method, a stronger method
(hot NaOH) that allowed cell wall disruption was also applied to the concentrated culture and the
steam exploded sample to evaluate the effects of steam explosion. In this procedure, 0.5 mL samples
were extracted with 0.5 mL 2 N NaOH with 0.5% β-mercaptoethanol (v/v) at 90 ◦C for 10 min and
centrifuged at 4000 rpm. Proteins were precipitated with TCA and solubilized in 0.1 N NaOH for
the Bicinchoninic acid assay, as explained previously. Both extraction methods were performed
in triplicate.
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2.5.7. Particle Size Distribution

A Malvern Mastersizer 2000 piece of equipment with the Hydro 2000 MU module for liquid
samples was used for particle size distribution measurements. A blue laser light was used. The medium
consisted of 500 mL of demineralized water and sludge sample drops were added without further
treatment until obtaining an appropriate obscuration level (as stated by the equipment instructions).

Two different levels of sonication: 6 kHz and 24 kHz, were used in the measurements, in order to
check if aggregation had occurred with particles present in the sludge.

2.5.8. Optical Density

Absorbance measurements at 750 nm were performed to estimate the turbidity of the permeate,
which can confirm total particle or oil rejection after membrane filtration. Absorbance was measured
using a microplate reader (INFINITE M200 PRO, Tecan), and 96 well plates were used for the
absorbance determinations. The optical density (OD750 nm) values were obtained by dividing the raw
values over the path-length, and using as a reference the OD750 nm of filtered (0.45 μm) seawater.

3. Results and Discussion

3.1. Steam Explosion Treatment of Studied Strains

A steam explosion experiment was performed for each microalgae sample, at 150 ◦C, for 5 min
and using 5% sulphuric acid to impregnate the samples. An additional experiment was performed with
D. tertiolecta, to analyze the effect of steam explosion without acid impregnation, since this microalga
has no cell wall. By comparing the dry ash free weight values of the samples before and after the steam
explosion treatment, good balance closures (>97%) were obtained for all the experiments.

3.1.1. Cell Morphology

The examination of cell morphology by light microscopy showed that C. sorokiniana, N. gaditana,
and D. tertiolecta had experienced high levels of cell disruption after the steam explosion pretreatment
(Figure 1). Original samples consisted of isolated cells, except for C. sorokiniana, which contained both
single cells and cell aggregates, hence the bimodal distribution in Figure 2B. Sonication dispersed
cells and most aggregates were disintegrated. Accordingly, after sonication, the peak centered in ca.
3 μm, matching the C. sorokiniana cell size, was much higher, and the peak centered at ca. 20 μm which
corresponds to aggregates almost disappeared.

Although C. sorokiniana appeared slightly damaged after thawing, with the cytoplasm slightly
shrunken and retracted from the smooth cell wall, it was the less injured of the three species after steam
explosion. C. sorokiniana cells showed three different patterns of disruption. Cells could be totally
disrupted, algal material appearing as granulated aggregates. Cells could also maintain their unity but
have granular cytoplasm and wrinkled margins. In this condition, cells had a low contrast appearance,
which reveals that shapes may be flatter, probably due to a thinner and softer cell wall. More often,
C. sorokiniana cells maintained their unity and high contrast appearance with smooth margins, but the
cellular content was homogeneous except for a central depression, and no intracellular organelles (like
chloroplast or pyrenoid) could be detected. After thawing, N. gaditana cells had the same morphology
as live cells. However, after steam explosion treatment, algal material was mostly unevenly distributed
in aggregates. They correspond to particles of different sizes. Some of them presented a yellow-brown
color and could correspond to chloroplast remains. In a few cases, cells were detected, but then they
appeared with granular cytoplasm and wrinkled margins as the intermediate disruption pattern of
C. sorokiniana. It should be noted that the cell disruption effect of steam explosion was not apparently
enhanced by freezing because N. gaditana, the cell walled species whose morphology appeared more
altered after thawing, was less affected by steam explosion. Naked cells of D. tertiolecta were strongly
sensitive, even to the centrifugation process. After centrifugation, cells lost their internal structure or
were totally disrupted. The steam explosion treatment further disintegrated the algal material and
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formed granulated aggregates. The same kind of cell debris was observed in the treatments with and
without acid.

Figure 1. Light micrographs of Chlorella sorokiniana (a,d,g), Nannochloropsis gaditana (b,e,h), and Dunaliella
tertiolecta (c,f,i,j) before and after steam explosion. (a,b,c) Live cells; (d,e) Thawed material; (f) D. tertiolecta
after centrifugation; (g,h,i) Algal material after steam explosion with acid; (j) D. tertiolecta after steam
explosion without acid. Scale bar corresponds to 10 μm in (a–f) and to 20 μm in (g–j).

3.1.2. Particle Size Distribution

Morphological characterization by means of microscopy was confirmed by the results obtained
from particle size distribution (Figure 2).

Steam explosion produces aggregates when used with N. gaditana and C. sorokiniana. These
aggregates disappear after filtration, probably due to the pump effect and the stress this caused. This
effect is observed in almost all cases where these species were used. But this aggregation effect does not
occur with D. tertiolecta, where the particle size distributions are always similar. Nevertheless, a smooth
shift of the unique existent peak occurs, indicating some mass aggregation as the microscopy images
show. The mean size ranges from 3 μm to 30 μm, whereas the size of the nominal microalgae cell is
around 15 μm. The sample regarding the filtration retentate is the one with a smaller mean particle
size due to the disaggregating role of the pump. The samples related to steam explosion treatment
performed with acid have mean particle sizes which are slightly smaller than those performed without
acid. Concerning D. tertiolecta, it is interesting to note the ability of sonication to break the microalgae
cells. This only happens with this species and is probably due to the fact that D. tertiolecta does not
have a cell wall. With other species, sonication only breaks aggregates. This is only observed with the
sample after being harvested, but not with samples after steam explosion and membrane filtration.
The reason for this is that at those stages, cells are almost totally unstructured, in agreement with
microscopy images.
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Figure 2. Particle size distribution results. (A) Nannochloropsis gaditana (B) Chlorella sorokiniana
(C) Dunaliella tertiolecta (steam explosion with acid) (D) D. tertiolecta (steam explosion without acid).
In all cases except those indicated, sonication was 0/12. All plots were obtained from an average of
three measurements.

3.1.3. Lipid, Sugar, and Protein Contents

Table 1 shows the results of the steam explosion experiments. The amount of lipid extracted
(by Bligh and Dyer and n-hexane), sugar, and protein contents are indicated. For the purpose of
comparison, the values of lipid, total sugar content, and proteins from the fresh untreated samples are
also included.

Table 1. Results of lipid, sugar, and protein analysis of steam explosion experiments (150 ◦C, 5 min
and 5% w/w. H2SO4 except sample D. tertiolecta (II) with no acid). Values are expressed as the mean
and the standard deviation is indicated in brackets.

Lipids
Sugar

Protein

Bligh & Dyer Hexane Hot NaOH Solubilization

Nannochloropsis
gaditana

Untreated 22.2% (0.4) 2.1% (0.3) 18.8% (0.8) 17.3% (0.8) 1.4% (0.1)
Steam exploded 22.3% (0.1) 17.6%(0.2) 12.9% (0.6) 8.4% (0.6) 9.1% (0.4)

Chlorella
sorokiniana

Untreated 13.0% (0.2) 0.6% (0.0) 23.5% (1.3) 19.2% (0.3) 2.2% (0.0)
Steam exploded 11.8% (0.1) 4.8% (0.2) 18.6% (0.9) 9.2% (0.1) 10.7% (0.1)

Dunaliella
tertiolecta (I)

Untreated 26.6% (0.8) 2.8% (0.7) 26.1% (2.2) 14.5% (0.5) 12.0% (0.3)
Steam exploded 29.7% (3.2) 10.6% (0.1) 19.2% (0.8) 2.6% (0.0) 5.1% (0.3)

Dunaliella
tertiolecta (II)

Untreated 11.4% (1.2) 1.6% (0.1) 25.8% (2.4) 10.5% (0.0) 5.9% (0.1)
Steam exploded No acid 11.9% (0.1) 2.1% (0.0) 8.6% (0.6) 4.8% (0.1) 4.4% (0.4)

By comparing the total lipid contents, as determined by the Bligh and Dyer method, of the
untreated and steam exploded samples, we can observe that similar values are obtained in all the cases.
This is because the Bligh and Dyer method yields the highest lipid recoveries, because it is a stronger
method. But the use of n-hexane was considered as organic solvent for lipid isolation from microalgae
to avoid the use of chloroform, which presents environmental and health risks, especially when it is
used at an industrial scale. The experiments performed with the untreated microalgae samples showed
the low extraction capability of n-hexane, with a maximum of 2.8% (w/w, DAF basis) lipid yield in the
case of D. tertiolecta. But the amount of lipid extracted with n-hexane improved with the application of
the steam explosion technique. Among the three microalgae species studied, N. gaditana yielded the
maximum amount of lipid recovery of the steam exploded sample (at 150 ◦C, with 5% sulfuric acid),
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with 17.6% (w/w, DAF of untreated microalga basis). It signifies 79% of the total lipid as obtained by
the Bligh and Dyer method. For C. sorokiniana, the amount of lipid extracted after steam explosion (at
150 ◦C, with 5% sulfuric acid) was only 4.8% (w/w, DAF of untreated microalga basis), representing
41% of the total amount of lipids of this microalga. In the case of D. tertiolecta, the extraction of lipids
with n-hexane greatly enhanced due to the use of acid in the steam explosion process. A lipid yield
of 2.1% (w/w, DAF of untreated microalga basis) was obtained when steam explosion was applied
without acid impregnation, whereas this value increased to 10.6% (w/w, DAF of untreated microalga
basis), as a consequence of using 5% sulphuric acid in the steam explosion experiment. This result is
in agreement with our previous study [29], and shows the importance of carbohydrate hydrolysis to
achieve a higher lipid extraction yield from microalgal sludge, using n-hexane as the solvent.

Concerning carbohydrates, the total sugar content of the untreated microalga, obtained by
analytical acid hydrolysis, was determined for each microalgae species and the specific values are
presented in Table 1. These values can be compared with the measured concentration of sugar
in the solution of the steam exploded samples, which are also included in Table 1. For the steam
explosion experiments performed with acid impregnation, a high percentage, between 70% and 80%,
of the total sugar content of the microalga was found in solution after steam explosion. Contrary
to this, the experiment performed with D. tertiolecta without the use of acid resulted in a low sugar
concentration, representing 33% of the total sugar content of the untreated sample.

The protein concentration of the untreated microalgal samples ranged between 10% and 19%
of DAF in the three species (Table 1). These values are in the range reported for species of the same
genera in the stationary phase of culture.

The protein contents of D. tertiolecta detected after solubilization with dilute NaOH or after
extraction at a high temperature were similar (Table 1). Thus, proteins were already available for
solubilization in the harvested cultures of this naked microalgae species, meaning that it was not
necessary to apply a disruption treatment. On the other hand, the protein contents detected after
solubilization with dilute NaOH of both N. gaditana and C. sorokiniana were much higher after steam
explosion. This rise in the detected protein revealed the cell disruption effect of steam explosion.
However, the number of proteins detected after extraction at high temperature was lower in the
steam exploded material than in the untreated sample for the three species. This protein loss may be
explained by the occurrence of protein hydrolysis during steam explosion. The color reaction that
is measured in the bicinchoninic acid assay is due to the reduction of Cu2+ to Cu+ by the oxidation
of aromatic residues and peptide bonds in the protein in the reaction solution. Therefore, a lighter
coloration may evidence a reduction in the number of peptide bonds due to protein hydrolysis.

3.2. Fractionation of Steam Exploded Samples by Means of Membrane Filtration

According to the results of a previous study [24], the fractionation strategy followed in the present
work consists of filtrating the exploded sample with a membrane set-up and then extracting the
retentate and permeate streams with solvent. The filtration was performed with dynamic filtration,
which allowed for a much better permeability with just a little more energy compared to conventional
cross-flow filtration. This was because fouling is highly reduced. Not only are less pores blocked, but,
primarily, the cake molding over the surface of the membrane that occurs in conventional filtration
is hardly produced in dynamic filtration. Therefore, vibrating filtration highly reduces microalgae
attachment on the membrane surface. A PE5 membrane (MWCO = 5000 Da) was used, since it exhibited
the best performance in the filtration experiments regarding permeability and irreversible fouling.

3.2.1. Rejection

Table 2 presents the results of the filtration experiments including the total weight and DAF
percentage and the lipids, sugars, and protein content of each of the different streams. From the values
of the DAF percentages, it can be observed that different concentrations of the retentate streams were
attained (from 3% to 10% DAF). This mainly depended on the concentration of the starting material.
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Table 2. Results of total mass balance, and lipid, sugar, and protein analysis of filtration experiments.

Nannochloropsis gaditana Chlorella sorokiniana

Steam Exploded Sample Retentate Permeate Steam Exploded Sample Retentate Permeate

Total weight (g) 6000 2400 3600 6000 2240 3760
DAF percentage 5.1 (0.1) 10.1 (0.2) 1.8 (0.05) 2.7 (0.02) 5.8 (0.08) 0.9 (0.01)

Lipid (g/L) 9.2 (0.3) 22.7 (0.5) 0.07 (0.01) 1.3 (0.05) 3.9 (0.09) 0.05 (0.01)
Sugar (g/L) 6.8 (0.3) 5.9 (0.2) 6.0 (0.2) 5.1 (0.1) 5.2 (0.2) 4.9 (0.1)

Protein (g/L) 4.7 (0.2) 5.65 (0.15) n.d. 2.92 (0.04) 4.8 (0.14) n.d.

Dunaliella tertiolecta Dunaliella tertiolecta (No Acid)

Steam Exploded Sample Retentate Permeate Steam Exploded Sample Retentate Permeate

Total weight (g) 6000 2290 3710 6000 2400 3600
DAF percentage 1.7 (0.01) 3.2 (0.04) 0.9 (0.01) 1.6 (0.01) 3.0 (0.02) 0.7 (0.01)

Lipid (g/L) 1.8 (0.02) 3.5 (0.08) 0.07 (0.01) 0.34 (0.03) 1.3 (0.01) 0.07 (0.01)
Sugar (g/L) 3.3 (0.2) 2.9 (0.1) 3.2 (0.2) 1.4 (0.1) 1.3 (0.1) 1.2 (0.1)

Protein (g/L) 0.89 (0.05) 1.46 (0.06) n.d. 0.71 (0.06) 1.13 (0.07) n.d.

The amount of lipid extracted with n-hexane and the proteins obtained with the solubilization
method from the steam exploded and the permeate and retentate are included in Table 2. These
values are expressed as a concentration of each stream, to allow for a better comparison. The permeate
streams have a negligible content of lipids and no proteins. This result was also confirmed by optical
density measurements. OD750 nm of permeates were like that of filtered (0.45 μm) seawater (Table 3).
Therefore, it was assumed that lipid rejection was obtained in all the experiments. The absence of
lipids and proteins in the permeate implies that the membrane PE5 is suitable for rejecting lipids and
proteins from different microalgae species. On the other hand, the concentration of lipids and proteins
in the retentate streams is much higher than that of the steam exploded sample before filtration.

Table 3. Optical density at 750 nm after filtration of steam exploded microalgae. Raw values are
compared to filtered (0.45 μm) seawater (blank). Values are expressed as the mean and the standard
deviation is provided in brackets.

OD750nm

Blank Permeate

Nannochloropsis gaditana 0.081 (0.001) 0.091 (0.003)
Chlorella sorokiniana 0.081 (0.001) 0.101 (0.002)
Dunaliella tertiolecta 0.083 (0.001) 0.085 (0.001)

Dunaliella tertiolecta (no acid) 0.083 (0.001) 0.083 (0.000)

Concerning the sugar analysis, approximately the same values of concentration were obtained for
the steam exploded sample and retentate and permeate streams, for the different microalgae species.
This means that the employed membrane (PE5) is unable to retain sugars.

3.2.2. Permeability

Regarding the performance of the membrane in using dynamic filtration, Figure 3 shows
membrane permeabilities including water permeability with the new (unused) membrane and after the
experiment, for the different microalgae species studied. The permeabilities of steam-exploded biomass
were measured. With them, the total fouling of materials was calculated. Concerning the permeability
for the water of new PE5 membranes, the values between 30.4 L/h/m2/bar (for D. tertiolecta exploded
without acid) and 90.8 L/h/m2/bar (for N. gaditana) were obtained. In an ideal system where a liquid
that does not provide fouling is used and virgin membranes perfectly manufactured are used, the same
permeabilities would be obtained. But in laboratory or pilot-scale scenarios, both conditions hardly
occur. As checked earlier with the help of a scanning electron microscope, membrane thicknesses
differ within the same sample. Following Darcy’s law, this makes the permeability change accordingly.
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If enough surface of membrane is used, a mean permeability value with a low deviation is normally
obtained. But this is not the case with a pilot unit as the one used in this work.

Figure 3. Water and sample permeabilities for the different microalgae samples.

In terms of pretreated microalgae filtration, the N. gaditana sample resulted in a microalgae
permeability of 5.84 L/h/m2/bar, the lowest value among the samples. With D. tertiolecta exploded
without acid, a microalgae permeability of 6.93 L/h/m2/bar was obtained, and with C. sorokiniana,
a permeability of 9.18 L/h/m2/bar was reached. The best membrane performance was obtained
when filtrating the sample of D. tertiolecta exploded with acid, with the permeability value of
10.97 L/h/m2/bar.

The total fouling factor (TF) of PE5 was the highest for N. gaditana, with the value of 15.55. In the
case of C. sorokiniana, TF was lower with the value of 5.12 and with D. tertiolecta exploded without acid,
where TF = 4.39. The best performance in terms of TF was obtained with D. tertiolecta exploded with
acid, where the value of 3.77 was given.

3.2.3. Irreversible Fouling

To calculate irreversible fouling, membrane permeability with water before and after the experiment
was measured (the system was cleaned before performing the water permeability measurements after
the experiment). PE5 with N. gaditana resulted in the permeability of 28.7 L/h/m2/bar, C. sorokiniana
performed with the value of 23.85 L/h/m2/bar, D. tertiolecta exploded with acid gave the value
of 21.07 L/h/m2/bar, and finally, D. tertiolecta exploded without acid performed with the value of
10.61 L/h/m2/bar. Therefore, the experiment with the lowest irreversible fouling factor of 1.96 was
D. tertiolecta exploded with acid, while N. gaditana, C. sorokiniana, and D. tertiolecta exploded without
acid resulted in IF = 3.16, IF = 2.86, and IF = 1.97, respectively.

Figure 4 presents the exploded microalgae permeability profiles vs. time for dynamic filtration
with N. gaditana and C. sorokiniana. In the filtration of C. sorokiniana, a steady state was reached after
30 min of the experiment with the permeability value of 9.5 L/h/m2/bar. On the contrary, in the
filtration of N. gaditana, the plateau was not reached, even though the experiment lasted longer than
C. sorokiniana. After 130 min of filtrating, the value of permeability with N. gaditana was 4.2 L/h/m2/bar
and still decreasing.
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Figure 4. Permeability profiles vs. time of filtration experiments performed with (a) Nannochloropsis gaditana
and (b) Chlorella sorokiniana.

4. Process Costs

One of the biggest drawbacks in the profitability of a bio-refinery of microalgae is to reduce harvest
and fractionation costs [43,44]. It is necessary to have information that allows a careful calculation of
costs to evaluate the different stages of a given process and that is what is discussed below.

4.1. Steam Explosion Costs

The energy consumption associated with the steam explosion operation was calculated by
using the analysis provided by Sui and Chen [45]. Once a continuous stable operation is reached
(e.g., the reactor steel has been heated to the operating temperature), the different energy topics
considered are heating the steam, the air in the reactor, and the microalgal sludge. The other energy
losses considering the expansion to atmospheric pressure are those from steam, water, air, and dry
materials. We considered that the good thermal insulation of the reactor allowed us to ignore other
heat losses. The experiments performed with microalgae sludge show that the humidity of the sample
is the factor that most influences the steam consumption, in complete agreement with the conclusions
of the above-mentioned paper. Considering a humidity of 80% in the sample, the required steam is
1.2 kg/kg dry sample. If the humidity is 85%, the steam needed is 1.6 kg/kg dry sample.

The cost of the steam strongly depends on the cost of the fuel used to produce it (TLV 2018),
but it can be greatly reduced if the heat needed is produced on-site [46]. The vaporization enthalpy
experiences a very minor change with the steam pressure.

To proceed with the first stage of fractionation, we consider the production of saturated steam at
5 barg (159.2 ◦C) from water at 20 ◦C. If the cost of fuel oscillates from 1.65 $/GJ to 4.5 $/GJ, the cost of
the steam oscillates from 4.4 $/metric Ton to 12.2 $/metric Ton. Assuming that it is needed, for 1.2 kg
of steam/kg of dry microalgae sample, the cost of the energy associated with the steam explosion
operation oscillates between 0.005 $/kg of dry sample to 0.014 $/kg of dry sample.

A comparison with other techniques such as High Pressure Homogenization, Ultrasonication,
Microwave treatment, Laser treatment, High Speed Homogenization, Bead Milling, and Pulse Electric
Field gives a range of disruption cost between 14.68 and 0.006 $/kg dry sample [47]. The high range of
cost is also due to different levels of humidity in the sample to be treated. Another aspect is that all the
energy involved in those technologies is electrical, which implies a higher energy cost compared to the
cost of steam production. A good energy integration in the plant using residual heat will allow for the
reduction of the initial sample humidity and help reduce the cost of steam production.

4.2. Dynamic Membrane Filtration Operational Costs

Vibrational membrane filtration lowers the separation operational cost compared to conventional
filtration or centrifugation. The reduction of fouling causes high flux rates that means more throughput
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capacity per monetary unit of capital invested. For the same reason, the membranes need less
replacement and less cleaning and maintenance, which also reduces the operational cost.

In membrane filtration, microalgae can be almost fully rejected, whereas centrifugation only
recovers between 80% and 90% of the biomass [48].

Considering an available commercial dynamic membrane filtration setup with a membrane area
of 140 m2 [49], a microalgae sludge permeability of 2 L/h/m2/bar, one year of operation (1800 h),
and a final stream with a lipid concentration of 100 g/L, a yield of 6 tones/year of lipids (dry basis)
could be produced. The permeability value used corresponds to 25% of the mean value of the
experimental permeability measured. It is a conservative value considering that the final concentration
is higher than the one reached in the experiments. The required power of the equipment is about
47 kW [49], which means that around 84,000 kWh/year would be consumed. Considering an energy
cost basis in Spain of 0.097 $/kWh [50], an electrical cost of 8100 $/year would be necessary. It must be
noted that the power cost in Spain is quite high compared to other neighboring countries. If this cost
is normalized per unit of product, the cost would be about 0.08 $/kg microalgae (dry basis). Other
operational costs are membrane replacement, maintenance, and cleaning. With current research results
demonstrating that much cheaper membranes can be used for this application [17], the membrane
replacement cost can be assumed to be half the electricity cost [51], and the total operation cost should
be around 0.12 $/kg microalgae (dry basis).

Bibliographical data estimates that electrical centrifugation costs, with a sludge in similar
conditions and with a similar yield, are higher than 0.6 $/kg microalgae (dry basis) [52].

To sum up, accumulated operating costs from cell disruption and membrane filtration are around
0.13 $/kg dry microalgae (0.01 steam explosion +0.12 membrane filtration). Filtration contributes to
more than 90% of the cost and it is where the research attention should be focused.

5. Conclusions

Steam explosion has the potential to become a broad-spectrum microalgae cell disruption, as well
as pre-fractionation, treatment. It provided proper availability of organic compounds and carbohydrate
hydrolysis into sugars with all the various kinds of used microalgae and it is particularly effective
when the strains have recalcitrant cell walls.

The use of steam explosion, besides breaking the cell wall, partially hydrolyzes proteins.
With all the tested strains, dynamic membrane filtration offers an excellent performance regarding

permeability by rejecting lipids.
The sequence of steam explosion, dynamic membrane filtration, and solvent extraction as

downstream unit operations in a microalgae biorefinery clearly allows for the reduction of process
costs. All the mentioned technologies for all the stages are already commercially available.
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Abstract: Lignin valorization is a key aspect to design sustainable management systems for
lignocellulosic biomass. The successful implementation of bio-refineries requires high value
added applications for the chemicals derived from lignin. Without effective separation processes,
the achievement of this purpose is difficult. Supported ionic liquid membranes can play a relevant
role in the separation and purification of lignocellulosic components. This work investigated different
supported ionic liquid membranes for selective transport of two different types of technical lignins
(Kraft lignin and lignosulphonate) and monosaccharides (xylose and glucose) in aqueous solution.
Although five different membrane supports and nine ionic liquids were tested, only the system
composed by [BMIM][DBP] as an ionic liquid and polytetrafluoroethylene (PTFE) as a membrane
support allowed the selective transport of the tested solutes. The results obtained with this selective
membrane demonstrated that lignins were more slowly transferred from the feed compartment to the
stripping compartment through the membrane than the monosaccharides. A model was proposed to
calculate the effective mass transfer constants of the solutes through the membrane (values in the
range 0.5–2.0 × 10−3 m/h). Nevertheless, the stability of this identified selective membrane and its
potential to be implemented in effective separation processes must be further analyzed.

Keywords: supported ionic liquid membranes; separation; lignin; glucose; xylose

1. Introduction

Among renewable raw materials, wood must be highlighted, because more effective,
cost-competitive and sustainable alternatives have not been identified for some applications. Forest
exploitation provides economic and social values from this natural resource and promotes a sustainable
development chance for rural areas [1]. The wood processing industrial sector obtains forest products
such as lumber, engineered wood, and pulp. Traditional wood pulping has been focused on the
fractionation of the main lignocellulosic components (cellulose, hemicellulose, and lignin), but paying
special attention to the cellulosic fraction, which is the relevant one for the production of paper.
In this framework, hemicellulose and lignin have been only employed for energy recovery by direct
combustion [2]. However, recent research interest is being targeted to hemicellulose and lignin as raw
materials for renewable chemicals to replace those derived from petroleum. Therefore, the integral use
of the lignocellulosic biomass must take into account the valorization of hemicellulose and lignin [3–5].
For example, lignin must be considered the most promising renewable source to produce aromatic
chemicals at a real industrial scale because of its structure (Figure 1) and its abundance in nature [6].

Processes 2018, 6, 143; doi:10.3390/pr6090143 www.mdpi.com/journal/processes84



Processes 2018, 6, 143

 

Figure 1. Example of lignin structure. Reproduced with permission from Chávez-Sifontes, Lignina,
estructura y aplicaciones: métodos de despolimerización para la obtención de derivados aromáticos de
interés industrial; published by Avances en Ciencias e Ingeniería, 2013.

In this new scenario, biorefineries have been introduced to provide an alternative to traditional
petroleum refineries. A biorefinery is a facility that integrates the biomass conversion processes
to produce bioenergy, biofuels, and bio-based chemicals from biomass [7]. While the valorization
of cellulose and hemicellulose has been successfully implemented in biorefineries [8], the optimal
valorization of lignin remains as a great challenge to be solved. Enzymatic hydrolysis of cellulose and
hemicellulose results in fermentable sugars, which can be easily transformed to biofuels (bioethanol) or
precursors for production of valuable bio-based chemicals. Delignification is a necessary prerequisite
for enzymatic hydrolysis, as lignin interferes the reaction and blocks the process [9,10]. Therefore,
lignin must be separated during the pretreatment of lignocellulosic biomass, which facilitates its
posterior valorization.

The production of commercially available lignin-derived chemicals has been very limited until
recent days: only dispersing and emulsifying agents obtained from lignosulphonates and plywood
panels can be mentioned. This lack of commercial application can be justified by the heterogeneous
structure of lignin, which, unlike cellulose or hemicellulose, is not formed by the systematic series of
regular monomers. Despite this irregular and complex structure, research efforts have been applied
to find the most suitable options for lignin conversion to valuable products [11–16]. Although some
possibilities have been identified for direct valorization of raw lignin, lignin depolymerization is a
more promising route. On the one hand, aggressive unselective depolymerization to break C-C and
C-O linkages results in aromatic compounds mixtures like benzene, toluene, xylene, and phenol [17,18].
In addition, some short aliphatic (C1-C3) and, in less extent, longer cycloaliphatic (C6-C7) hydrocarbons
can be obtained. On the other hand, highly selective depolymerization processes are based on the
cleavage of only determined links. This way, products that are not easily produced by traditional
petrochemical routes can be obtained, like substituted coniferols, aromatic polyols, or oxidized
monomers [19].

However, classic fractionation processes for lignocellulosic biomass (Kraft process, Organosolv
process, alkaline treatment, steam explosion ...) result in low-purity lignin, mostly because of the
presence of impurities derived from cellulose and hemicellulose. Consequently, new research efforts
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must be applied to develop an efficient and selective process to obtain a purified lignin fraction.
Membrane separation technologies have been implemented in biorefineries because they show
very advantageous properties: no phase change, no heat requirements, low energy consumption,
and compact and easily scalable design [20]. Research works have investigated the potentiality of
membrane techniques for lignin separation and purification. Lignin-rich liquors can be treated with
ultrafiltration and nanofiltration membranes for purification of lignin and separation of other inorganic
compounds [21–26]. Other authors have applied membrane separations for different tasks aimed
to lignin valorization, such as concentration of lignin solutions and elimination of lower molecular
weight impurities [27], fractionation of lignin fragments according to their molecular weight [28,29],
or separation of different lignin derivatives [30–32].

Since lignin is not easily solubilized in conventional solvents, the use of ionic liquids (ILs) for
fractionation of lignocellulosic biomass has been deeply investigated. ILs are organic salts formed by
high-volume organic cations and smaller organic or inorganic anions. Some of the most interesting ILs
have melting points below 100 ◦C, so they are liquid at room temperature. These ILs present some
common characteristics, like negligible vapor pressure or high thermal and mechanic stabilities [33].
The physicochemical properties can be customized by an optimal combination of the most convenient
cations and anions for each application. The viability of ILs for dissolution, separation, and recovery
of the main components of lignocellulosic biomass has been investigated [34–42]. Imidazolium based
ILs (with different radicals joined to the central ring and combined with simple inorganic and more
complex organic anions) have been deeply investigated for the selective dissolution of lignin, since they
are not good solvents for cellulose or hemicellulose [43–45]. The ILs based on 1,3-dialkyl-imidazolium
have been object of most research works. However, the limited stability of these ILs in alkaline and
oxidant media must be taken into account because posterior treatment of lignin can take place under
these conditions [12]. Therefore, alternative ILs non-based on imidazolium have been tested for lignin
processing, paying special attention to ILs based on ammonium, phosphonium, pyridinium, and
pyrrolidinium [46–49]. Nevertheless, the high economic costs derived from the employment of this
type of IL remains the main drawback for real-scale implementation in the biorefinery processes [50].

Supported liquid membranes (SLMs) consist of porous supports that have been impregnated
with a specific solvent to get it imbedded in the pores. The solvent is kept there by capillary forces
and forms a three-phase system, since it separates the feed and stripping phases [51,52]. When this
solvent is an IL, a supported ionic liquid membrane (SILM) is obtained (Figure 2) [53]. SILMs require
the existence of three simultaneous processes to be applied for effective separation of solutes: the
extraction from the feed solution to the SILM, the diffusion through the SILM and the re-extraction
from the SILM to the stripping solution. SILMs present some advantages over SLMs, mainly because of
their improved stability, since the use of ILs reduces the solvent losses from the support by evaporation
or dispersion in the feed and stripping phases [54]. Moreover, ILs can provide very high specificity for
the solutes to be separated and the small amount of IL required in a SILM can reduce the economic
costs significantly.

Although scientific information about the use of membranes and ILs for lignocellulosic biomass
fractionation and further processing is abundant, the integration of both tools as SILMs has not been
deeply investigated. SILMs have been successfully applied for extraction of minor components that
appear during vegetal biomass fractionation (for example, lipophilic compounds linked to resin,
such as fatty acids or sterols) for analytical purposes [55]. The potential of these systems for extraction
and purification of lignin must be studied, since SILMs can be preferred over other technologies
for extraction and purification of lignin. Since the solute extraction from the feed phase and the
re-extraction to the stripping phase occur in a unique stage, very simple designs are possible, avoiding
complex configurations or high energy requirements (separation can be carried out without heat or
pressure application). The employment of highly porous materials to support the SILMs provides
a very high interfacial area for mass transfer, which allows very compact equipment. Moreover,
the coupling of the extraction and stripping results in mass transport without limitations due to the
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solubility limits [56]. The small amount of IL required to implement a SILM allows the selection of
non-traditional ILs, which can offer better permeability and specificity for lignin without compromising
the chemical structure and physicochemical properties of lignin or interfere in the characteristics of
the rest of the lignocellulosic components. Lastly, the most relevant disadvantage of the use of ILs
(their high economic costs) is minimized when SILMs are implemented, since the total volume of ILs
required is greatly reduced [51].

Figure 2. Schematic representation of transport through a SILM (Supported Ionic Liquid Membrane).

A previous work began the analysis of the application of SILMs for lignin separation, but the
preliminary results revealed that the selective transport of lignin was not easily obtained [57]. The main
objective of this work was a complete study of the potentiality of different SILMs for fractionation
and separation of lignocellulosic biomass components, with special attention to lignin extraction
and purification. The flow of two lignin types (Kraft lignin and lignosulphonates) from the feed
compartment to the stripping one was characterized and compared with the flow of monosaccharides
(glucose and xylose were selected because cellulose is made with repeated glucose units and xylose is
the main sugar monomer in the structure of hemicellulose) to determine their potential for selective
transport of the developed SILMs.

2. Experimental

2.1. Chemicals and Materials

Nine different ILs were selected to prepare SILMs (Figure 3). Six imidazolium-based ILs
([BMIM]MeSO4, [BMIM][DBP], [BMIM][OTf] and [HMIM][OTf] from Iolitec, and [EMIM]EtSO4 and
[EMIM]Ac from Sigma-Aldrich, Munich, Germany), two phosphonium-based ILs (CYPHOS 101 and
CYPHOS 108 from Cytec, Woodland Park, NJ, USA) and a mixture of quaternary ammonium salts
(Aliquat 336 from Sigma-Aldrich, Munich, Germany) were used as supplied. Kraft lignin (low sulfonate
content), D-(+)-xylose (>99%) and D-(+)-glucose (>99.5%) were provided by Sigma-Aldrich, Munich,
Germany, while sodium lignosulphonate was purchased from TCI Chemicals, Tokyo, Japan.
The employed water was obtained by an Elix purification system (Millipore, Darmstadt, Germany).
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Figure 3. Structure of the selected ILs (Ionic Liquids).

As membrane supports, membrane disc filters were employed. Five different polymeric materials
were tested: PP (polypropylene) and PTFE (polytetrafluoroethylene) from Filter-Lab, Barcelona, Spain,
PCTE (polycarbonate) from Sterlitech, Kent, WA, USA, PVDF (hydrophobic polyvinylidene fluoride),
and HPVDF (hydrophilic polyvinylidene fluoride) from Millipore, Darmstadt, Germany. All the
membranes had the same diameter (47 mm) and pore diameter (0.45 μm), except PCTE (0.40 μm).

2.2. SILMs Preparation

The SILMs were prepared using the different polymeric membranes and ILs. Firstly,
the corresponding membrane and IL were introduced in a vacuum oven (<35 mbar and 70 ◦C) within
separate Petri dishes to remove the humidity, gases, and any other traces of volatile compounds. Later,
the membrane was soaked in the IL, keeping the vacuum for 24 h to promote a proper impregnation
by removal of air from the membrane pores. Finally, the liquid excess over the membrane surface was
removed by allowing dripping overnight. This way, the SILM was ready to be employed.

2.3. Installation and Analytical Procedures

The experimental tests were carried out in a membrane cell designed for this specific purpose
(Figure 4). The glass cell was composed of two identical compartments (volume lower than 150 mL
each compartment), one for the feed solution and the other for the stripping one, which were separated
by the SILM. The feed and stripping solutions were poured into the cell at the same time and the
compartments were closed without inlet or outlet streams in the system. Samples were taken at regular
time intervals from both compartments. All the experiments were carried out at room temperature.
It was decided to stop the experiments after the capture of enough samples to characterize the transport.
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Figure 4. Image of the experimental cell selected for testing SILMs.

Kraft lignin, lignosulphonate, glucose and xylose concentrations were determined by a
ultraviolet–visible (UV-VIS) spectrophotometer DR 5000 (Hach, Düsseldorf, Germany), using a
wavelength of 280 nm for Kraft lignin and lignosulphonate [58,59] and of 575 nm for monosaccharides,
according to the dinitrosalicylic acid method for determination of reducing sugars [60,61].
The calibration curves for the different solutes are compiled in Figure 5.

 

Figure 5. Calibration curves for the determination by ultraviolet–visible (UV-VIS) spectrophotometry
of the concentration of the different tested solutes.
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The calibration curves showed good linearity in the defined intervals (until 0.05 g/L for Kraft
lignin, 0.10 g/L for lignosulphonate and 5.00 g/L for monosaccharides). From the obtained lines,
the corresponding absorptivity coefficients aλ were calculated according to the Beer–Lambert law:

A = aλ·b·C (1)

where A is the absorbance, b is the length of the path and C the solute concentration. The obtained
absorptivity coefficients are compiled in Table 1.

Table 1. The absorptivity coefficients for determination by UV-VIS spectrophotometry of the
concentration of the different tested solutes.

Absorptivity Coefficients (L/g·cm)

a280 a575

Kraft lignin 14.706 -
Lignosulphonate 7.604 -

Xylose - 0.687
Glucose - 0.608

2.4. Membrane Transport Characterization

The previously published paper with preliminary results presented a transport model for the
selective transport of solutes through the prepared SILMs [57]. However, the preliminary results
revealed that the transport through the SILMs was not selective. Therefore, in this section the previously
prepared model for the selective transport is summarized and the adaptations required to consider
non-selective transport are added.

The amount of a solute that passes by selective transport through a SILM per unit of time and
surface is called flux J and it is proportional to the gradient of concentration C between both solutions:

J = k·ΔC (2)

where k is the proportionality constant that can be defined as the permeability. To model the evolution
of the concentration of the solute in the feed compartment CF, a mass balance to the feed compartment
can be applied:

V·dCF
dt

= −k·ΔC·AM (3)

where V is the volume of the feed solution and AM the active surface of the SILM. The equation can be
reorder and modified considering the gradient between the feed (F) and stripping (S) compartments,
and the total mass balance with C0 as initial feed concentration

ΔC = CF − CS (4)

C0 = CF + CS (5)

dCF
2CF − C0

= − k·AM·dt
V

(6)

All the constant can be grouped into a unique constant K, called effective mass transfer constant:

dCF

CF − C0
2

= −2·k·AM·dt
V

= −K·dt (7)
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Integration can be applied and the evolution of the concentration in the feed compartment CF can
be assessed:

CF =
C0

2
·
(

1 + e−K·t
)

(8)

In a totally equivalent way, the evolution of the concentration in the stripping compartment CS
can be obtained:

CS =
C0

2
·
(

1 − e−K·t
)

(9)

For the case of non-selective transport, the corresponding mass balance can be formulated, just by
replacement of the proportionality constant k by the permeate flux FP:

V·dCF
dt

= −FP·ΔC·AM (10)

This way, the evolution of the concentrations in both compartments can be derived, defining a
new effective mass transfer constant KP:

CF =
C0

2
·
(

1 + e−KP ·t
)

(11)

CS =
C0

2
·
(

1 − e−KP ·t
)

(12)

KP =
2·FP·AM

V
(13)

3. Results and Discussion

During the preparation of the SILMs, some experimental drawbacks were identified. For example,
when lignosulphonate solutions were mixed with Aliquat 336 or CYPHOS 101, unstable systems were
obtained, since sticky precipitated solids appeared (Figure 6a,b). Under these conditions, a SILM with
CYPHOS 101 in PVDF support did not result in effective results for Kraft lignin transport, because of
the precipitation of solids on the membrane surface (Figure 6c).

 

Figure 6. Identification of unstable IL and lignin systems: (a) 1.4 g Aliquat + 1.6 g lignosulphonate
solution (40 g/L). (b) 1.6 g CYPHOS 108 + 1.9 g lignosulphonate solution (40 g/L). (c) CYPHOS 108 in
PVDF support after contact with Kraft lignin solution (40 g/L).

Another identified problematic issue was the employment of [EMIM]Ac for the preparation of
SILMs. After the contact between [EMIM]Ac and the PCTE support for 24 h at 70 ◦C in the vacuum
oven, the membrane was totally dissolved in the IL (Figure 7a). Even when the temperature in the
vacuum oven was reduced to 30 ◦C, the PCTE membrane suffered severe degradation after contact
with this IL (Figure 7b). Other membranes, like PVDF or HPVDF, were highly modified (color changed)
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after impregnation with [EMIM]Ac at 70 ◦C (Figure 7c), but a decreased value of the temperature in
the vacuum oven (30 ◦C) resulted in stable SILMs.

 

Figure 7. Identification of unstable SILMs with [EMIM]Ac: (a) PCTE in [EMIM]Ac (oven at 70 ◦C).
(b) PCTE in [EMIM]Ac (oven at 30 ◦C). (c) HPVDF in [EMIM]Ac (oven at 70 ◦C).

The only virgin membrane that was permeable to Kraft lignin solution and allowed the transport
of the solute from the feed to the stripping compartment was the HPVDF membrane. The evolution
of the normalized concentration of Kraft lignin in the stripping compartment of the cell with respect
to time is shown in Figure 8, where the transport through the virgin membrane was compared to
the transport through some SILMs based on HPVDF. As can be observed in the graph, the virgin
membrane showed the fastest transport, while the performance of the permeable SILMs was very
similar and only minor differences could be identified among the different ILs.
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Figure 8. Evolution of the concentration of Kraft lignin in the stripping compartment with virgin
HPVDF membrane and three SILMs supported in HPVDF.

Higher permeation of Kraft lignin occurred during the initial experimental phase, when the solute
concentration gradient was maximum between both compartments of the cell. Then, the transport
was slowed down due to reduced gradient for concentrations getting closer to the equilibrium.
These experimental results fitted satisfactorily with the proposed model for non-selective transport
through permeable membranes. The corresponding equations were employed for direct assessment of
the effective mass transfer constants KP (values compiled in Table 2). The R2 values of the fitting of the

92



Processes 2018, 6, 143

experimental results ranged from 0.936 to 0.982. As expected from the experimental results in Figure 8,
the maximal KP value corresponded to the virgin HPVDF membrane (0.0334 h−1), with lower values
for the HPVDF-based SILMs. Taking into account the effective membrane area in the cell (14.6 cm2) and
the volume of each cell compartment (120 mL), the corresponding permeate flux FP were calculated
from the effective mass transfer constants KP (Table 2).

Table 2. Values of effective mass transfer constants KP, permeate fluxes FP, and resistances (attributable
to the membrane support and the IL) for virgin HPVDF membranes and SILMs based on these
membranes (viscosity and density values of the ILs are included).

KP
(h−1)

FP
(m/h)

RMEMB
(h/m)

RIL
(h/m)

Viscosity 1

(mPa·s)
Density
(g/cm3)

Virgin HPVDF 0.0334 1.37 × 10−3 729 - - -
HPVDF + [EMIM]EtSO4 0.0263 1.08 × 10−3 - 197 122 1.20 (80 ◦C)
HPVDF +[BMIM]MeSO4 0.0216 0.89 × 10−3 - 398 214 1.17 (80 ◦C)
HPVDF + CYPHOS 108 0.0238 0.98 × 10−3 - 294 409 1.07 (25 ◦C)

HPVDF + [EMIM]Ac 0.0248 1.02 × 10−3 - 253 93 1.07 (80 ◦C)
HPVDF + [BMIM][DBP] 0.0141 0.58 × 10−3 - 997 1539 1.04 (40 ◦C)
HPVDF + [HMIM][OTf] 0.0157 0.65 × 10−3 - 821 135 1.24 (29 ◦C)
HPVDF + [BMIM][OTf] 0.0225 0.92 × 10−3 - 353 75 1.30 (25 ◦C)

1 Measured at room temperature.

The maximal permeate flux of the virgin membrane can be directly justified taking into
consideration the resistances in the series model, since the ILs supported in the membranes provide an
additional resistance to the permeate transport:

FP =
1

RTOT
=

1
RMEMB + RIL

(14)

The value of the membrane resistance RMEMB was calculated from the FP value of the virgin
membrane and the resistance values attributable to the ILs were derived from the corresponding FP
values once RMEMB was known. According to the figures in Table 2, the RIL values were lower than the
RMEMB value for all the SILMs but the ones with [BMIM][DBP] and [HMIM][OTf]. The high resistance
exhibited by [BMIM][DBP] can be directly attributed to its high viscosity, but the value corresponding
to [HMIM][OTf] was not easily related to the viscosity or density of the IL because other more viscous
or denser ILs showed lower resistance [62–67].

Apart from HPVDF, the rest of the virgin membranes were impermeable to water or aqueous
solutions. The SILMs prepared with these impermeable membranes were initially tested with Kraft
lignin and lignosulphonate solutions. The results obtained with some of these SILMs are graphed
in Figure 9, where the evolution of the solute concentration in both compartments is presented.
The differences among the experimental data for SILMs with different ILs and solutes were not
obvious and very similar results were obtained for all the SILMs that exhibited solute transport.
When additional experiments were carried out with monosaccharides (glucose and xylose) as solutes,
the performance of the tested SILMs was comparable and the evolution of the monosaccharides
concentration in the cell compartments followed a similar trend to the identified one for Kraft
lignin or lignosulphonates (Figure 10). A further analysis of the experimental results shown in
Figures 8–10 suggested non-selective transport through the SILMs, as the different investigated
membranes, ILs or solutes had not relevant influence on the performance of the SILMs. For example,
the performance of the SILMs based on impermeable membranes could be compared to the SILMs
based on permeable HPVDF.

93



Processes 2018, 6, 143

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100 120 140 160

N
or

m
al

ize
d 

co
nc

en
tr

at
io

n 
(C

/C
0)

Time (h)

[BMIM]MeSO4 Feed (KL)
[BMIM]MeSO4 Strip (KL)
[HMIM][OTf] Feed (LS)
[HMIM][OTf] Strip (LS)
[BMIM[[DBP] Feed (LS)
[BMIM][DBP] Strip (LS)

Figure 9. Evolution of the concentration of Kraft lignin (KL) or lignosulphonate (LS) in the feed and
stripping compartments with three different SILMs supported in PCTE.
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Figure 10. Evolution of the concentration of lignosulphonate (LS), glucose (G), or xylose (X) in the feed
compartment with three different SILMs.

The lack of selectivity of the studied SILMs was previously reported during the preliminary works
of this research group [57]. Those results demonstrated that the performance of the freshly prepared
SILMs was totally similar to SILMs used repeatedly in consecutive cycles, even when the IL had been
apparently lost from the membrane support. The mass loss of the SILMs once the first cycle was
finished corresponded to the amount of IL previously immobilized in the membrane. Scanning electron
microscope (SEM) images confirmed this fact, since the appearance of the membrane before the second
cycle was much more similar to the virgin membrane than the SILM before the first cycle (Figure 11).
Therefore, the transport through the SILMs seemed to be more closely related to the modification of the
membrane supports than the presence of ILs in the membranes. Further experiments were carried out
to understand the transport through the SILMs and tests to analyze the permeability of the SILMs to
water and aqueous solutions were proposed. While the feed compartment was filled with water or an
aqueous solution of Kraft lignin, the stripping compartment remained empty. Surprisingly, nearly all
the tested SILMs that exhibited solute transport were identified as permeable and the only SILM that
maintained its impermeability was that one based on [BMIM][DBP] supported in PTFE (Figure 12).
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Figure 11. Scanning electron microscope (SEM) microphotographs of virgin PVDF membrane (a),
SILM with CYPHOS 108 in PVDF before the transport test (b) and SILM with CYPHOS 108 in PVDF
after the transport test (c).

 

Figure 12. Images of the permeability tests of virgin PVDF membrane (a), SILM with CYPHOS 108 in
PVDF (b), and SILM with [BMIM][DBP] in PTFE (c).

As a summary, Table 3 compiles all the calculated KP values of the tested SILMs. Moreover,
the same table identifies the SILMs that were not tested because of the technical drawbacks
during their preparation and the SILMS that did not show any solute transport. The reported KP
values ranged between 0.0139 and 0.0284 h−1 for [BMIM][DBP] in PP and [BMIM]MeSO4 in PCTE,
respectively. These figures fell in the range of the SILMS prepared with HPVDF (0.0141–0.0263 h−1).
This concordance once again confirmed the common transport mechanisms between both types of
SILMs: convective transport of the solute as consequence of the permeation of the solutions.

The SILM with [BMIM][DBP] supported in PTFE membrane, which was the only one that
showed impermeability to the tested solutions, was the only case that exhibited selective solute
transport. As can be observed in Figure 13, the evolution of the concentration in the stripping
compartment was very different for the two graphed solutes: the transport of glucose is much
faster than the transport of lignosulphonate. While in the case of glucose, 70 h was time enough to
achieve a concentration that could be considered an equilibrium situation; after 100 h the normalized
concentration of lignosulphonate in the stripping compartment was still below 0.38.
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Figure 13. Evolution of the concentration of lignosulphonate (LS), glucose (G) in the stripping
compartment with SILM with [BMIM][DBP] in PTFE.

When Kraft lignin and xylose were selected as solutes, the results were equivalent. The transport
of xylose was much faster, with very similar results to glucose, and the results of Kraft lignin
and lignosulphonates were comparable. The corresponding effective mass transfer constants were
calculated (Table 4). These values revealed that glucose was the most easily transported solute,
followed by xylose. The lignin compounds showed lower values: 0.67 × 10−3 m/h for lignosulphonate
and 0.71 × 10−3 m/h for Kraft lignin. Therefore, the transport of monosaccharides was favored against
lignin compounds. Further work will be carried out in order to improve the understanding of the
mechanisms of the selective transport through the SILM and its stability. Furthermore, the design of
effective separation processes based on this SILM will be investigated.

Table 4. Values of effective mass transfer constants K, and permeabilities k of the SILMs based on
[BMIM][DBP] supported in PTFE membranes.

K (h−1) k (m/h)

Kraft lignin (KL) 0.0172 0.71 × 10−3

Lignosulphonate (LS) 0.0162 0.67 × 10−3

Glucose (G) 0.0453 1.86 × 10−3

Xylose (X) 0.0429 1.76 × 10−3

4. Conclusions

This study investigated the potential of SILMs for selective transport of two different types of
technical lignins (Kraft lignin and lignosulphonate) and monosaccharides (xylose and glucose) in an
aqueous solution. The SILMs obtained by the combination of five different membrane supports and
nine ILs were tested. Some ILs (CYPHOS 101 and Aliquat 336) were not useful, since they resulted
in unstable SILMs because of precipitation problems. [EMIM]Ac was another problematic IL as it
degraded some of the membrane supports. Although the virgin hydrophobic membranes did not allow
the permeation of the aqueous solutions, most membranes became permeable after the impregnation
with the ILs. Therefore, the solutes were able to cross these SILMs by non-selective transport. However,
the SILM based on [BMIM][DBP] as IL and PTFE as membrane support maintained its hydrophobicity
and allowed selective transport of the tested solutes. The effective mass transfer constants of the
solutes were determined according to the proposed transport model: lignosulphonate was the
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least easily transported solute (0.67 × 10−3 m/h), while glucose was the most easily transported
one (1.86 × 10−3 m/h). Nevertheless, the stability of this identified selective SILM and its applicability
to separation processes must be investigated more deeply and further work will be carried out.
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Abstract: In recent years, membrane technologies have been developed to address water shortage
and energy crisis. Forward osmosis (FO), as an emerging membrane-based water treatment
technology, employs an extremely concentrated draw solution (DS) to draw water pass through
the semi-permeable membrane from a feed solution. DS as a critical material in FO process plays a
key role in determining separation performance and energy cost. Most of existing DSs after FO still
require a regeneration step making its return to initial state. Therefore, selecting suitable DS with
low reverse solute, high flux, and easy regeneration is critical for improving FO energy efficiency.
Numerous novel DSs with improved performance and lower regeneration cost have been developed.
However, none reviews reported the categories of DS based on the energy used for recovery up to
now, leading to the lack of enough awareness of energy consumption in DS regeneration. This review
will give a comprehensive overview on the existing DSs based on the types of energy utilized for
DS regeneration. DS categories based on different types of energy used for DS recovery, mainly
including direct use based, chemical energy based, waste heat based, electric energy based, magnetic
field energy based, and solar energy based are proposed. The respective benefits and detriments of
the majority of DS are addressed respectively according to the current reported literatures. Finally,
future directions of energy applied to DS recovery are also discussed.

Keywords: forward osmosis; draw solutes; membrane separation; regeneration; energy

1. Introduction

With the development of economy, population boom and increasing urbanization, water shortage
has become a global problem. To address the water scarcity and prevent water pollution, the seawater
desalination and wastewater reuse has been considered as a good solution to solving mentioned
above [1–5]. In the past decade, numerous desalination technologies, including multistage flash
evaporation, low-temperature multi-effect distillation, electrodialysis, reverse osmosis (RO) have been
developed to desalinate seawater. Among them, RO is one of the most widely used desalination
technology, due to its high salt rejection and easy large-scale operation. The energy consumption of
1 m3 fresh water produced by RO is still up to 1.5–2.5 kWh, which is 5~10 times lower than that of
distillation [6]. However, the discharge of concentrated salt solution produced by RO may give rise to
the secondary pollution [1,7–11].
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Forward osmosis (FO) is an emerging water treatment technique [12]. In FO process, the net
osmotic pressure difference generated by the draw and feed solution with different concentrations on
both sides of the membrane impels water molecules to permeate from the side of feed solution to the
draw solution (DS). Since water molecules spontaneously permeate without additional pressure,
the energy consumption of seawater desalination by FO alone without DS recovery is around
0.84 kWh/m3, which is 72.1% lower than that of RO [13]. Compared with RO, FO possesses a stronger
antifouling capability [2,14–17], higher water recovery, and less salt discharge. Therefore, it has good
prospect of application in such fields as seawater desalination [18,19], agricultural irrigation [20],
anaerobic sludge disposal [8,21,22], osmotic power generation [23–25], wastewater treatment [19,26],
protein enrichment [27,28], drug delivery and release [14,29], aerospace [30], and food industry [31].

Although FO is well considered as an energy-saving process by using some smart agents as DS,
the result of thermodynamic calculations shows that reducing energy consumption in FO process isn’t
a “free lunch” [15]. In general, FO desalination process includes two steps: The concentrative DS is
diluted, and the dilutive DS is re-concentrated. This means the use of higher osmotic pressure DS
dewater from feed solution in the first step and the diluted DS should be regenerated to initial state
by using other technologies in the second step. Especially, considering DS regeneration in seawater
desalination, the energy consumption of a standalone FO process far surpasses than that of RO [15].
However, FO hybrid systems (i.e., FO-RO) are capable of desalinating the high-salinity waters, which
RO process is limited, such as those highly fouled or specific waste stream or high osmotic pressure
feeds [15]. In addition, FO as an immature technology suffers some limitations, such as severe DS
leakage, which may decrease the quality of product water or reduced FO performance or increase
DS recycling costs, leading to hinder its practical industrial application. However, FO still has the
opportunities by employing the low-cost thermal energy for DS regeneration. For example, the use of
thermolytic compounds as DSs in FO hybrid systems can reduce total energy requirement for desalting
high-salinity waters, which is more energy-saving than other desalination solutions [15]. This case
shows the advantages of FO over RO, such as low energy cost, considerably high water recovery,
and minimal fouling. These advantages imply that FO is facing some accompanied challenges. In fact,
FO could not be applied in widespread applications, mainly due to the limited choices of DSs.

DS as one of critical materials of FO has a great impact on the energy efficiency. Although FO
is common an energy-efficient process without DS recovery, it, in most instances, still requires the
secondary step to concentrate DS, which would directly increase the relevant energy cost. Therefore,
it is necessary to develop suitable DS so as to break through the bottleneck of FO’s development toward
the practical application. An ideal DS should have some characteristics [2,32], including high solubility,
high osmotic pressure, low molecular weight (MW), low-cost regeneration, good compatibility with
the membrane, low reverse solute flux, nontoxicity, and so forth.

In the past few decades, plenty of materials have been investigated as DS in FO. Several review
articles on traditional and advanced DS have been published [1,4,10,18,21–25,33–44], these DSs are
shown in Table 1, which include (1) inorganic compounds, (2) organic compounds (e.g., polyacrylic
acid sodium, methylimidazole-based compounds, hexavalent phosphazene salts, stimuli-responsive
hydrogels), (3) functionalized nanoparticles (e.g., magnetic nanoparticles (MNPs)), Na+-functionalized
carbon quantum dots (Na-CQD). However, none has systematically addressed the energy type of DS
in recovery process. Most of these reviews focused mainly on the synthesis, application, performance,
and theories of DS in FO process. Specific discussion on the energy used to re-concentrate dilutive DS
was rather brief. Moreover, lots of earlier research literatures were highlighting FO’s feature of low
energy consumption, and more discussion on DSs was focused on achieving superior FO performance,
but mentioned lightly on the energy cost, resulting in a misplaced expectation of FO with higher energy
efficiency than RO desalination. Therefore, in order to strengthen a comprehensive understanding on
DS regeneration. A review that analyzes the types of energy applied in DS regeneration is crucially
needed. Up to now, there are no relative reports on DS’s classification based on the type of energy
used for DS recovery [10,20].
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Table 1. Overview of the traditional classification of draw solutions (DSs) in forward osmosis
(FO) process.

Categories Draw Solutes Recovery Methods Ref.

Inorganic
compounds

NaCl reverse osmosis (RO) [33]

inorganic fertilizer direct use [45]

potassium sulfate (K2SO4) RO [33]

sodium nitrate (NaNO3) direct use [46]

aluminum sulfate (Al2(SO4)3) precipitation [47]

magnesium sulfate (MgSO4), copper sulfate (CuSO4) precipitation [48,49]

Organic
compounds

Switchable polarity solvent (SPS) RO [50]

sodium polyacrylate (PAA-Na) ultrafiltration (UF),
membrane distillation (MD) [51,52]

CO2-responsive polymers (PDMAEMA) UF [53]

poly(sodium
styrene-4-sulfonate-co-N-isopropylacrylamide)
(PSSS-PNIPAM)

MD [54]

poly (aspartic acid sodium salt) MD [55]

N,N-dimethylcyclohexylamine (N(Me)2Cy) heating [56]

1-Cyclohexylpiperidine (CHP) heating [57]

Micellar solution UF [58]

oxalic acid complexes with Fe/Cr/Na nanofiltration (NF) [59]

2-Methylimidazole compounds MD [60]

trimethylamine–carbon dioxide heating [61]

glucose, fructose RO [62–64]

polyelectrolyte incorporated with triton-x114 MD [65]

dimethyl ether heating with solar energy [66]

poly(4-styrenesulfonic acid-co-maleic acid) NF [67]

Functional
nanoparticles

Super hydrophilic nanoparticles UF [40]

hydrophilic superparamagnetic nanoparticles magnetic separation [68]

magnetic core-hydrophilic shell nanosphere magnetic separation [69]

thermoresponsive Magnetic Nanoparticle magnetic separation [42]

dextran-coated MNPs magnetic separation [36]

hyperbranched polyglycerol coated MNPs magnetic separation [70]

In this review article, we critically classified the DS’s categories in terms of their energy types
applied in recovery process; discuss its potential in recovery process, FO performance, and suitable
applications in FO. Specifically, we address the development and the advantages or demerits of
existing DSs based on the new DS classification, categorizing them as directly use based, chemical
energy based, waste heat based, electric energy based, solar energy based, and magnetic field energy
based. Addressing these DS categories and understanding the limits of different DS in FO process
will provide vital information to guidance the exploration of successful DS for expanding the range of
its application.

2. Classifications of DS Based on the Types of Energy Used in Regeneration Process

The remaining defects of DS, such as high reverse solute flux, low osmotic pressure and high
energy cost in recovery seriously hinder FO application. Therefore, the development of a novel DS to
solve above problems is still a great challenge. Previously, several reviews have simply classified the
known DSs (inorganic and organic compounds) based on the chemical properties. Later, these DSs
were further subdivided into inorganic salts, organic salts, polymers, nanoparticles, micelle solutions,
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gels, and so forth [71]. Recently, the types of DSs based on different regeneration methods were
reported, which included directly use, thermal separation, membrane separation (RO, nanofiltration
(NF), ultrafiltration (UF), microfiltration (MF), chemical precipitation, stimuli-responsive (e.g., light,
electricity, magnetic field). In this review, the classification of DSs based on types of energy employed
in regeneration process is summarized (Table 2).

Table 2. Overview of DSs based on the types of energy used in recovery process.

Categories
Recovery
Methods

Draw Solutes

Direct use Without
recovery

Saccharides (glucose, fructose) [72,73], fertilizer [20,46], liquid fertilizer [74],
sodium lignin sulfonate (NaLS) [75]

Chemical energy Precipitation Al2(SO4)3 [47,76], MgSO4 [49], CuSO4 [77]

Waste heat

Heating Sulfur dioxide (SO2) [78], ammonia and carbon dioxide (NH3-CO2) [79]

heating

N,N-dimethylcyclohexylamine (N(Me)2Cy) [56], 1-Cyclohexylpiperidine
(CHP) [57], trimethylamine-carbon dioxide (N(CH3)2-CO2) [61], switchable
polarity solvents [50], ionic polymer hydrogels with thermal responsive
units [80]

phase
separation

Upper critical solution temperature (UCST) ionic liquid [81], ammonium
iodide salts [82], lower critical solution temperature (LCST) ionic liquid [83],
thermally responsive polyionic liquid hydrogels [84–86], thermosensitive
copolymer [54], ionic hydrogels [34], thermo-sensitive polyelectrolyte [87],
phase transition materials [88], CO2 switchable dual responsive
polymers [89,90], thermosensitive polymer coated magnetic
nanoparticles [38], gas-responsive cationic microgels [91]

MD
2-Methylimidazole salt [60], Na+-functionalized carbon quantum dots
(Na-CQDs) [92], dendrimer [93], poly (aspartic acid sodium salt) [55],
multi-charged oxalic acid complexes [94]

Electric energy

RO Inorganic salt (NaCl [95,96], MgCl2 [95], KNO3 [33]), organic ionic salts [97],
glucose and sucrose miscible liquids [63]

NF
divalent metal salt (Na2SO4, MgSO4) [98], EDTA sodium salt [21], metal
complexes [27,59,99], poly (4-styrenesulfonic acid-co-maleic acid) [69], novel
carboxyethyl amine sodium salts [100], organic phosphonate salts [101]

UF

Thermosensitive polyelectrolyte [102], surface modified MNPs [37,39],
phosphatic surfactant [103], micellar solution [58,104], sodium
polyacrylate [52], carboxylate polyelectrolyte [105], natural polymer-based
cationic polyelectrolyte [106]

MF Thermo-responsive copolymers [107]

Solar energy Irradiating

Bifunctional polymer hydrogel layers [108], graphene gels [109],
thermo-responsive nanoparticles [110], composite hydrogel monoliths
containing thermoplastic polyurethane microfibers [111], composite
hydrogels (carbon particles and sodium acrylate-isopropylacrylamide)
(SA-NIPAM) [112,113], composite hydrogels based on graphene and
SA-NIPAM [114], dimethyl ether [66]

Magnetic field
energy

Magnetic
separation

Functionalized MNPs [37], citrate-coated MNPs [115], PAA-Na
coated-MNPs [34,116], thermosensitive magnetic nanogels [38,42], dextran
coated Fe3O4 magnetic nanoparticles [36], triethylene glycol-coated magnetic
nanoparticles, polyacrylic acid-coated magnetic nanoparticles [37],
poly(oxy-1,2-ethanediyl)-coated magnetic nanoparticles [39], poly(ethylene
glycol) diacid-coated (PEG-(COOH)2-coated) MNPs [39], hyperbranched
polyglycerol coated MNPs [70], polyacrylic acid-coated MNPs [37,40,41]

2.1. Direct Use without Recovery

Since FO itself does not produce fresh water, a second regeneration process is needed to obtain
the pure water. DS regeneration is considered as a potentially energy-intensive process, its energy
cost in DS recovery significantly depends on the as-selected DS. For one case, FO without the step
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of DS regeneration is the lowest energy-saving. These FO processes without DS recovery have been
successfully used for drinking, fertilization, irrigation and soil prevention in arid areas [20,46,72–75,78].
Natural sugar DSs (e.g., glucose, fructose and sucrose) [72,73,88] diluted after FO could drink and use
in some emergency boats [62]. In addition, other edible sugars (e.g., beverage powders or fructose)
were produced to hydration packs for military or emergency purpose. However, the as-obtained
product is the sweet water, which is unsuitable for long-term drinking [117]. Another example without
DS regeneration is the use of the concentrated fertilizer solution [20,45,118,119]. Phuntsho et al.
investigated the conventional inorganic fertilizers as DS. Results showed that 1 kg of fertilizer can
take up 11~29 L of fresh water from seawater. In this fertilizer-driven FO process, inorganic fertilizers
with high osmotic efficiency can draw water feasibly from wastewater resource or seawater, where the
diluted DS can use for fertigation [120]. However, the concentration of the spent DS is commonly too
concentrated for the direct fertigation of crops, requiring another dilution with fresh water before it
is suitable [20,45]. Recently, Duan et al. [75] also reported an interesting case of using sodium lignin
sulfonate (NaLS) as DS in FO, which does not require DS regeneration, the diluted NaLS can use
for desert regeneration directly, preventing soil erosion as a soil stabilizer, and providing nutrients
for plant growth. In addition, seawater itself can be used as a DS for the reuse of toxic wastewater;
it would be safely discharged into the sea after FO, simultaneously retaining the toxic compounds by
the membrane [121].

2.2. Chemical Energy

Traditional multivalent inorganic salts, such as Al2(SO4)3, CuSO4, MgSO4, have been extensively
used as DS for seawater desalination, because of its reasonably high water fluxes. The solubility of
these salts may be adjusted with the change of temperature or pH. Once DS transforms into precipitate
from the dilutive solution after FO, then the fresh water can be separated by filtration and the clean
precipitate may be dissolved with acid into new DS and then return to the next cycle [6]. An early case of
using Al2(SO4)3 as DS in FO was reported by Frank in 1972 [47]. After FO, the diluted Al2(SO4)3 would
be reacted with calcium hydroxide (Ca(OH)2) solution to produce aluminum hydroxide precipitation
and the product water after filtration, the resultant precipitate was then dissolved with sulfuric acid
to recover Al2(SO4)3 solution and insoluble Al(OH)3 for reuse. In 2011, a composite of Al2(SO4)3

and MNPs as DS was proposed by Liu et al. [76], it can be separated by magnetic field to produce
fresh water.

In 2013, Alnaizy et al. [49,77] used CuSO4 and MgSO4 as DS to desalinate brackish water, and the
diluted DS may be recovered by adding barium hydroxide Ba(OH)2 to generate precipitation and the
product water [18,19]. (Figure 1) However, although this process doesn’t consume additional energy
except chemical energy itself, the trace of heavy metal salt retained in water will pose a threat to the
environment and people’s health. The product water requires further purification, which is adverse
to reduce the energy cost; the storage of toxic precipitation may arouse the environmental concern.
Therefore, the regeneration method by chemical precipitation may not be feasible for large-scale
application, although it does not use external energy apart from chemical energy itself.

2.3. Thermal Energy

The use of geothermal energy and low-grade waste heat for DS recovery is deemed to be
a more cost-effective solution. In some cases, DS regeneration does not require the heat source
strictly; this general low-grade heat (e.g., waste heat or geothermal energy) can be directly used for
heating separation process. At present, several kinds of DS regeneration by heating separation were
reported. For instance, (1) gas and volatile compounds, (2) phase transition materials (such as lower
critical solution temperature (LCST), and upper critical solution temperature (UCST) compounds,
and thermo-sensitive gels), and (3) membrane distillation (MD).
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Figure 1. Schematic illustration of the use of precipitate method to regenerate CuSO4 draw solution
(DS) after forward osmosis (FO) process.

2.3.1. Gas and Volatile Compounds

Some gases, such as SO2 and NH3-CO2, may easily dissolve in water and their aquo-complexes
in water can generate high osmotic pressure. In 1965, Batchelder et al. [78] used volatile SO2 water
solution as DS for seawater desalination. However, the toxic SO2 gas has strong corrosion to the
equipment, which has not been further used. Up to 2005, Elimelech et al. proposed a new DS by the
mixing of ammonia and carbon dioxide. McCutcheon et al. [79] found that the solution mixed with
a certain proportion of NH3-CO2 can generate the extremely high osmotic pressure, mainly due to
the generation of ammonium bicarbonate salt (NH4HCO3). A high water flux and water recovery
can be achieved by using NH3-CO2 solution as DS in FO. Moreover, the diluted NH4HCO3 solution
after FO could be easily decomposed into the gas of NH3 and CO2 again when heated to 60 ◦C with
waste heat; meanwhile the product water was also obtained. The collected NH3 and CO2 will back
for reuse again. Results showed that FO fluxes achieved by this system are about 3.6~36 L/(m2·h).
Since the low-grade waste heat is used to decompose NH4HCO3 at low temperature (60 ◦C), this FO
desalination employing NH4HCO3 DS can save 85% of energy cost compared with other desalination
technologies, showing a great application potential [13]. However, the drawback of NH4HCO3 DS
is that the high reverse flux caused by its low MW may lead to the reduction water flux and the
deterioration the quality of water [33]. Besides, the removal of the trace amounts of ammonia in
product water is still a big challenge. Later, to overcome the mentioned defects above, a series of
ammonium carbonate salts with similar function of NH3-CO2, such as N,N-dimethylcyclohexylamine
(N(Me)2Cy) [56], 1-Cyclohexylpiperidine (CHP) [57], trimethylamine (N(CH3)2) [61] and switching
polarity solution (SPS) [50] have been reported.

2.3.2. Phase Transition Materials

Phase transition materials [88] may reversibly change the phase between solid and liquid with
the various factors (e.g., temperature, pH, CO2 et al.). According to the different critical dissolution
temperatures, they are divided into UCST [81] and LCST materials [83–85,107]. This category of solutes
mainly includes the ionic gels [34], the thermo-sensitive copolymer [54], the CO2 response SPS [89,95],
and the thermosensitive polyelectrolyte [87].

A recent study reported the use of a series of LCST materials as DS. Three organic ionic liquids [85]
(e.g., tetrabutylphosphonium 2,4-dimethylbenzenesulfonate (P4444-DMBS), tetrabutylphosphonium
2,4,6-trimethylbenzenesulfonate (P4444-TMBS), and tetrabutylphosphonium bromide (P4448-Br)) with
different hydrophilicity were investigated. Results showed that the osmolality and molality have a
non-linear correlation relationship, due to the occurring of molecules hydrophobic association at high
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concentration. These solutes whose osmotic pressure is approximately three times higher than that
of seawater were applied to dewatering from seawater. DS regeneration after FO was carried out
when heated to above LCST (30~50 ◦C), resulting in the phase separation. Recently, Zhong et al. [81]
proposed to the use of a UCST ionic liquid [protonated betaine bis(trifluoromethylsulfonyl)imide
(donated as [Hbet] [Tf2N]))] as DS to dewater from high salt water. Results showed that the 3.2 M
[Hbet] [Tf2N] solution over the UCST of 56 ◦C was able to draw water from 3.0 M saline water.
Consequently, the diluted solution was cooled to below the UCST to form two phases of ionic liquid
and water. The phase of rich ionic liquid could be used directly without additional re-concentration.

The CO2 response SPS may change their miscibility by injecting of CO2. Stone et al. [50] first
proposed the use of SPS as DS. The phase transformation was easily achieved through the injection of
CO2, because the cloudy solution of amine reacts with CO2 to form a protonation product, which is
readily dissolved in water. The diluted SPS after FO can be recovered to the immiscible state through the
removal of CO2 by heat with a low-grade source. The regeneration process was allowed to mechanically
recover the majority of amine solution. However, the residual amine in water still required to be
removed using RO. Moreover, the later study found that the cellulose triacetate membrane could
be damaged by the DS of N(Me)2Cy, leading to the solute leakage [50]. An improved solution that
the polymer with dual temperature and CO2 response was synthesized as DS for desalination was
proposed by Cai et al. [90]. After the injection of CO2, the ionized polymers can fully dissolve in
water and generate high osmotic pressure; the diluted solution can be recovered through the phase
separation when heated to 60 ◦C. The use of dual-response polymer as DS could effectively reduce
reverse solute flux. Similarly, 1-cyclohexylpiperidine as a SPS DS showed a comparable performance
of that the N(Me)2Cy, but a good compatibility with polyamide membranes [57].

2.3.3. MD

MD is a thermo-driving membrane separation technology, it being not affected by the
concentration of feed solution, becomes possible to desalinate high salt wastewater [122]. In MD
process, the water vapor on the side of hot feed solution (heated by low-value heat source) diffuses
across a hydrophobic porous membrane into the cold liquid water [87,123–127]. In general, a suitable
temperature gradient of 10~20 ◦C on both sides of the hot and cold solutions should be stably
maintained to produce distilled water [124]. Since MD has the high selectivity and the 100% theoretical
rejection rate for nonvolatile solutes [124,127], it is probably a good candidate for the recovery of
diluted DS and can replace traditional separation technologies [55,60,92,93]. In addition, MD can use
the low-value waste heat to minimize the capital cost [52,127]. However, there are several limitations
about the current MD, including (1) low and unstable permeate flux, (2) membrane fouling, and (3)
high heat lost [128–130].

The use of MD to recover 2-methylimidazole compounds was reported by Yen et al. [20]. A water
flux of 8 LMH could be achieved. Later, numerous researchers, such as Wang et al. [131], Xie et al. [132],
and Zhang et al. [133] investigated MD to recover the diluted solution of NaCl after FO for sustainable
water recovery of protein concentration and oil-water separation. Guo et al. [92] used MD to recover
Na-CQDs DS for seawater desalination, and a stable water flux of 3.5 L/(m2 h) could be maintained
after several cycles at 45 ◦C. Another hybrid FO/MD system for the recovery of polyelectrolytes
(PAA-Na) after FO was investigated by Ge et al. [134]. Results showed that the high rejection of
PAA-Na was carried out in MD at the temperatures of 50–70 ◦C. The most efficient performance of
this hybrid FO-MD system can be achieved when it is conducted under the condition of 0.48 g/mL
solution at 66 ◦C. Afterwards, the hybrid FO-MD process was also used to treat dye wastewater and
toxic wastewater [52,135]. (Figure 2) To minimize the leakage of DS in MD process, the large size of
thermoresponsive polymer (PSSS-PNIPAM) is used as DS for seawater desalination [54]. The osmotic
pressure of PSSS-PNIPAM decreases with the temperature increases due to the agglomeration of the
polymer chains, leading to a higher water vapor pressure. After three recycles, a stable water flux of
2.5 L/(m2 h) and product of water could be achieved. In fact, however, MD still needs to overcome lots
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of defects, including low water flux, membrane scaling and high hot loss, which is adverse to reduce
the energy cost.

Figure 2. Schematic illustration of using a hybrid FO-MD process for wastewater treatment.

2.4. Electric Energy

At present, membrane separation method is frequently used for DS regeneration, because of its
high solute rejection and simple operation. It is well-known that all membrane separation processes
consume electricity except MD. Different membrane separation technologies have different energy
consumption depending on the osmotic pressure of feed solution and membrane types. Currently,
the membrane separation technologies used for DS recovery mainly include RO, NF, and UF.

2.4.1. RO

Considering the low molecular weight cut-offs and high solute rejection, RO is a good option
for DS recovery when using monovalent salts (e.g., NaCl, seawater) as DS [136]. In the past few
years, most of inorganic salts, including NaCl (seawater), MgCl2, MgSO4 and Na2SO4, were frequently
used as DS, due to their high osmotic pressure. However, these diluted monovalent salts solution
after FO often require extremely high energy costs to be regenerated. It seems impossible to use
RO for DS recovery. In spite of this, the hybrid FO-RO for seawater desalination was also proposed
(Figure 3) [33], FO and RO can be used as the front end pretreat and post-treatment desalination
technologies, respectively [136]. The advantages of this system are greatly reducing membrane fouling
after FO treatment [137] and the energy cost in RO units, because of seawater diluted after FO [137].

Figure 3. Schematic illustration of using a hybrid FO-RO process for desalination seawater.
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Yangali et al. [138] used low-pressure RO for DS recovery employing FO to desalinate seawater.
Results showed that this hybrid FO-RO system can save 50% of energy consumption (~1.5 kWh/m3)
compared with independent RO desalination (2.5~4 kWh/m3). Its cost efficiency would surpass RO
only if the water flux above 5.5 L/(m2 h) can be achieved. In addition, Bowden et al. [97] used RO
to recover the organic acid salt. DS regeneration with the average solute rejection rate of near 99%
was conducted under the pressure of 28 bar, indicating the feasibility of DS recovery by RO. Another
hybrid FO-RO system combination of wastewater as feed using seawater as DS was proposed by
Cath et al. [15]. The diluted seawater after FO providing a low saline solution, subsequently, flow into
RO units to desalinate. This hybrid system with impaired sources as feed can produce high quality of
drinking water and achieve a favorable economic return with the water recovery rate up to 63% [15].
It can be seen that the hybrid FO-RO process may be a competitive choice for desalination of high saline
water compared with RO alone. However, considering its energy cost and efficiency, RO recovery for
DS regeneration may be discouraged under high operating pressure.

2.4.2. NF

NF membrane with the 1~2 nm of pore size can effectively remove organic compounds with MWs
between 200~1000 Da, but its rejection rate of multivalent salts (99%) is higher than that of monovalent
salts. A sort of looser membrane, with relative high molecular weight cut-offs, it can produce higher
water flux than RO under a given pressure. In recent years, it is intensively used to remove the
organic matters and dissolve salts in water treatment, food and medicine industry [21,27,59,98,99].
The use of NF to recover DS has received great attention [71]. Tan and Ng [98] investigated the NF
recovery rate of a series of different DSs (e.g., MgCl2, MgSO4, Na2SO4 and ethanol) after FO. The stable
water fluxes as high as 10 L/(m2 h) can be achieved in both FO and NF process, the reachable NF
rejection rates of 97.4% can be observed. They found that the total dissolved solid (TDS) is as low
as 113.6 mg/L of the product water after two-pass NF treatment process, which meets the drinkable
standard (TDS < 500 mg/L) required by world health organization [137]. After that, Zhao et al. [122]
used NF to regenerate the diluted bivalent salt solution (MgSO4 and Na2SO4) after FO. According to
their findings, the performance of hybrid FO–NF process for desalination of brackish water is superior
to that standalone RO process, because of its lower hydraulic pressure, lower membrane fouling, and
higher flux recovery after cleaning. Besides, Su et al. [73] proposed the use of NF to regenerate the dilute
sucrose after FO, the rejection rates of as high as 99.6% can be achieved, due to the sucrose with large
molecule size. Consequently, the concentrated sucrose DS return to FO units may continually draw
water from wastewater while producing clean water in NF units. The NF recovery of EDTA sodium
salts under external pressure of 5.5 bar was reported by Hau et al. [25]. They found that a rejection
rate of 93% for high charged salts was achieved well. Afterward, the regeneration of hydroacid
complex solutions using NF with a low-pressure of 10 bar were conducted by Ge et al. [27,59,99].
These compounds had expanded configurations and charged groups, leading to an achievable high
rejection rate of 97%. Later, the diluted DS of carboxyethyl amine sodium salts [100], and the organic
phosphonate salts [101] were also used NF regeneration after FO. It can be seen that NF is a good
choice for DS recovery, due to its low extremal pressure and high rejection rate of valent salts.

2.4.3. UF

UF membrane with a bigger pore size than RO and NF can bring about a higher water flux and
lower energy cost [139,140]. UF is suitable for the regeneration of these DSs with big size (such as
macromolecules, polyelectrolytes, or particles). Recently, the regeneration of MNPs through magnetic
separation was feasible to produce clean water. Ling et al. [38,43] proposed the use of UF to regenerate
hydrophilic nanoparticle DS. They found that, unlike magnetic separation, the collected MNPs after
UF in concentrated solution didn’t agglomerate again, which make it retain the initial osmotic pressure
well even after five regeneration cycles. After FO desalination, Ge et al. [52] adopted UF to recover
diluted solution of sodium polyacrylate (PAA-Na). For the PAA-Na with the MW of 1800 Da, a rejection
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rate of 99% can be achieved under the external pressure of 10 bar, because of the MWs and expanded
structure of polymer. The water flux in this FO-UF slightly decreased after nine regeneration cycles,
which was explained by the loss of PAA-Na during UF [76]. Other DSs, including MNPs modified
with PAA (~5 nm) [40], polystyrene sulfonic acid sodium (PAS-Na) [53], phosphate surfactants [103],
micellar solution [58,104], thermo-sensitive polyelectrolyte [102], and phase change materials [88],
were all used UF to regenerate. As a pressure-dependent membrane process, however, the regeneration
performance of UF still relies on the osmotic pressure of DS. In term of the analysis of energy balance,
Shaffer et al. [15] reviewed that the object of DS regeneration is to concentrate diluted solution and
make it return to the initial osmotic pressure, which the same external pressure will be provided by UF
even RO, Therefore, the minimum energy consumption for both processes are the same. The energy
cost being equal, RO would be given the priority for its superior rejection rates.

2.5. Magnetic Energy

Magnetic nanoparticles (MNPs) have been intensively investigated as a very promising DS,
because it can be recover using magnetic field (Figure 4) [37,38,40,43]. The advantages of magnetic
separation are high efficiency and energy conservation compared with other DSs regeneration methods.
Recently, to improve the water solubility and surface hydrophilicity, MNPs functionalized with strong
hydrophilic groups are considered as one of the feasible solutions to enhance their osmotic pressure,
as well as easy recycle utilization [141]. Ling et al. conducted an in-depth study on the first use of
hydrophilic functionalized MNPs as DS [37]. The target MNPs coated with 2-pyrrolidine, triethylene
glycol, and PAA were synthesized based on the precursor of ferric triacetyl acetonate (Fe(acac)3)
through a thermal decomposition method. The sizes of functionalized MNPs were all less than
20 nm and were successfully used in the FO process. At an extreme low concentration of 0.05 mol/L,
all functional MNPs showed the improved osmotic pressure and water flux. Water fluxes of three
functional MNPs followed the order of MNPs-PPA > MNPs-pyrrolidine > MNPs-triethylene glycol,
mainly because of the higher potential energy on the surface of MNPs-PPA. The MNPs separation was
conducted with a commercially available magnetic separator. However, these DSs showed a decreased
(about 21%) water flux after nine cycles because of MNPs agglomeration.

Figure 4. Schematic illustration of using functionalized magnetic nanoparticles as DSs in FO process.
(MNPs, magnetic nanoparticles).

Later, Ge et al. [39,68] explored a new MNPs coated with poly (ethylene glycol) diacid
(PEG-(COOH)2) with different MWs through a one-pot reaction. Results of transmission electron
microscopy showed that these particles had the spherical sizes ranging from 4.2 to 11.5 nm. In addition,
higher water flux was found with the use of PEG with lower MWs. The water fluxes of 13.5, 13, and
11.5 L/(m2·h) belong to those MNPs coated with PEG MWs of 250, 600 and 4000, respectively [43].
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The above results indicated that the factors like particle size, hydrophilic group distribution, and the
number of hydrophilic groups were greatly related to FO performance. Besides, one type of MNPs
coated with dextran [36] and a thermo-responsive PNIPAM-modified MNPs [38] as DS were proposed.
Since the reverse solute flux is almost negligible using MNPs as DS, it could be applied to concentrating
the proteins and drugs. At present, however, the product water separated by magnetic field is still hard
to meet the drink water standards. An additional purification step is needed, which would sacrifice
the separation efficiency. Therefore, more studies are dedicated to producing the high quality of water
and improve the recovery efficiency.

2.6. Solar Energy

Smart materials may undergo a reversibly change between water absorption and dehydration with
the change of surrounding stimuli (e.g., sunlight, pressure, heat). Recently, a series of stimuli-response
hydrogels were proposed as DS in FO. This novel type of hydrogels-driven FO process (Figure 5)
employing the solar energy for the DS regeneration have been attracting more and more attentions.
Especially, the light or thermoresponse hydrogels can release fresh water when it is exposed to sunlight,
because of the structure’s own shrinkage. For instance, the light or thermoresponse hydrogels can
take up enough water under the temperature of maximum volume phase transition and dewater at
temperatures above the volume phase transition temperature [34,49,142–145]. The graphene-doped
hydrogels as DS were proposed by Li et al. [109]. The efficiency of water release was significantly
improved; because of the heat absorption was enhanced by adding an appropriate amount of
graphene. In addition, the hydrogels doped with light-absorbing carbon particles (10~25 μm) was
also reported [112]. Under the irradiation intensity of 1.0 kW/m2 for 20 min, a water recovery rate
of 50% was achieved, which is superior to than that of p(NIPAM-co-SA) hydrogels (around 17%).
However, the doping of the carbon materials, if beyond a certain scope, may scarify water fluxes,
for the direct contact area reduced between hydrogels particles and FO membrane. Similarly, other
hydrogels, such as dual-functional polymer gels and photosensitive particles [108] and photosensitive
particles [37] all show the same effects of taking up and releasing. The eco-friendly dewatering process
by using solar energy may obviously reduce the cost. However, the collection of clean water released
by the exposure of thermoresponse hydrogels under sunlight remains a big challenge now [146].

Figure 5. Schematic illustration of using solar energy to recover the thermoresponsive hydrogels DSs
in the hydrogels-driven FO process for desalination.
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3. Future Challenges or Perspectives

The use of FO for the production of clean water has been proposed since 1960’s, it really booms in
the improvement of water recovery only within the last decade. FO process with high water flux would
be to compare with other existing membrane-based process in seawater desalination and wastewater
reuse. Numerous efforts have been dedicated to developing and improving the high performance
of FO membranes, but there is also a need for the parallel develop of superior DS with high osmotic
pressures to produce high water flux. The lack of powerful DS bearing high water flux, low reverse
flux, and easy recovery has become the obstacles to the progress of FO.

FO employed the direct use of DS may be economical and technical sound when using two
solutions with a high osmotic pressure difference, due to the lack of DS recovery. However, only few
water sources are available to dewater using these specific DSs (e.g., saccharides [72,73], fertilizer [20,46],
liquid fertilizer [74], sodium lignin sulfonate [75]. (Table 2) For instance, the drinkable diluted glucose
DS after FO can be used for emergency rescue. Besides, the diluted sodium lignin sulfonate solution is
utilized in the land as nutrient; whose energy cost in this process only includes the power input of
pumping, storage and others. In this case, the total energy cost of FO alone for seawater desalination
is approximately 0.59 kWh·m−3 [13], which is about one third of that of RO water desalination
(1.5 kWh·m−3) [1] and one-seventh of that of other technologies (4 kWh·m−3) [13]. However, most of
the expensive DS still requires recovery.

DS regeneration method based on the chemical energy is unlikely to be used on large-scale,
due to the environment concern caused by the discharge of by-products. Especially, since the trace
amount of heavy-metal ions after precipitation can’t be removed completely from the diluted DS,
it is often required a secondary treatment using RO to obtain clean water, which leads to the massive
energy consumption.

The most commonly used method according to the reported literature is the membrane-based
separations (e.g., RO, NF), which uses electricity to recover those small molecules, including inorganic
salts, organic salts, and electrolytes. However, it is widely accepted in both academia and industry
that a hybrid FO-RO process does not minimize the lower energy consumption for desalination than
RO alone. Except the case of using hybrid FO-RO process for the desalination seawater, FO as the
front-end treatment and RO as the post-treatment step still attract attentions. Another case is that
the use of UF has the potential of higher water fluxes and lower energy costs for regenerating these
sufficiently large solute molecules or particles [139,140]. Among all the membrane-based recovery
methods, a number of studies are focused on investigating MD regeneration of the diluted DS. In the
case of regeneration PSSS-PNIPAM using a hybrid FO-MD system, the calculated energy consumption
of 29 kWh m−3 is required at 50 ◦C [54], which is much higher than the use of FO-RO or RO alone.
However, it still has the considerable potential for energy cost when the use of low-grade waste heat
replaces the electricity. The use of new energy for DS recovery was intensively investigated recently.

Take the magnetic field energy as example, the use of functionalized MNPs as DS after FO may
be quickly and cheaply concentrated by a magnetic separator [36,37,39,40,147]. However, the MNPs
aggregation during separation process has severely impacted the reused performance, and in some
cases, the water quality produced by magnetic separator is not always as good as desired. Moreover,
the synthesis of large amount of functionalized nanoparticles are extremely expensive [33,148].

The light or thermo-responsive hydrogels as DS has been demonstrated in the FO process. These
smart DSs are of the negligible reverse solute flux and can be recovered with solar energy. However,
the water flux in FO is extremely low (most of ranging from 0.5–3 L/(m2·h)) [113]. The swelling
pressure and light or thermo-responsive property of hydrogels need to be further optimized on
their physical-chemical properties. More studies need to design continuous smart materials-driven
FO process for practical applications. There is no doubt that smart DSs driven FO processes using
renewable energy for DS recover may be the first choice in the future.
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4. Conclusions

This review has been tried to categorize the current DSs in terms of the types of energy used for
DS regeneration process, and also analyzes the potential of DS in the case of seawater desalination and
wastewater reuse that it can be capable of reducing energy cost. Publications reported in the past few
years are examined apart from some older cases to know how current DS developments have been
impacted by past efforts and challenges. Selection of a suitable DS is very important to the energy
efficient and cost-effective running in FO. An ideal DS must be cheap and abundant, be high water flux
and low reverse solute flux, be nontoxic, and be easy to regenerate. Considering the non-negligible
problem with FO is that a second step is needed to recover fresh water from the diluted DS and to
simultaneously regenerate the DS. This second step requires having low energy consumption and high
efficient output.

All of DS recovery methods have their potentials and limitations in the process of FO application,
and that each regeneration method involves at least one or two different types of energy consumption
depends on different DS. However, not all DSs are always available for complex water source, which
often requires a hybrid technology solution to producing clean water. Considering the selection of DS
at a certain application, the main problems of how much energy is consumed and how effective the
recovery process (the cost of the DS themselves and the energy cost payed out for solute regeneration)
is should be taken into consideration. This review (Table 2) covers most of example matters, which
have been employed as potential DS. Several classifications of DS in terms of the different types
of energy employed for DS regeneration have been summarized and highlighted, including direct
use without recovery, chemical energy, low grade waste heat, electric energy, magnetic field energy,
and solar energy. Among them, the “direct use”-based DS is the most save-energy solution in FO,
but its application is restricted by the few of available DS. However, DS recovery using chemical
energy is unpromising, because it not only requires additional chemicals, but also generates more
by-products. Besides, the DS recovered by electric energy (i.e., RO, NF) is still the most popular
one in recent years, due to the high salt rejection, but it is incapable of treating that solution of high
osmotic pressure. The innovative hydrogels, stimuli responsive polymers, and MNPs coated with
hydrophilic groups can be used as DSs, showing the low reverse salt flux and innovative recovery
pathways. Those DSs recovered after FO using solar energy, waste heat or magnetic field energy makes
DS regeneration process become greener and energy-saving. It is likely that this type of DSs may be
the most development promising one in the future, even if there is no any single perfect DS to be
discovered for the needs of specific situations. We would like to hope that the main categories of DSs
discussed in this review may help the development of further work of DSs innovation.
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Abstract: The degradation and detachment of the polyamide (PA) layer for the conventional thin-film
composite (TFC) membranes due to chemical disinfectants cleaning with chlorine and material
difference of PA layer and substrate are two major bottlenecks of forward osmosis (FO) technology.
In this study, a new type of FO membranes was first prepared by controlling dopamine (DA) as the
sole amine in the aqueous phase and the reaction with trimesoyl chloride (TMC) as the acyl chloride
during interfacial polymerization (IP) process. The influence of membrane synthesis parameters
such as monomer concentration, pH of the aqueous phase, IP reaction time and IP temperature were
systematically investigated. The optimized membrane showed both improved structure stability
and chlorine resistance, more so than the conventional TFC membrane. In general, novel DA/TMC
TFC membranes could be an effective strategy to synthesize high-performance FO membranes with
excellent structural stability and chlorine resistance.

Keywords: forward osmosis; thin-film composite; dopamine; interfacial polymerization;
structural stability; chlorine resistance

1. Introduction

Recently, FO has attracted increasing interest in seawater desalination [1–3], municipal sewage
treatment [4,5], membrane bioreactors [6,7], agriculture fertilizers [8,9] and power generation [10,11],
as a potential energy-saving and promising technology [12]. Forward osmosis (FO) is a self-driven
process that drives pure water molecules across a semi-permeable membrane from the feed solution
(with a low osmotic pressure or high chemical potential) to the draw solution (with a high
osmotic pressure or low chemical potential). Thin-film composite polyamide (TFC-PA) membranes,
which consist of ultra-thin and dense polyamide (PA) layers and porous and thick substrate layers,
have been studied for their applications in FO process due to their high salt rejection capability,
wide range pH stability and independently modifiable support layer and active layer ability [13–16].

Conventionally, the thin and dense polyamide (PA) layer is synthesized by a interfacial
polymerization process onto the substrate layer by two different monomers with amine and acyl
chloride [17]. In order to obtain PA layers with good mechanical properties, at least one selected
monomer must have more than two functional groups as well as an aromatic material [18]. However,
if the conventional TFC-PA membranes are used in some wastewater containing ethanol, the active PA
layer could easily be detached from the top of the substrate layer, because there is no strong linkage
between these layers. So the membrane structural stability should be taken into careful consideration
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for more practical membrane separation applications. Apart from the membrane structural stability,
membrane chlorine resistance is also another bottleneck for TFC-PA membrane applications. This is
because membrane fouling is inevitable in the FO process, for example, in biological fouling it
is the main cause of decreasing membrane performance [5,13,19]. Therefore, membrane cleaning
with oxidizing agents to control membrane biofouling is also needed in FO applications. However,
the antioxidant ability of the conventional PA layer is poor, and its polymer chain structure would be
degraded by the active chlorine in the oxidizing agents easily and consequently bring a significantly
reduced membrane separation performance [20,21]. Hence, TFC-PA membranes with both improved
structural stability and chorine resistance are highly desirable.

Recently, dopamine (DA) or polydopamine (PDA) inspired chemistry has shown a new route for
the synthesis of high-performance membranes. PDA with adhesive proteins has been used to enhance
the anti-fouling property of ultra-filtration (UF) [22] and Reverse Osmosis (RO) membranes [23],
by forming surface-adherent films onto either the active PA layer or the substrate layer to increase
hydrophilic property of membranes. Han et al. first designed time-different PDA coated substrates for
FO membrane synthesis and found that FO membrane based on 1 h-PDA-coated substrate showed
the best FO performance [16]. Inspired by Han’s work, Ping Yu’s group [24] prepared three different
kinds of UF substrates (PDA coated for 1 h on the topside, on the bottom and on both sides of the
substrate before the interfacial polymerization (IP) process, respectively) for TFC-PA membranes
fabrication, observing a reduction of reverse solute flux for the PDA topside-coated substrate based
TFC-PA membranes. Very recently, Guo et al. [25] proved that only 0.5 h coating was enough for PDA
deposition and modification on the PA active layer, which would enhance FO membrane selectivity as
well as anti-fouling property.

Inspired by these works, DA was first investigated as a sole amine in aqueous phase in IP process
to prepare TFC membranes for FO process. The DA monomers with amine and phenol groups, as the
PDA formed by DA self-polymerization with the catechol groups [26,27] can all react with trimesoyl
chloride (TMC) with acyl chloride groups to obtain a new type of thin film active layer for separation
applications, which is strongly adhered to the top of the substrate. At the same time, the novel
active layer, with ester bonds formed by DA/TMC, is much more stable than the amide bonds of
the conventional PA layer when exposed to solutions with active chloride. This study sheds light on
developing high-performance FO membranes by improving the membrane structure stability as well
as the membrane chlorine resistance.

2. Materials and Methods

2.1. Materials

Polysulfone beads (PSf, average molecular weight (MW) ~22 kDa, Sigma-Aldrich,
St. Louis, MO, USA), polyvinylpyrrolidone (PVP, average MW ~10 kDa, Sigma Aldrich, St. Louis, MO,
USA) and 1-methyl-2-pyrrolidinone (99%, NMP, RCI LABSCAN LIMITED, Samutsakorn, Thailand)
were used to fabricate the substrates in this work. Trimesic acid trichloride (98%, TMC, Sigma-Aldrich,
St. Louis, MO, USA) monomers were dissolved in n-hexane (Anhydrous, 95%, Sigma-Aldrich,
St. Louis, MO, USA) as the organic phase and dopamine hydrochloride (Reagent grade, for research
purpose, Sigma-Aldrich, St. Louis, MO, USA) and piperazine (PIP, ReagentPlus®, 99%, Sigma-Aldrich,
St. Louis, MO, USA) were dissolved in phosphate buffer saline (PBS) solution as the aqueous phase
for IP process. For membrane performance tests, magnesium chloride (MgCl2, 98%, Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in deionized water (DI). For membrane structural stability and
chlorine resistance tests, ethanol (ACS, ISO, Reag. Ph EMSURE®, Darmstadt, Germany) and sodium
hypochlorite (NaClO) solution (Chem Supply Pty Ltd, Adelaide, Australia) with 8–12.5% available
chlorine were used, respectively.

123



Processes 2018, 6, 151

2.2. Preparation of Polysulfone Substrates

The porous substrate was synthesized by the classical phase inversion process [28]. To prepare
the casting dope for substrate, a mixture containing PSf beads, PVP powders and NMP solvent was
kept stirring till the homogenous yellow solution was obtained (this process normally needs 8 h) and
then left the solution degassing for at least 12 h. Detail of the procedure can be found in our previous
work [28].

2.3. Preparation of Thin Film Composite (TFC) Membranes

The TFC membranes were prepared by interfacial polymerization reaction between the DA
monomers and TMC monomers. To be more specific, a series of DA-containing solutions were
prepared by mixing PBS and 0.10, 0.30, 0.50 wt% DA, respectively, as shown in Table 1. The PSf
substrate was first immersed into DA solution for 0.5 h [29] (0.5 wt% DA saturated PSf substrate,
named M-DA, was prepared to verify if DA has become part of this membrane or not). Afterwards,
the rest of the DA solution was dried by an air-knife. Then the saturated substrate was followed by
immersing into 0.15 wt% TMC solution for 1 min. TMC solution was drain and the substrate was
held vertically 120 s to evaporate n-hexane thoroughly. Afterwards, a heating post-treatment process
was conducted by putting these as-prepared membranes into an oven at 90 ◦C for 300 s. After that,
the as-prepared TFC membranes were washed 3 times with DI water to remove the unreacted residues
and stored in 4 ◦C DI water in fridge until further testing. The obtained membranes were denoted
as M-1, M-2 and M-3, containing 0.10, 0.30 and 0.50 wt% of DA in the aqueous phase in IP process,
respectively. For comparison, conventional TFC-PA membranes formed by PIP/TMC (denoted as M-0)
were also prepared as the control membranes.

Table 1. Reagents for thin-film composite (TFC) Membranes Preparation.

Membranes
DA (wt%)

in Aqueous Phase
PIP (wt%)

in Aqueous Phase
TMC (wt%)

in Organic Phase

M-0 0 1.0 0.15
M-DA 0.50 0 0

M-1 0.10 0 0.15
M-2 0.30 0 0.15
M-3 0.50 0 0.15

2.4. Membrane Characterizations

The morphology of the obtained membrane surfaces was observed by field emission
scanning electron microscopy (FESEM, Merlin ZEISS GEMINI2, Oberkochen, Germany).
Membrane surface chemistry of the active layer was determined by X-ray photoelectron spectroscopy
(XPS, ESCALab220IXL, Abingdon, UK). Water contact angles (WCA) were tested by a static sessile
drop contact angle system (Dataphysics OCA20, Filderstadt, Germany). The functional groups of the
membranes were analysed by Attenuated Total Reflection-Fourier Transform Infra-Red, (ATR-FTIR,
Thermo Scientific Nicolet 6700, Midland, ON, Canada).

2.5. FO Performance Tests

FO performance tests were conducted by using a commercial PTFE cell (CF042-FO,
Sterlitech Company, Kent, WA, USA). The flow velocities for the feed solution side and draw solution
side were maintained at 4.9 cm·s−1. The temperatures of both sides were controlled at 20 ± 0.5 ◦C to
reduce the water flux variations caused by temperature changes. 1 M of MgCl2 solution was used as
the draw solution and DI water was used as the feed solution. The obtained TFC membranes were
tested under only one mode, namely, active layer facing feed solution mode. Each experiment was
tested for 1 h in triplicate from two independent batches.
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The water permeation flux (Jw) (L·m−2·h−1, LMH) and the reverse solute flux, (Js) (g·m−2·h−1)
were calculated by the same methods detailed in our previous work [28]. The specific reverse solute
flux (g·L−1) [30,31], which means the ratio of Js/Jw, was calculated to measure the FO selectivity of the
resultant TFC membranes.

2.6. Evaluation of Membrane Structural Stability and Chlorine Resistance

The structural stability of the as-prepared TFC membranes was studied by immersing them in
pure ethanol for a fixed period. And the chlorine resistance of these membranes was evaluated by
exposing their surfaces into a 1000 ppm NaClO solution over different periods at ambient temperature.
The NaClO solution was kept in dark and replaced every 2 h during the chlorine resistance test to keep
the constant concentration. Before the membrane FO testing, these TFC membranes were removed
from ethanol or NaClO solution and then washed 3 times with DI water to avoid the residual chlorine
attacking and ethanol swelling during performance tests.

3. Results and Discussion

3.1. Membrane Surface Characterization

3.1.1. Membrane Surface Chemistry

In this study, DA/TMC TFC membranes possesses novel dense and thin active layers on top of the
substrates, which are critical for high FO water flux and membrane selectivity [32]. ATR-FTIR and XPS
tests were utilised to confirm the formation of these layers. The ATR-FTIR spectra for PSf-substrate,
M-1, M-2 and M-3 are presented Figure 1a. It is clear that, apart from the bands of the PSf substrates,
the DA/TMC TFC series membranes showed enhanced peaks at 1660 cm−1 at the same time additional
peaks at 1750 cm−1, which are attributed to the C=O breathing in the obtained amide bonds and the
C=O stretching in ester bonds, respectively. The increase in the peak intensity of hydroxyl groups
at about 1660 cm−1 was also found in all the DA/TMC TFC membranes, which are attributed to
amide II band stretching vibration in the new-formed active layers. These newly formed bands
indicated that the active layers were successfully formed onto the top of the PSf substrates. Moreover,
nitrogen was detected by XPS on the DA/TMC membrane surfaces (Figure 1b), which confirmed
the existence of the DA or PDA on the top of PSf substrates because the amine groups were the
exclusive N source while no N sources can be detected in the PSf substrate [16]. As the concentration
of DA increased from 0.10 wt% to 0.50 wt% in the aqueous phase, the nitrogen percent increased
from 1.24% to 2.44%, accordingly. High-Resolution XPS spectrum C 1s spectra of the M-2 surface
is also shown in Figure 1c, the peaks at bonding energies of 285.2, 286.1, 287.4 and 288.2 eV can
be ascribed to the C-C, C-N and C-O, O=C-N and O=C-N groups, respectively. The presence of
287.4 and 288.2 eV peaks further confirmed the successful formation of amide and ester groups in
this novel active layer which is synthesised by the reaction between the catechol of PDA (or phenolic
hydroxyl and amine groups in DA) and acyl chloride in TMC monomers. Based on ATR-FTIR and XPS
analysis results, the formation of additional novel active layers on the top of PSf substrates has been
successful. Moreover, these chemical changes indicated that more DA monomers were incorporated in
the as-prepared membranes with the monomer concentrations.
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Figure 1. (a) Attenuated Total Reflection-Fourier Transform Infra-Red (ATR-FTIR) spectra of PSf
substrate, M-1, M-2 and M-3; (b) X-ray photoelectron spectroscopy (XPS) spectra of the M-1, M-2 and
M-3 membrane surface and (c) High-Resolution XPS spectrum C 1s spectra of M-2 surface.

3.1.2. Membrane Surface Morphology

Figure 2 shows the surface SEM images of these as-prepared membranes. Obviously, the PSf
substrate surface was smooth, but after DA immersion, the surface of M-DA was rougher due to
the DA self-polymerization. As for the PIP/TMC conventional TFC-PA (M-0), a typical “valley and
peak” structure was found, confirming the formation of polyamide, which is similar to Dong et al.’s
work [33]. As for the DA/TMC membrane surface (M-1, M-2 and M-3), structures with globules on
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membrane surfaces were found in the SEM images. When the DA concentration was low (0.1 wt%)
in the aqueous phase, a relatively smooth surface with small and random globules could be found.
As the DA concentration increased to 0.3 wt% (M-2), the appearance of these globules became more
uniform and frequent, resulting in a rougher surface could be beneficial for enhancing water molecules
transfer while reject salt ions. However, when the DA concentration was increased to 0.5 wt% (M-3),
PDA particles agglomeration were clearly observed, which may reduce the membrane rejection due to
their limited salt rejection abilities.

Figure 2. SEM images of PSf substrate, M-DA, M-0, M-1, M-2 and M-3 membrane surface.

3.1.3. Membrane Surface Hydrophilicity

The DA monomers and PDA particles in the aqueous phase with abundant amine and hydroxyl
groups would improve the membrane surface hydrophilicity, as shown in Figure 3. WCA is a classical
measurement to test the wettability of membrane surfaces: the lower the WCA, the easier for water
molecules to wet the membrane surface and the higher the hydrophilicity. The WCA of the PSf substrate
was relatively high at 75.3◦, after the DA immersion, the WCA of M-DA was improved, indicating
DA has been incorporated in the substrate. The WCA of the conventional membrane (M-0) was
51.0◦, which is similar to Mohsen et al.’s work [34]. For the DA/TMC membranes with different DA
concentrations, the WCAs only decreased from 55.9◦ to 50.2◦ when the DA concentration in aqueous
phase was increased 5 times (from 0.1 wt% to 0.5 wt%). These results indicate that the incorporation of
DA in the aqueous phase would enhance the membrane hydrophilicity while the concentrations of DA
had slight influence on the membrane surface hydrophilicity.

Figure 3. Water contact angles of PSf substrate, M-DA, M-0, M-1, M-2 and M-3.

127



Processes 2018, 6, 151

3.2. Membrane FO Performance and Preparation Parameter Optimization

Figure 4a shows the influence of DA monomers concentration in the aqueous phase on FO
performance of the obtained TFC membranes. The FO water flux increased from 3.22 to 6.55 LMH
when the DA concentration was increased from 0.1 wt% to 0.3 wt%. However, further increasing
the DA concentration showed little influence on the water flux in the meanwhile the specific reverse
flux was almost doubled with high error bars. This is because high DA concentration would easily
aggregate on the top of the membrane and thus some PDA particles formed globules (see Figure 2)
might randomly increase the FO water flux but at the price of FO membrane selectivity. Based on,
0.3 wt% was selected in the following work.

The formation the novel active layer was determined by not only the concentration of DA
monomers, but also the pH value of the aqueous phase. This is because, firstly, according to Zhu’s
study, DA self-polymerization of activity would be highly enhanced in alkaline solutions and reached
the most drastic level at pH 8.5 [35]. Apart from this, this IP reaction between amine and phenol
groups in DA monomers and acyl chloride groups in TMC monomers would produce hydrochloric
acid. Thus, pH value of the aqueous phase would certainly have influence on the processing of the
reaction of the chemical equilibrium [36]. Therefore, Figure 4b shows the influence of the pH value
of the aqueous phase on the FO performance of the DA/TMC TFC membranes. At the pH of 6.0,
the FO water flux was relatively high (9.51 LMH) as well as the specific reverse solute flux (1.62 g·L−1),
which indicated that acidic aqueous environment had an adverse impact the formation of the active
layer. When the pH value was increased to 7, the water flux decreased to 6.55 LMH, and the specific
reverse solute flux decreased further to 0.4 g·L−1, indicating an enhanced FO membrane selectivity
and a dense active layer was formed. When the pH value was further increased to 7.5 and 8.0, the FO
water flux continuously decreased while the specific reverse solute flux slightly increased. This could
be due to the process of DA self-polymerization was greatly enhanced in alkali solution [37], thus,
more PDA particles was formed thus less amine and phenolic hydroxyl groups of DA can react with
TMC in IP process. As a result, a low salt selectivity and loose active layer was thus formed. From this,
pH 7 was chosen in the following experiments.

Figure 4c shows the influence of IP reaction time on the FO performance of the DA/TMC TFC
membranes. When the IP reaction time was 10 s, only a little amount of amine and phenol groups in
DA monomers could react with TMC, as a result, the main component of the active layer was loose
PDA particles, which is attributed to the high FO water flux and low salt selectivity. When the reaction
time increased from 60 s to 120 s, FO water flux decreased from 8.32 to 6.55 LMH and the specific
reverse solute fluxes decreased from 1.37 to 0.4 g·L−1. However, further increase in the reaction time
did not decrease the specific reverse solute flux obviously as well as the FO water flux. Therefore, 120 s
was selected in the following experiments to reduce the membrane fabrication time.

Figure 4d shows the influence of IP reaction temperature on the FO performance of the DA/TMC
TFC membranes. When the IP reaction temperature was 15 ◦C, a very high FO water flux (9.08 LMH)
and low salt selectivity (0.65 g·L−1) was obtained. When the reaction temperature was increased from
25 to 55 ◦C, FO water flux decreased from 6.55 to 2.54 LMH and the specific reverse solute fluxes
gradually decreased from 0.40 to 0.32 g·L−1, respectively. This might be attributed to the fact that
higher IP reaction temperature increased the reaction between DA and TMC. The obtained relative
dense active layer lowered the FO water flux but maintained membrane selectivity. Based on the above
experimental results, the synthesis parameters for IP process were fixed at 25 ◦C and 120 s, 0.3 wt%
DA and pH value 7 in the aqueous phase, respectively.
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Figure 4. (a) The influence of dopamine (DA) concentration (0.1 wt%, 0.3 wt% and 0.5 wt%) in aqueous
phase on the forward osmosis (FO) performance of the DA/trimesoyl chloride (TMC) TFC membranes;
(b) The influence of pH value (6, 6.5, 7, 7.5 and 8) in aqueous phase on the FO performance of the
DA/TMC TFC membranes; (c) The influence of reaction time (10–300 s) on the FO performance of the
DA/TMC TFC membranes and (d) The influence of temperature (15, 25, 35, 45 and 55 ◦C) in aqueous
phase on the FO performance of the DA/TMC TFC membranes.

3.3. Membrane Structural Stability and Chloride Resistance

In practical applications, membrane characteristics such as structural stability and chloride
resistance are important for the lifetime of FO TFC membranes. In the first scenario, some feed
solutions may contain organic solvents like ethanol which could massively swell the substrates and
separation layers, which are generally comprised of two different materials, causing the detachment
of active layers from the substrates, thus shortening membrane lifetime and increasing the total cost
of membrane separation applications. In the second scenario, in order to control the bio-fouling in
FO process, some disinfectants with free chloride are widely used, which can inevitably cause the
conformational changes of the PA chains, leading to drastic damages for FO membrane separation
performance. In order to evaluate the structural stability and chloride resistance of the as-prepared
membranes quantitatively, in our study, a doubled increase value in specific reverse solute flux
was chosen as an upper limit [38], resembling when the PA layers were detached or degraded too
dramatically to be acceptable in practical applications.

3.3.1. Membrane Structural Stability

The optimized DA/TMC membrane (M-2) and the conventional PIP/TMC membrane (M-0) were
separately immersed in ethanol to test the structural stability, their FO performances are shown in
Figure 5. For M-2, its FO water flux gradually increased from 6.55 to 9.22 LMH after the ethanol
immersion, and the specific reverse solute flux also increased to 0.81 g·L−1. The whole process for the
initial specific reverse solute flux value to double took as long as 228 h. On the other hand, it only
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took 32 h for M-0 to double its specific reverse solute flux. This enhancement of structural stability of
M-2 (~7.1 times stronger) might be ascribed to the strengthened bond formation between the novel
active layer and the substrate under the selected optimal conditions. Namely, when the pH value
of the aqueous phase was fixed at 7.0, DA monomers in the aqueous phase were readily able to
self-polymerize [35] to form tightly adhesive PDA particles with plenty of π-π and hydrogen-bonding
interactions in between the newly-formed active layer and substrate [39].

Figure 5. (a) The influence of ethanol immersion on the FO performance of M-2 membrane;
(b) The influence of ethanol immersion on the FO performance of M-0 membrane. The FO performance
was tested in active layer-feed solution (AL-FS) mode with 1 M MgCl2 as draw solution and deionized
water (DI) water as the feed solution.

3.3.2. Membrane Chlorine Resistance

Chlorine-resistance studies were conducted for both DA/TMC (M-2) and PIP/TMC membranes
(M-0) as shown in Figure 6. For M-2, similar to the test in ethanol immersion, a gradual increase
of water flux and specific reverse solute flux were observed during the test of chlorine exposure,
which lasted up to as high as 12,000 ppm·h, before the specific reverse solute value was doubled.
Both the water flux and specific solute flux increase of M-2 for the whole chlorine resistance test (up to
18,000 ppm·h) were mild and slow. This is because the ester bonds in M-2’s active layer were much
more stable than amide bonds of conventional PA layers when exposed to active chlorine. Therefore,
a gradual increase of water flux due to the slow degradation of the novel active layer was observed.
Meanwhile, due to a relatively complete active layer structure, the sudden rise in reverse solute flux
on top of the membrane was avoided. As for the M-0 membrane, the water flux increase was firstly
observed like the trend for M-2 but eventually decreased to approximately 65% of the initial flux in
500 ppm·h, while the specific reverse solute flux was finally increased from 0.45 to 3.05 g·L−1. This is
because the amide bonds of the PA layers were vulnerable to free chlorine owing to their high electron
density. At the beginning of the degradation of PA layer, the water molecules can easily pass through
the membrane, however, because of the drastic degradation of the PA layer a highly increased reverse
solute flux was observed, which caused an RO-like concentration polarization on top of the active layer
thus decreasing water permeability and FO selectivity. Such significant failure of membrane separation
performance may hinder the application of PIP/TMC TFC-PA membranes in wastewater treatment,
which usually involves frequently chemical cleaning to avoid high bio-foulants. On the contrary,
the M-2 portrayed by the novel dense and stable active layer showed a much slower destruction due
to its ester bonds, which are much stronger than amide bonds of conventional PA layers when exposed
to chlorine, therefore showing far superior chlorine resistance characteristics (72.3 times enhancement).
Additionally, due to its more complete active layer structure, the surging reverse solute flux on the top
of membrane was avoided.
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Figure 6. (a) The influence of chlorine immersion on the FO performance of M-2 membrane;
(b) The influence of chlorine immersion on the FO performance of PIP/TMC conventional membrane.
The FO performance was tested in active layer-feed solution (AL-FS) mode with 1 M MgCl2 as draw
solution and DI water as the feed solution.

4. Conclusions

A new type of DA/TMC TFC membranes was prepared via the IP reaction of DA monomers and
TMC monomers on PSf substrates. DA as an amine was first explored in aqueous phase in IP process
for TFC FO membrane preparation. Uniform hydrophilic structure with globules was generated on the
membrane surface of the novel membranes at a moderate (0.3 wt%) DA concentration. The optimized
parameters for this novel membrane synthesis process were obtained, including DA concentration
(0.3 wt%), IP reaction temperature (25 ◦C), IP reaction time 120 s and the aqueous phase pH value 7,
respectively. The optimized membrane showed enhancement of 7.1 times more structurally stable and
72.3 times more chloride-resistant characteristics than the conventional PIP/TMC membrane due to
the poly-dopamine (PDA) strong linkage between the active layer and substrate as well as the polyester
groups in the active layer. The excellent structural stability and chloride resistance shown by this new
type of membrane could facilitate wider applications of FO membranes in wastewater treatment.
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Abstract: The present work gives a critical overview of the recent progresses and new perspectives
in the field of photocatalytic membranes (PMs) in photocatalytic membrane reactors (PMRs),
thus highlighting the main advantages and the still existing limitations for large scale applications
in the perspective of a sustainable growth. The classification of the PMRs is mainly based on the
location of the photocatalyst with respect to the membranes and distinguished in: (i) PMRs with
photocatalyst solubilized or suspended in solution and (ii) PMRs with photocatalyst immobilized
in/on a membrane (i.e., a PM). The main factors affecting the two types of PMRs are deeply discussed.
A multidisciplinary approach for the progress of research in PMs and PMRs is presented starting from
selected case studies. A special attention is dedicated to PMRs employing dispersed TiO2 confined
in the reactor by a membrane for wastewater treatment. Moreover, the design and development of
efficient photocatalytic membranes by the heterogenization of polyoxometalates in/on polymeric
membranes is discussed for applications in environmental friendly advanced oxidation processes
and fine chemical synthesis.

Keywords: photocatalytic membrane reactors; photocatalytic membrane; fine chemistry;
wastewater treatment

1. Introduction

Membrane reactors (MRs) are multifunctional reactors that are characterized by the combination
of a (catalytic) reaction with a membrane separation processes. The early examples of MRs
date back to the 1970s with the use of polymeric membranes in enzymatic reactions and metal
membranes for high temperature reactions [1]. Currently, MRs have relevant industrial applications
in biotechnological field but also in the environment areas, such as wastewater treatment and gas
emissions purification [2,3]. An interesting case is the membrane bioreactors (MBRs) technology
recognized as a best available technology (BAT) for wastewater treatments [4]. However, in the last
decades, a growing interest towards MRs technology is evident in a wide range of applications,
including, not only biotechnological, but also petrochemical, chemical production, environmental
remediation, and energy sector. Regarding the environment protection, MRs have been applied in
different areas such as wastewater treatment by advanced oxidation processes (AOPs) for organic
pollutants degradation and gas emissions purification for CO2 capture [3]. The main driving force of
these academic and industrial research efforts is the necessity to innovate the current resource within
an intensive industrial system in the perspective of the sustainable growth.
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The Process Intensification (PI) strategy [5,6] is recognized as an efficient tool for the realization
of this sustainable growth. The PI strategy comprises an innovative equipment design and process
development methods, being able to improve manufacturing and processing, by decreasing production
costs, equipment size, energy consumption, waste generation, while improving process efficiency,
remote control, information fluxes, and process flexibility [7]. MRs are specific example of reactive
separations well responding to the requests of the PI strategy, coupling a reaction with a membrane
separation process, not only at equipment level, but by realizing functional synergies between the
operations involved [6]. This synergic combination can have several advantages in comparison
with traditional reactors depending on the specific functions performed by the membrane [8].
With respect to traditional reactive separations (e.g., reactive distillation, reactive adsorption,
reactive crystallization/precipitation), MRs have the advantage to use intrinsically more clean and
energy-efficient separation routes [6]. Membrane separations are in fact typically characterized by lower
operating temperature, in comparison with thermal separation processes, such as distillation, and they
might offer a solution in the case of catalysts or products with a limited thermal stability. Additionally,
membrane separation processes are able to separate nonvolatile components by a difference in
dimensions, charge, or volatility.

The selective transport of the products and/or the reagents through the membrane can
increase the yield and/or the selectivity of some processes. Typical examples are esterification and
de-hydrogenation reactions (thermodynamically controlled reactions), in which the removal of water
or hydrogen, respectively, increases the reaction yield. The extraction of an instable intermediate
through the membrane in a MR might give an improvement of the reaction selectivity; this is the
case of partial oxidation reactions and hydrogenation reactions carried out in MRs; also, the selective
removal of the reaction products might also improve the downstream processing.

In the case of homogenous catalysts, their immobilization in or on a membrane represents
an efficient way to achieve the catalyst recovery, regeneration, and reuse in successive catalytic runs [9].

The membrane can also define the reaction volume providing a contacting zone for two immiscible
phases (e.g., in phase transfer catalysis) [10] avoiding the use of polluting auxiliaries, like solvents,
in agreement with the green chemistry principles.

The design of the membrane reactor requires a multidisciplinary approach in which different
disciplines, like: chemistry, chemical engineering, membrane engineering, and process engineering,
give their contribution in order to achieve a synergic combination of the separation and reaction
processes that allows optimal performances in terms of productivity and sustainability.

When a membrane is combined with a photocatalytic process the MR is indicated as photocatalytic
membrane reactor (PMR) [11] and it can be designed in two main configurations, depending from the
catalyst confinement [12–14]: (i) PMRs with solubilized or suspended photocatalyst; and, (ii) PMRs
with photocatalyst immobilized in/on a membrane.

Both configurations present specific advantages and limitations depending from the specific
application. In a PMR with a solubilized or suspended photocatalyst, a membrane with appropriate
molecular weight cut off (MWCO) can be used for the retention of the catalyst in the reactor.
Usually globular proteins in aqueous solution are used for MWCO measurements, however in the
membrane selection it is necessary to consider that the MWCO depends on the solvent and the
solution composition and polarity might change in relevant way during the reaction [10]. The catalyst
retention can be optimized by enlargement of the catalyst as: dendrimers, hyperbrached polymers
or catalyst bound to a soluble polymer [15]. Moreover, the membrane can have the multiple role of
confining, the catalyst, the pollutants, and the degradation intermediates into the reaction environment.
In a traditional photoreactor, the degradation intermediates remain in the treated effluent resulting
often in a not sufficiently efficient process because these intermediates are frequently more hazardous
than the original pollutants. The coupling of photocatalysis and membrane separation can permit to
obtain, by using a membrane with an appropriate selectivity, a permeate free of both pollutants and
degradation intermediates.
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PMRs with solubilized/suspended photocatalyst can be further classified in: (i) integrative-type
PMRs and (ii) split type PMRs. In the first one, the photocatalytic reaction and membrane separation
processes take place in one apparatus, i.e., an inorganic or polymeric membrane is submerged in the
slurry photocatalytic reactor. In split-type PMRs the photocatalytic reaction and membrane separation
take place into two separate apparatuses, i.e., the photocatalysis module and the membrane module,
which are appropriately coupled [12,16]. Besides, on the basis of a different approach, this kind of PMRs
can be also classified while considering the position of the light source, which can be: (i) above/inside
the feed tank; (ii) above/inside the membrane unit; and, (iii) above/inside to an additional vessel
placed between the feed tank and the membrane unit [13].

In PMRs with immobilized photocatalyst, the photocatalyst is not solubilized/suspended into
the reacting environment, but it is immobilized in/on the membrane, giving a photocatalytic
membrane (PM). In such a system, the membrane acts both as a selective barrier for the contaminants
to be degraded, thus maintaining them into the reaction environment, and as the support for
the photocatalyst. PMRs with immobilized photocatalyst are intrinsically integrative-type PMRs,
i.e., the photocatalytic and the membrane separation processes take place in the same unit.

In general, in the state of the art literature it has been reported that the PMRs with
solubilized/suspended photocatalyst permit to achieve higher efficiency when compared to that
of the immobilized system, due to the larger active surface area, which guarantees a good contact
between the photocatalyst and the pollutants [12,14]. As a consequence, more numerous are the
studies of PMRs with solubilized/suspended photocatalyst, in view of large scale applications [17–20].
However, fouling, which is caused by deposition of the photocatalyst nanoparticles (NPs) on the
membrane surface with a consequent flux decline, and light scattering, still limits the performance of
this type of membrane photoreactor configuration.

In the immobilized PMRs, the photocatalyst/reagents contact is hindered by the mass transfer
limitation over the immobilized photocatalyst. However, in this configuration, it is possible to obtain
in general a more easy catalyst recovery, reuse and regeneration in successive catalytic runs than in the
previous one.

Besides, PMs generally show better performance with respect to conventional membranes in
terms of reduced membrane fouling and improved permeate quality. PMs could degrade the organic
pollutants contained into the feed solutions by generating the oxygen-reactive radicals under light
irradiation, thereby preventing the formation of a cake layer on the membrane surface, reducing
the pollutant concentration in the retentate as well as improving the permeate quality. Moreover,
the problem of light scattering by photocatalyst particles, which negatively influence the performance
of PMRs with suspended photocatalyst, is avoided by using PMs. So, it can be affirmed that the use of
PMs might improve the performance of wastewater treatment by PMRs.

Significant progresses have been also reached in the modelling and simulation of membrane
reactors with the aim to improve their performances by the optimization of the reactor design and
the operative conditions, as well as, by the understanding and optimization of structural/functional
relationships at a molecular level in the systems investigated. New metrics, like the volume index and
conversion index, have also been proposed as a simple way to evaluate the efficiency of a membrane
reactor in the logic of the process intensification strategy [21].

The present work gives a critical overview of the recent progresses and new perspectives in
photocatalytic membranes and photocatalytic membrane reactors. The most important operating
parameters affecting the performance of the PMRs are deeply discussed. Then, based on some selected
case studies, the criteria for designing and developing a PM are reported. Finally, recent achievements
in the use of visible light and in the overcoming of some intrinsic limitations of PMs, like moderate
loss of photoactivity and restricted processing capacities, owing to mass transfer limitations and
unsatisfactory system lifetime, due to photocatalyst leaching, are overviewed.
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2. Operating Parameters and Limits of Photocatalytic Membranes (PMs)

Working under proper operating conditions is important to obtain good PMR performance
with both solubilized/suspended and immobilized photocatalyst. The most important factors
affecting the PMR performance, influencing the photocatalytic process and/or the membrane process,
were reviewed by various authors [12–14]. These factors can be summarized, as follows.

2.1. Operating Mode

PMRs with immobilized photocatalyst can be operated in both dead-end and cross flow
modes [22,23]. When the PMR is operated in dead-end mode, the substrates are retained by the
membrane and accumulate on its surface thus forming a cake layer. As a result, the membrane
permeability and the photocatalytic performance are reduced. Relatively low photocatalytic efficiency
is usually observed by operating under dead end mode. This drawback can be explained, as follows:
since the feed polluted water was kept into the reactor (no recirculation), a not adequate contact
between the pollutants to be degraded, the photocatalyst and the light source was achieved.

On the basis of this, it can be affirmed that the cross flow mode should be the better option in view
of industrial applications. By operating in this way, the feed phase flows tangentially to the membrane.
This tangential flow tends to remove the deposited particles on the membrane surface, thus resulting
in a reduced membrane fouling. The permeate flows perpendicularly across the membrane, while the
retentate is usually recirculated in the feed tank.

2.2. Typology of Photocatalyst Immobilization

On the basis of the different procedure of photocatalyst immobilization, PMRs with immobilized
photocatalyst can be further classified in three sub-categories.

The first sub-category comprises the PMRs in which the photocatalyst is coated on the PM.
The procedure of coating can be performed by using different methods [24] such as dip-coating,
electro-spraying of photocatalyst particles, magnetron sputtering of the photocatalyst, and deposition
of gas phase photocatalyst NPs. The main drawbacks of using this approach are associated to the
diminution of membrane permeability after the coating procedures and to photocatalyst leaching
during the photocatalytic runs [25].

The second sub-category includes the PMRs in which the photocatalyst is blended into the
membrane matrix. Practically in this kind of PMR, during the membrane preparation the photocatalyst
is entrapped in the polymeric matrix. By operating with this type of PMRs, the possibility of
photocatalyst leaching was reduced with respect to the PM that was prepared by photocatalyst coating.

The third sub-category of PMRs with immobilized photocatalyst is based on the use of free
standing PM. In this case, the PM is manufactured with a pure photocatalyst, so that the immobilization
of the photocatalyst in/on the membrane support is unnecessary. Thus, a further reduction of the
possibility of photocatalyst leaching was obtained.

2.3. Photocatalyst Type and Its Characteristics

Photocatalyst is the key component of a photocatalytic process. The properties of photocatalyst
and its concentration in the reacting environment represent key parameters, playing an important role
on photocatalytic performance.

Key properties of photocatalyst, having significant effects on photocatalytic efficiency, are the
band gap energy, the specific surface area and particle size distribution, the crystallographic structure
and composition, etc.

A photocatalyst is a semiconductor material able to convert the energy of irradiated photons
in the chemical necessary to excite electrons from its valence band (VB) to its conduction band (CB).
Then, it is clear that band gap energy plays the most important role in its selection. A photocatalyst
characterized by lower band gap requires less photon energy. In particular, a photocatalyst can achieve
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a satisfactory visible light response when its band gap is sufficiently low, which is an important
characteristic in view of large scale applications. Other important characteristics to be considered
to choose a photocatalyst are good chemical and physical stability, non-toxic nature, availability,
and low cost.

TiO2-based photocatalyst is the most utilized photocatalyst in PMR (used in suspended form)
because it is characterized by strong catalytic activity, relatively long lifetime of electron-hole pairs,
high (photo)chemical stability in aqueous media and in a wide range of pH (0–14), limited cost,
and low toxicity. So, it can be affirmed that TiO2 is the archetypical photocatalyst, virtual synonym for
photocatalysis. However, this material is not active under visible light irradiation, because of its wide
band gap. Thus, TiO2 is capable to use only less than about 5% of the solar energy, which is in the UV
range. On these bases, the development of photocatalysts that are able to utilize visible light represents
a challenge in view of large-scale application of PMR systems, permitting the use of a greener light
source (the sun) [26,27]. When considering that the quantum efficiency of the photocatalytic processes
usually decreases by increasing the intensity of the radiation, the preparation of photocatalysts active
under visible light is convenient only when the quantum efficiency remains relatively high, resulting
in a wide use of photons from visible light.

Other metal oxide semiconductors that are used in PMRs are ZnO [28,29], WO3 [30],
and CuO/ZnO [31]. These photocatalysts are characterized by a different band gap in comparison
with TiO2 [14].

Polyoxometalates (POMs) are instead soluble metal oxide analogs with tunable solubility
depending from the counterion used [32]. The heterogenization of POMs in/on polymeric membranes
for PMRs application is reviewed in Section 4.2.

2.4. Ligth Source

The starting step in a photocatalytic process is the irradiation of the photocatalyst surface with
photons having energy (hν) equal to or higher than the band gap, so that the electrons are promoted
from VB to CB. Several authors studied the influence of wavelength and intensity of the light source
on the rate of the photocatalytic reaction [33–35].

The photocatalytic performance depends strongly on the value of the light intensity [36].
In general, it can be observed that the reaction rate increases by increasing the light intensity till
to the mass transfer limit is achieved. In general, the reaction rate increases with the light intensity
when the photocatalytic process is operated at low light intensity, which means a light intensity in
the range 0–20 mW·cm−2. This trend can be explained when considering that, by operating with
this light intensity, the reaction giving the formation of electron-hole couples is predominant with
respect to the electron-hole recombination. By operating with a light source emitting at medium
light intensity (approximately 25 mW·cm−2), the reaction rate is function of the square root of light
intensity. This trend can be ascribed to the competition effect between the electron-hole formation and
recombination reactions. The reaction rate is not influenced by this parameter when the photocatalytic
process is performed with a high light intensity (>25 mW·cm−2) [12,13].

The UV spectrum is usually divided into UV-A (315–400 nm), UV-B (280–315 nm), and UV-C
(100–280 nm), depending on the emitting wavelength. Artificial UV lamps are the most commonly
used light sources, because of their higher photon flux with respect to solar irradiation. These lamps
can be used in immersed or external configuration, and emit light in the UV-A range (max intensity in
the range 355–365 nm) or in the UV-C range (germicidal lamps, max intensity at 254 nm).

Depending on the emission range of interest, different typologies of light sources are available,
like xenon, mercury, and deuterium lamps [37]. Besides, regarding the different radiation sources,
it can be distinguished between pulsed and continuous light sources [38], which can affect the
photocatalytic performance.

Several works on laser induced photocatalysis have been also recently carried out [38–40].
Yamani [38], compared the photocatalytic performance of 355 nm pulsed laser and continuous Hg
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arc lamp equipped with visible light band pass filter. The results evidenced that the photocatalytic
degradation efficiencies that were obtained with the different radiation sources were comparable and
the pulse energy has an important influence on the photocatalytic performances.

Among the various types of lamps, the led ones, emitting in the UV or UV-vis range, are gaining
interest for their efficiency and they can be also powered by photovoltaic panels [41].

2.5. Feed Characteristics

The properties of feed that influence the performance of a PMR with entrapped photocatalyst
comprise the initial concentration of the pollutants to be degraded, the pH of the feed, the temperature,
and the presence and concentration of inorganic ions.

It is generally accepted that the reaction rate increases with substrate concentration till to a certain
level, over which the rate starts to decrease. This trend can be explained considering that a further
increase of substrate concentration results in a reduction of the generation rate of •OH radicals due
to light scattering by the dissolved substrate and to the decrease of the active sites available for •OH
radicals generation (photocatalyst saturation).

In their study on photocatalytic degradation of the dye tartrazine, Aoudjit et al. [42] evidenced that
the dye concentration in the feed phase to the PMR system strongly affects system performance. Indeed,
the photodegradation percentage decreased from ca. 78 to 46% by increasing the initial concentration of
the dye from 10 to 30 mg·L−1. This trend was explained by considering that, maintaining the amount
of the photocatalyst constant, the ratio hydroxyl radical/tartrazine molecules decreases by increasing
dye concentration, resulting in the lower photodegradation efficiency observed. Moreover, the higher
tartrazine concentrations also increase the light scattering, thus affecting the UV light absorbance by
TiO2 nanoparticles surface and decreasing the amount of hydroxyl radicals formed.

The increase of the initial substrate concentration influences not only the photocatalytic
performance of the system, but also the fouling of the membrane, and thus the permeate flux.
So, also when the increase of pollutants concentration has a positive effect on the photodegradation
rate, it has to be taken into account that the mass transfer resistance of the membrane also increases,
resulting in the deterioration of membrane performance [43].

The operating pH strongly influences the performance of a PM. First of all, the adsorption of the
substrate on the active sites of the photocatalyst and desorption of the products are two pH-influenced
processes. In the case of the TiO2-Degussa photocatalyst, considering that its isoelectric point is 6.8,
it can be affirmed that a TiO2 based PM is negatively charged when the pH of the feed solution
is higher than 6.8. In this condition, the adsorption of positively charged molecules is favored.
On the contrary, the TiO2 based PM is positively charged when the pH of the feed phase is lower than
6.8, and the adsorption of negatively charged substrates is favored. The operating pH also influences
the permeation of the different solutes contained into the feed solution across the membrane. Indeed,
the molecules dissolved in the reacting environment could change their state from positively charged
to neutral, and then from neutral to negatively charged by changing the pH, having an important
effect on their permeation across the membrane.

It is accepted that a temperature in the range 20–80 ◦C is optimal for conducting photocatalytic
processes [33]. By operating at temperature lower than 0 ◦C, the desorption of the photodegradation
products from the surface of the photocatalyst becomes the limiting step, and the photocatalytic activity
decreases. On the other hand, at a temperature higher than 80 ◦C, the electron-hole recombination on
the photocatalyst is favored, which has a negative effect on photocatalytic efficiency. Besides, at those
higher temperatures the adsorption of the substrate (exothermic process) is inhibited.

The presence of inorganic ions in the feed solution can give positive or negative effects on the
rate of the photocatalytic process depending on the reaction mechanism and its nature. In particular,
the presence of inorganic ions as Cl−, NO3

−, SO4
2−, CO3

2− and HCO3
−, which usually exist in

waters, decreases photocatalytic activity by scavenging holes (hCB) and hydroxyl radical (•OH) [44–46].
On the other hand, the addition of oxyanion oxidants, such as S2O8

2−, BrO3−, IO4−, ClO2−, and ClO3−,
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has a positive effect on the photoreactivity. Indeed, these ions could act as scavenger for the CB electrons
and reduce the electron-hole recombination, as follows:

S2O8
2− + e− → SO4

2− + SO4
•− (1)

SO4
•− + H2O → SO4

2− + •OH + H+ (2)

H2O2 is another oxidant species that increases the photoreactivity of the system, thanks to the
formation of •OH radicals. Nevertheless, as reported by some authors [47] an excessive amount of
hydrogen peroxide can have a negative effect on system reactivity. This behavior can be explained
considering that H2O2 acts as scavenger of VB holes and •OH, producing hydroperoxyl radicals
(HO2•) as follows:

H2O2 + 2h+ → O2 + 2H+ (3)

H2O2 + •OH → H2O + HO2• (4)

The HO2• radical has a less oxidizing power than •OH.
The presence of inorganic ions into the feed solution, affecting the photocatalytic performance

as described, can also influence the performance of the membrane separation process. The influence
of inorganic salts and humic acids on fouling and stability of a polyethersulfone ultrafiltration (UF)
membrane operated in a PMR was studied by Dorowna et al. [48]. A more significant influence of
inorganic ions on membrane performance was observed by increasing the concentration of the salts.

2.6. Flow Rate over and across the Membrane

In the case of PMRs that operated under cross-flow filtration mode, where the feed solution is
continuously recirculated tangentially to the membrane, the recirculation flow rate is an important
operating parameter affecting the photocatalytic performance of the system. Usually, the photocatalytic
efficiency increases by increasing the recirculation flow rate. This trend can be explained by considering
the larger turbulence in the solution, which promotes the mass transfer from the bulk of the feed
solution to the surface of the PM, while reducing the membrane fouling.

Flow rate across the membrane depend on the applied driving force (e.g., transmembrane
pressure in a pressure driven membrane separation), membrane structure, and composition. It is a key
parameter for the PMR because it determines the contact times between the photocatalyst and the
reagents/products. Mass transfer of the reagents to the catalytic sites, and of the product away
from them, should be fast enough in order to avoid reaction limitation meanwhile the contact time
catalyst/reagent should be also appropriate to control reaction selectivity.

3. Preparation and Choice of Materials to Manufacture PMs

An “ideal” (photo)catalyst should conjugate the following properties: low costs, high selectivity,
elevated stability under reaction conditions, non-toxicity and “green properties”, like “recoverability”,
i.e., the possibility to recover and reuse the catalyst [49,50]. In this perspective, the heterogenization
of homogeneous catalysts in/on a support has interesting implications because it permits to recover
and reuse the same catalytic system several times. Among the different heterogenization techniques,
the entrapping of a catalyst in or on a membrane offers new possibility for the design of new efficient
catalytic processes.

In the design of a catalytic membrane major issues in the membrane material selection are the
mechanical, thermal and chemical stability under reaction conditions. In the case of photocatalytic
membranes also the photostability and transparency of the membrane are critical concerns. Moreover,
the membrane transport properties, like permeability and selectivity, need to be considered and can
be tailored by an appropriate selection of the membrane structure and composition. In the case of
a (photo)catalytic membrane, the incorporation of the (photo)catalyst introduces additional complexity
to the fabrication process, because the catalyst should be firmly entrapped in the membrane and
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the catalyst structure and activity has to be preserved during the membrane preparation procedure.
Moreover, the properties (including transport properties) of a catalytic membrane are usually different
from those of a pristine polymeric membrane that is prepared in the same experimental conditions.

A variety of materials have been used for the preparation of PMs: organic, inorganic, and metallic.
In particular, polymeric membranes represent the most popular organic materials used to prepare
PMs. Typical polymers that have been considered as membrane material include polyamide [51],
polyvinylidene fluoride (PVDF) [52], polyethersulfone (PES) [53], polyurethane (PU) [54], polyethylene
terephthalate (PET) [55], polyacrylonitrile (PAN) [56], and polytetrafluoroethylene (PTFE) [57].

Since the PM is in direct contact with the reacting environment, the possibility of its damage by
the irradiation and oxidizing species (e.g., •OH radical) has to be taken into account. More often,
the abrasion of membrane surface because of the mechanical action of the particles suspended in
the reacting environments causes more damage to the membrane than the action of the oxidant
environment [58]. On the basis of this, inorganic ceramic membranes, thanks to their excellent thermal,
chemical, and mechanical stability, may represent a good option to polymeric membranes in PM
preparation. Actually, the main limitation to ceramic membrane utilization is represented by the higher
manufacturing cost when compared to polymeric membrane.

It is important to realize a stable catalyst immobilization in order to avoid catalyst leaching out
from the membrane and to have a good adhesion between the membrane material and the catalyst,
with an optimal dispersion of the second one. Different immobilization strategies can be used in order
to achieve these goals. Covalent bindings in general guarantee a stable immobilization. However,
also electrostatic interactions, weak interactions (Van der Waals or hydrogen bonds), or catalyst
encapsulation are exploited for an efficient catalyst immobilization [59].

In several cases, the catalyst is immobilized during membrane formation processes by dispersing
the catalyst in the polymer dope solution. The polymer/catalyst affinity can be tailored by
an appropriate chemical functionalization of one or both components. Ideally, the solvent used
for the reaction needs to be a non-solvent for the catalyst, and it is necessary that the membrane does
not swell excessively.

For a porous membrane, the choice of the membrane material is of less importance for transport
properties in comparison with a dense membrane, because permeation occurs through the membrane
pores [10]. However, the membrane material is relevant for the membrane stability, as well as for
wettability and fouling tendency.

The membrane preparation technique and conditions depend from the membrane material and the
desired structure and morphology. Different techniques for membrane preparation can be opportunely
employed to prepare catalytic membranes: phase separation, coating, interfacial polymerization,
sintering, stretching, and track-etching, are some examples [60]. The most used and versatile for
polymeric membranes is the phase separation technique.

3.1. Dip Coating with Photocatalyst Particles

A widely employed surface immobilization technique consists in dip coating. Wang et al. [61]
studied the synthesis of high quality TiO2 membranes on alumina supports and tested the so
prepared PMs in the degradation of the dye Methyl Orange (MO). In particular, the PMs were
synthesized by the spin-coating technique using the sol-gel method with water-soluble chitosan
(WSC) as an additive. Obtained results evidenced that the proposed method of preparation permitted
obtaining TiO2 membranes on alumina supports that were characterized by enhanced structural and
catalytic properties. High surface area (116–164 m2·g−1) and porosity (47.3%–52.2%) were obtained,
as well as homogeneity without cracks and high degradation of MO (61.2%–49.2%).

Chakraborty et al. [62] immobilized TiO2 NPs on polymeric hollow fibers (HFs) UF membranes
while using three immobilization methods: (i) spray coating, (ii) vacuum coating, and (iii) sol-gel dip
coating. PES and polyvinylchloride (PVC)-PAN HF membranes were used as catalyst support.
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In the case of spray and vacuum coating, a significant leaching/detachment of NPs has been
observed. This result was explained by the authors while considering that the NPs were immobilized
physically and not chemically. Thus, a not stable coating on the membrane surface was obtained.
Besides, spray coated and vacuum coated PMs showed negligible permeability due to the clustering of
TiO2 adding extra resistance layers to water permeation across the membrane and to the blocking of
the membrane pores by TiO2 agglomerates, respectively. This was also confirmed by Scanning Electron
Microscopy (SEM) images.

The sol-gel coating was tested as the third method of photocatalyst immobilization on the
membrane surface. In this case the coating solution was a diluted sol, coated on the membrane
by using a simple lab-scale dip coater. The coating method was optimized in order to obtain a better
immobilization of TiO2 NPs on the membrane while limiting the permeability loss in the coated
membrane. SEM images and Raman spectra confirmed TiO2 immobilization on the polymeric support
and evidenced that sol-gel coating permitted obtaining a stable TiO2 layer. The pure water permeability
of the coated membranes was about 65–80% below those of uncoated membranes for both PES
and PVC-PAN.

3.2. Electrosprying of Photocatalyst Particles

Daels et al. [51] prepared polyamide nanofiber membranes containing TiO2 NPs by electrospinning.
The photocatalytic activity of the prepared PMs was demonstrated by considering the
photodegradation of the dye MB. The results of photodegradation (up to 84% after 2 h of UV irradiation)
evidenced the excellent photocatalytic activity of TiO2 NPs immobilized on the nanofibrous structure.
After 6 h of UV irradiation the photocatalytic degradation increased up to 99%, thus obtaining
a quantitative removal of MB. The stability of the PMs was confirmed, demonstrating that the NPs of
the photocatalyst were successfully incorporated onto the electrospun fibers.

By using a similar approach, Nor et al. [63] prepared electrospun PVDF/titanium dioxide
nanofibers (PVDF/TNF) by hot pressing TNF onto PVDF flat sheet membrane. The membranes
were prepared by three consecutive steps. First of all, the polymeric support, i.e., the flat sheet PVDF
membrane was prepared by a slight modified diffusion phase inversion technique. Then, the TiO2-NFs
were synthesized by the electrospinning technique at room temperature. The spun TiO2-NFs were
collected on an aluminum foil. Finally, the TiO2-NFs were placed and hot pressed for 30 min onto the
PVDF membrane. The hot press technique was carried out at constant pressure (80 bar) by varying the
operating temperatures (60 ◦C, 100 ◦C, 160 ◦C, and 180 ◦C). The membranes that were hot pressed at
60 ◦C exhibited unfavorable structure, since the TiO2-NFs were not adhered completely.

3.3. Sputtering of Photocatalyst Particles

Another possible technique for manufacturing PMs with the photocatalyst coated on the solid
support is represented by sputtering a titanium film on top of the membrane [64]. By using this
approach, Fischer et al. [65] easily synthesized TiO2 nanotubes by sputtering a titanium film on top
of a porous polymer material, namely a PES membrane. The sputtering step was followed by the
anodization of titanium to TiO2 nanotubes and the subsequent crystallization to photocatalytically
active anatase under mild conditions (temperatures below 120 ◦C). The so-prepared PMs were
characterized by a photocatalytic activity increased up to six times when compared to a TiO2 film on
the membrane. This result was ascribed to the enhanced surface area and light-harvesting capability
of the anatase nanotubular structures on the membrane.

3.4. Deposition of Gas Phase Photocatalyst Nanoparticles

PMs coated with nanostructured thin films of TiO2 and Pt/TiO2 have been also produced by
one-step deposition of gas phase NPs on glass fiber filters [66]. The obtained PMs, coated with
Pt/TiO2 nanostructured films, were tested in the photocatalytic hydrogen production by ethanol
photo-steam reforming. An increased reaction rate with respect to that obtained with the same
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photoactive Pt/TiO2 films deposited by using more conventional methods on a quartz substrate was
observed. This enhanced H2 production rate was ascribed to the increased contact time of the reactant
mixture with the photoactive films, thanks to the diffusion through the coated glass fiber filters.

The described methods permit obtaining coated PMs, where the photocatalyst is coated tightly on
the surface of the support membrane. The main limitations of these photocatalytic systems consist
in photocatalyst leaching and in the diminution of membrane permeability because of the increased
membrane resistance.

3.5. Blended and Free-Standing PMs

In the case of blended PMs, the photocatalyst is blended into the membrane matrix.
By operating in this way, the possibility of photocatalyst leaching is reduced when compared to
coated PMs. The most used membranes for the photocatalyst entrapment were PVDF polymeric
membranes [67,68]. Other polymeric membranes were also used [69–71]. Aoudjit et al. [42] prepared
poly(vinylidenefluoride–trifluoroethylene) (P(VDF–TrFE)) PMs containing titanium dioxide P25 by
solvent evaporation (see Figure 1). The analysis of the PM morphological properties evidenced an
interconnected porous microstructure and the homogeneous distribution of the TiO2 NPs within the
membrane pores.

 
Figure 1. Schematic representation of the preparation of TiO2/poly(vinylidenefluoride
–trifluoroethylene) (TiO2/PVDF-TrFE) nanocomposite photocatalytic membranes (PMs) by solvent
casting; (a) ultrasonic bath of N,N-dimethylformamide (DMF) and TiO2 nanoparticles (NPs);
(b) magnetic stirring of DMF, TiO2 NPs, and PVDF-TrFE; (c) pouring of the solution on a glass support;
(d) solvent evaporation at room temperature; and, (e) membrane after complete evaporation of the
solvent (Aoudjit et al. [42]).

The production of free-standing PMs, in which the PM is manufactured with a pure photocatalyst,
is often performed via the electrochemical anodization of a metallic substrate of the photocatalyst,
followed by the separation of the photocatalyst nanotube film and different annealing treatments.
Compared to coated or blended PMs, in the case of free-standing PMs the immobilization step
is unnecessary, thus further reducing the possibility of photocatalyst leaching. On this topic,
Zhao et al. [72] designed and prepared crystallized doubly open-ended Ag/TiNT (NT: Nano Tube) array
membranes. The PMs were prepared by a lift-off process. It was based on an anodization-annealing
-anodization-etching sequence, followed by uniform Ag NPs decoration. The prepared PMs were tested
in the photocatalytic degradation of gaseous N,N-dimethylformamide (DMF), which is a typical volatile
organic compound contained in the gaseous effluents from manufacturing factories, obtaining very
interesting results.

As reported, in view of efficient utilization of PMs, it is fundamental to prepare systems with
appropriate stability, porosity, and durable immobilization of the catalyst particles. When considering
these features, the implementation and use of fiber based membranes represent an interesting and
promising approach in view of enhancing the photocatalytic activity of PMs [73].
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4. Selected Case Studies

4.1. Ti- and Ag-Based Photocatalytic Membrane Reactors

The pioneering studies on the use of TiO2-based membranes in photocatalytic membrane reactors
were performed by Anderson and coworkers [74,75] about 30 years ago.

Molinari et al. [76] in 2002 entrapped TiO2 photocatalyst in a polymeric membrane and compared
the performance of the PM with that one obtained by using the same photocatalyst in suspension.
The used light source was a medium pressure Hg lamp emitting in the range between 300 and 400 nm
with a maximum emission peak of 366 nm. The photocatalytic efficiency of the entrapped catalyst
was lower with respect to that of the suspended configuration. The presence of the polymeric chain
around the particles of catalyst was the main cause of this trend, since it reduces the surface area of
the photocatalyst that is available for light irradiation and substrate adsorption. The attack of •OH
radicals to the PM represented another disadvantage of this system in which the photocatalyst was
entrapped in polymeric membranes. The comparison of the results that were obtained by degrading
different pollutants evidenced that the photodegradation rate was influenced by the presence of the
reaction intermediate into the reacting environment. These molecules competed with the photocatalyst
for light adsorption and with the substrate for catalyst adsorption.

Some important features of inorganic membranes are their higher chemical, thermal,
and mechanical stability, with respect to the polymeric materials. Starting from this consideration,
Zhang et al. [77] prepared, by using the sol-gel technique, TiO2/Al2O3 PMs and tested them in the
degradation of the azo-dye Direct Black 168 (DB). A high-pressure mercury lamp, with a maximum
emission at 365 nm, was used as radiation source. The photolytic degradation of the dye achieved 70%
and dye retention of the membrane was 65%, after 300 min by operating in continuous. The removal
efficiency of the dye was improved markedly by coupling the UV irradiation with membrane filtration,
and reached 82% after 300 min of UV irradiation, evidencing a synergistic effect. As emphasized by the
authors, these TiO2/Al2O3 composite PMs permitted to perform at the same time the photocatalytic
degradation and the separation, obtaining a high permeate flux (82 L· m−2·h−1) under low pressure
(0.5 bar), while preventing membrane fouling, thanks to the high porosity and pore size of the PM.
Despite these important achievements, the permeate quality was not excellent, evidencing that the
membrane possessed an inadequate rejection to the pollutant.

The possibility to use a green light source, like the sun, to activate the photocatalyst represents
a fundamental step in view of applying PMR systems at large scale. Thus, it is of great importance to
develop immobilized photocatalytic systems with high quantum efficiency under visible light. In this
direction it has to be taken into consideration that the increase of the radiation intensity usually causes
a decrease of the quantum efficiency of the photocatalytic processes, which means a narrow use of
photon from visible light.

On this topic, Athanasekou et al. [26] prepared and tested three kinds of active photocatalytic
ceramic UF membranes. These PMs were prepared by dip-coating on the internal and external surface
of UF mono-channel monoliths three different TiO2 bases photocatalyst: nitrogen doped TiO2 (N-TiO2),
graphene oxide doped TiO2 (GO-TiO2) and organic shell layered TiO2. The photocatalytic activity of
these PMs in the degradation of two azo dyes, MB and MO, was evaluated in a photocatalytic device
operating in continuous dead-end conditions. Both the internal and the external side of the PMs were
irradiated. The external side (shell) of the PMs was irradiated with two different radiation sources:
(i) near-UV radiation in the range 315–380 nm, with a maximum emission at 365 nm; and, (ii) visible
light. 10 UVA miniature LEDs emitting in the range 360–420 nm or six visible LEDs emitting at 460 nm
were used to irradiate the internal side (lumen) of the PMs. The results evidenced that all the PMs
were effective against common problems encountered in dye removal by conventional membrane
filtration, like fouling tendency, increased energy consumption and the formation of retentate effluents
containing the pollutant at high concentration. Best dye degradations (57% and 27% for MB and MO)
were obtained by using the N-TiO2 PM under UV irradiation. These unsatisfactory degradations
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of the dyes gave evidence that the used PMs are not adequate for rejecting the dyes, despite the
photocatalyst deposition. Lower dye degradations (29% and 15% for MB and MO, respectively)
were obtained by using the same PM under visible light, despite the higher light irradiation density
(7.2 vs. 2.1 mW·cm−2). This result evidenced that the N-TiO2 PM did not achieve efficient quantum
efficiency under visible light. By considering the cost of the process in terms of energetic consumption,
the GO-TiO2 membrane was the best one. Indeed, the energy consumption of GO-TiO2 PM was only
28% when compared with that of consumed by the N-TiO2 PM while providing 63% rejection of MB of
N-TiO2 PM. On this basis, it can be affirmed that the GO-TiO2 PM can permit to achieve a higher dye
rejection with a lower power energy consumption by recycling two or more times the permeate.

Considering the inadequateness in terms of pollutant rejection of the PMs prepared by
Athanasekou, Wang et al. [78] prepared and tested in an experimental set-up operated under
dead-end mode N-TiO2 ceramic PMs characterized by higher photocatalytic efficiency. These PMs
were synthesized by dip coating, similarly to Athanasekou et al., with a substantial difference:
the dip-coating of the photocatalyst NPs on membrane support was repeated seven times.
Thus, composite PMs characterized by an average pore size of ca. 2 nm, adequate for retaining
the dye, were synthesized. SEM and X-Ray Diffraction (XRD) analyses evidenced that the doping of
the TiO2 photocatalyst with N permitted obtaining small nanocrystals with high surface and interfacial
area. This feature, due to the inhibition of the growth of TiO2 crystal grains by N doping, permitted
obtaining improved photocatalytic performance. In particular, a permeation flux equal to ca. 96% of
pure water flux, a close to 99% dye rejection and good membrane stability were obtained. Despite these
interesting achievements, a rapid diminution of dye rejection, probably caused by the formation of
cake layer and concentration polarization, was observed. This trend was ascribed to the used filtration
mode. Besides, the N-TiO2 PMs showed an unsatisfactory photoactivity under visible light.

On the same topic, Aoudjit et al. [42] prepared some PMs by immobilizing TiO2-P25 NPs into
a poly(vinylidenefluoride–trifluoroethylene) (P(VDF–TrFE)) membrane. The prepared NPs were tested
in the photocatalytic degradation of tartrazine in the solar photoreactor schematized in Figure 2.

Figure 2. Schematization of the proposed solar photoreactor: 1—flask containing tartrazine solution;
2—peristaltic pump; and, 3—photoreactor containing the PM (Aoudjit et al. [42]).

The method used to prepare the P(VDF-TrFE) PMs was solvent evaporation, as described in
Section 3. The photocatalytic degradation tests were performed in a solar photoreactor sited in
northern Algeria, during August and September, under solar irradiation. The effective volume of
the photoreactor was 1 L. The tartrazine solution was continuously recirculated at 28 mL·s−1 flow
rate. Obtained results evidenced that the PM containing 8 wt.% TiO2 was the best one, exhibiting
a remarkable sunlight photocatalytic activity, with 78% of the pollutant degraded over five hours.
As reported in Section 2.5, the initial dye concentration strongly affected system performance.
In particular, the photodegradation efficiency decreased from 78 to 46% by increasing the initial
dye concentration from 10 to 30 mg·L−1 because of: (i) the decreased ratio hydroxyl radical/tartrazine
molecules; and, (ii) the higher light scattering, which affects the adsorption of UV light by the surface of
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TiO2 NPs, thus decreasing the amount of •OH formed. The degradation percentage of the considered
dye after 5 h of irradiation was 37% and 77% for 9.78 and 28 mL·s−1, respectively. This trend confirms
what is reported in Section 2.6, i.e., the recirculation flow rate strongly influences the photocatalytic
performance of the PM. This trend was due to the presence of more turbulence in the solution,
which promoted the mass transfer from the feed solution to the surface of the PM. The reusability of
the produced PM was also cheeked. Obtained results evidenced a 10% of efficiency loss by passing
from the first use of the PM (ca. 78% of dye degradation) to the second use (ca. 67% of dye degradation).
The observed efficiency loss was ascribed to photocatalyst leaching both during the photocatalytic
tests and during the system cleaning with distilled water. However, no further reuses were possible
because of the relevant leaching out of the NPs. The obtained dye degradations, unsatisfactory by
an environmental point of view, were interesting by considering that they were obtained by using
natural solar light.

Multi-walled carbon nanotubes (MWCNTs) are characterized by interesting properties, such as
huge surface area, great electronic mobility, and stability. These characteristics make this
material a good additive for preparing photocatalytic systems that are characterized by satisfactory
photocatalytic activity and stability. On the basis of this and always with the aim of using solar
radiation Wu et al. [79] prepared, by combining the electrospinning technique with an in situ reaction
to obtain Ag3PO4, ternary composite fiber membranes (TCFMs), which possessed good photocatalytic
performance. These TCFMs were composed by MWCNTs and Ag3PO4 supported on PAN. The results
evidenced that the addition of MWCNTs into the Ag3PO4/PAN binary composite fiber membranes
(BCFMs) is fundamental for obtaining a PM that is active under visible light. Indeed, the band gap
of Ag3PO4/PAN BCFMs decreased by adding MWCNTs, making the ternary system able to use
light characterized by higher wavelengths. The photocatalytic activity and stability of the prepared
PMs were evaluated in a batch processing system by using a Xenon arc lamp. The emitted radiation
was filtered with a 420-nm cut-off filter. Rhodamine B (RhB) was considered as model contaminant.
By operating with the MWCNTs/Ag3PO4/PAN TCFMs, the RhB solution gradually discolored and the
dye concentration drastically decreased and became practically zero after 80 min. When compared with
the binary system, the ternary system was characterized by a higher and more stable photocatalytic
activity for degrading RhB. In particular, the kinetic constant of dye degradation, calculated for
the ternary system after observing that the degradation follows pseudo-first-order kinetics model,
was 1.8-fold higher than that of the binary system. This result was ascribed to the fast electron transfer
from Ag3PO4 to MWCNTs, resulting in a reduced electron-hole recombination and less photocorrosion
of Ag3PO4.

Regarding system stability, the photocatalytic efficiency of TCFMs quantified in terms of dye
removal after three recycles decreased by 20%, instead of the 45% decrease that was obtained without
the MWCNTs. The slight decline of the activity was ascribed by the authors to the leaching of some
Ag3PO4 NPs. When considering the photodegradation mechanism, it was observed that holes (h+)
and superoxide radicals (•O2

−) played fundamental functions for degrading RhB.
The possibility of continuously degrading RhB by using flexible TCFMs under visible-light

irradiation was checked in a PMR operated under dead end mode. On the basis of the results that
are summarized in Table 1, it can be affirmed that the most important operating parameter affecting
the removal rates was the initial RhB concentration. While considering the influence of initial RhB
concentration in the feed solution on the removal percentage, it is confirmed that the reaction rate
increases with substrate concentration till to a certain level, over which the rate starts to decrease.
This trend, as reported in Section 2.4, can be ascribed to both diminution of •OH/pollutant molar ratio
and light scattering, which reduced the production rate of •OH. The increase of the solution flow rate
was also able to improve the removal percentage (Table 1).
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Table 1. Influence of feed flow rate and initial RhB concentration on the photocatalytic degradation of
RhB by using the MWCNTs-1%/Ag3PO4/PAN TCFMs (data from Wu et al. [79]).

Flow Rate
(mL·min−1)

Feed RhB Concentration
(mg·L−1)

Removal Percentage
(%)

10 2 88.3
30 2 89.4
50 2 96.9
30 1 89.9
30 4 96.4
30 8 54.4

As emphasized by the authors, the overall results showed a high potentiality in continuous
wastewater treatment when using a sustainable PMR. Modified methods to further improve the
intensity of the interaction between Ag3PO4 NPs and fibers have to be employed for reducing leaching
problems and increasing the stability of the photocatalytic performance.

The influence of salts and dissolved organic matter on the performance of PMs is another crucial
point to be considered in the view of developing photocatalytic processes that are applicable at a large
scale. Indeed, these substances, which are frequently present in real industrial effluents, can affect
system performance by decreasing photocatalytic performance, due to scavenging effects, and/or by
increasing membrane fouling.

On these aspects, Pastrana-Martìnez et al. [27] determined the influence of dissolved NaCl on the
performance of three PMs, indicated as M-P25, M-TiO2, and M-GOT. These membranes were obtained
by immobilizing on a plane cellulosic membrane TiO2 P25, a lab-made TiO2 and TiO2 modified with
graphene oxide (GO-TiO2). These PMs were tested for photodegrading MO. A medium pressure
mercury vapor lamp was used to operate under a near UV irradiation. A 430 nm cut-off filter was used
for performing the experiments under visible light irradiations. The tests were performed in continuous
under dead-end filtration. Three different aqueous matrices, distilled water (DW), simulated brackish
water (SBW, 0.5 g·L−1 NaCl), and seawater (35 g·L−1 NaCl) were considered.

In Figure 3, the results that were obtained by using DW as aqueous matrix are summarized.
The photocatalytic activity of M-GOT PM for MO abatement was higher than the other. This trend
was also confirmed in terms of total organic carbon (TOC) removal. By using DW as aqueous matrix,
MO abatement and permeate flux for two successive use were practically constants, regardless
of the used PM. This result evidenced the maintaining of the photocatalytic activity of the tested
PMs (membrane stability) without fouling problems. Practically, by using DW as the solvent,
the photodegradation intermediates did not accumulate on the membrane surface. Thus, high permeate
fluxes can be maintained by the PMs for long operation periods. The activity of M-P25 and M-TiO2

membranes under visible light were negligible, while the M-GOT PM possessed a moderate visible
light activity, due to the decrease of the band gap. The lower degradation that was obtained by
operating under visible light was due to the lower light intensity entering into the photoreactor
(2.8 vs. 33 mW·cm−2).

The presence of NaCl in SBW (0.5 g·L−1) lead to a little decrease of photodegradation performance
with respect to the use of DW, regardless of the PM employed. This trend was ascribed to Cl− ion,
having a scavenging effect on holes and hydroxyl radicals. This trend was also confirmed by TOC
removal. However, the better performance (52% and 13% MO degradation for near UV–vis and visible
light irradiation, respectively) was obtained by using the M-GOT PM. Moreover, the photocatalytic
performance decreased from the first to the second use, confirming that chlorine anions act as
scavengers of holes and hydroxyl radicals.
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Figure 3. Photocatalytic degradation of Methyl Orange (MO) in distilled water (DW) in continuous
mode under near UV-vis and visible light irradiation (data from Pastrana-Martìnez et al. [27]).

The authors observed that, despite the encouraging results, these PMs showed lower
photocatalytic efficiency with respect to PMRs with photocatalyst in suspension, as also evidenced in
other works [80,81].

Fiber based membranes are characterized by good porosity and efficient dispersion and
stabilization of catalyst NPs into the solid matrix. On the basis of this, Papageorgiou et al. [73]
prepared and tested for MO degradation Ca alginate polymer fibers, which represent good candidates
for photocatalytic applications thanks to some of their properties as the possibility to achieve good
porosity together with the high transparency of their matrixes.

The results that were obtained during preliminary batch tests evidenced that Ca alginate/TiO2

fibers possessed a photodegradation efficiency (measured in terms of MO degradation) higher than
that of TiO2 powder. This result was attributed to the good adsorption capacity and the high surface
area of the fibers coupled with the excellent dispersion and stability of the TiO2 NPs into the solid
matrix. Despite these encouraging results, Ca alginate/TiO2 polymer fibers gradually degraded,
because of the •OH attack on the polymeric material, as previously observed by Molinari et al. [76].

Continuous flow experiments were performed in the hybrid photocatalytic/UF experimental
set-up schematized in Figure 4, where a photocatalytic UF membrane (UF-PM) was coupled with the
composite Ca alginate/TiO2 porous fibers. The UF-PM was obtained by chemical vapor deposition
of TiO2 NPs on both the surfaces of a γ-alumina UF support. As evidenced in Figure 4, the permeate
effluent, which represents the treated water, was collected inside the UF-PM, indicated as tubular
membrane (Figure 4). 15 UVA LEDs emitting in the UV range 360–420 nm with a maximum emission
peak at 383–392 nm irradiated the internal surface of this membrane. The polluted water has been fed
in the lumen of Ca alginate/TiO2 polymer fibers in a flow channel that is defined by the intermediate
and the outer Plexiglas tubes (Figure 4). Four UV lamps emitting in the near-UV range 315–380 nm
with a maximum emission peak at 365 nm, were used to irradiate the alginate fibers.

The TiO2/Ca alginate fibers, working as pretreatment stage of the UF-PM, permitted to obtain
an increase of the photocatalytic efficiency in comparison with the use of the UF-PM alone. Moreover,
these photocatalytic active fibers in the process permitted obtaining an increased permeate flux
across the UF-PM. The degraded Ca alginate/TiO2 polymer fibers were retained by the UF-PM,
thus preventing permeate quality deterioration. Despite these advantages that were achieved thanks
to the use of these fibers as pretreatment stage, an unsatisfactory 40% dye removal was obtained.

Summarizing, it can be affirmed that particle agglomeration, which is an important drawback of
TiO2 promoted photocatalysis, can be limited/eliminated by developing TiO2-nanofiber (TiO2-NF).
Despite this achievement some fundamental aspect have to be addressed in view of industrial
application: (i) the degradation of the TiO2/Ca alginate fibers, which affects both permeate quality
and system lifetime, and (ii) the poor dye removal meaning unsatisfactory permeate quality.
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Figure 4. Schematization of the hybrid experimental set-up used by Papageorgiou et al. [73].

On the same topic, Nor et al. [63] prepared nanocomposite PMs consisting of TiO2 nanofibers
(TiO2-NFs) electrospun on PVDF supports. The photocatalytic efficiency of these PVDF/TiO2 PMs was
evaluated in the photocatalytic degradation of bisphenol A (BPA). The catalytic test were performed
by irradiating a polluted solution with a UV lamp having a maximum emission peak λ = 312 nm.
The results that were obtained during the photodegradation tests evidenced that the PVDF/TiO2

PM hot-pressed at 100 ◦C (PVDF/TiO2-100), permitted to obtain a higher UV absorbance and pure
water flux in comparison with the PMs PVDF/TiO2-160 and PVDF/TiO2-180 hot pressed at higher
temperatures. This is because the morphological structure of the nanocomposite PMs was strongly
influenced by the hot pressing temperature. In particular, the structure density of the PMs increased
with the hot pressing temperature. Good BPA photodegradation (84.53%) was obtained by using the
PVDF/TiO2-100 under UV for 300 min, followed by PVDF/TiO2-160 (77.61% BPA degradation) and
PVDF/TiO2-180 (62.54% BPA degradation). These results evidenced that the introduction of TiO2-NFs
in on PVDF supports via hot pressing is a preparation method, which permits obtaining an enhanced
photodegradation of organic pollutants, such as BPA.

Ramasundaram et al. [80] prepared TiO2-NFs integrated stainless steel filter (SSF) by some
sequential steps (Figure 5), which also included a hot-pressing step. First of all, a free-standing
TiO2-NFs layer was electrospun. The so prepared layer was then bounded to SSF surface by a hot
pressing process while using PVDF nanofibers (PVDF-NFs) interlayer as a binder. Five different
thicknesses of PVDF-NFs layer were considered in order to evaluate the influence of this parameter on
the stability and the activity of the prepared SSF PMs. The stability of the five different SSF PMs was
evaluated by submitting to sonication for 30 min five solutions containing them in water. The obtained
results evidenced that 42 nm was the optimal PVDF-NFs layer for firmly bounding the TiO2-NFs to
the surface of SSF.
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Figure 5. Schematization of the preparation process used for preparing the stainless steel filter PMs
(SSF PMs) [80].

The photocatalytic performance of the so prepared and characterized PMs was tested in the
degradation of cimetidine (CMD), a molecule of pharmaceutical interest, in an experimental set-up
operated in dead-end mode. The results evidenced that the CMD photodegradation increased from
42% to 90% when the thickness of TiO2-NFs increased from 10 to 29 mm. A further increase of the
thickness did not have significant effect on drug degradation. This trend was probably due to the
decreased light penetration. Moreover, CMD photodegradation was influenced by water flux across
the membrane. In particular, it decreased from 89% to 64% and 47% by increasing the permeation
flux from 10 to 20 and then 50 L·h−1·m−2. This trend can be explained by considering that, when the
permeation flux increases, the contact time between the photocatalytic TiO2 layer and drug molecules
is decreased, resulting in the observed lower photodegradation.

Metal doping of TiO2 photocatalyst, thanks to the passage of the promoted electron from the CB
of the photocatalyst to that one of the metal, enhances: (i) the photocatalytic activity under visible light
by reducing the band gap and (ii) the photocatalytic efficiency by minimizing the recombination of
electron–hole couples. On these bases, Liu et al. [82] prepared an Ag/TiO2-NF PM and tested it in
the photocatalytic degradation of MB using a solar simulator (Xenon arc lamp) as the light source.
These Ag/TiO2-NF PMs permitted to obtain advanced performance in terms of both membrane fouling
and loss of photocatalytic efficiency. Those enhancements were ascribed to the uniform dispersion of
Ag NPs on TiO2-NFs, while maintaining sufficient active sites. The latter achievement was evidenced
by Brunauer-Emmet-Teller (BET) measurements (see Table 2): an increased BET specific surface area
was obtained by doping with Ag the TiO2-NFs (102.3 m2·g−1 vs. 85.6 m2·g−1). According to these data,
the photocatalytic activity under solar irradiation of the Ag/TiO2-NF membrane (expressed in terms
of MB degradation rate constant (min−1)) was significantly enhanced. As a consequence, 30 min of
solar irradiation were enough to obtain a MB removal of nearly 80%. Complete mineralization was
obtained after 80 min.

Table 2. MB degradation rate constant under solar irradiation by using different TiO2-based
photocatalytic membranes (Data from Liu et al. [82]).

BET Specific Surface Area
(m2·g−1)

MB Degradation Rate Constant
(min−1)

Ag/TiO2-nanofiber membrane 102.3 0.0211
TiO2-nanofiber membrane 85.6 0.0137

P25 membrane / 0.0076

The results that were obtained by Liu et al. [82] show that the intrinsic diminution of the
photocatalytic activity of a PMR using immobilized instead of suspended photocatalyst, caused
by presence of the polymeric chain around the particles of catalyst, can be minimized by using NF
based PMs, thanks to their high surface area.

Concerning the other classical drawbacks of photocatalyst immobilization, i.e., photocatalyst
leaching, Liu et al. [82] found an excellent reusability of the prepared PMs. Indeed, the photocatalytic
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activity did not decrease during five successive photocatalytic runs. Moreover, the intrinsic antibacterial
capability of the Ag/TiO2-NF PMs could have a benefic effect with respect to control of the membrane
biofouling, which is an important achievement in view of large scale applications.

A different approach to effectively disperse the photocatalyst particle into a PM was developed
by Fischer et al. [83]. By hydrolysis of titanium tetraisopropoxide, TiO2 NPs were formed directly onto
the surface of two PES and PVDF hydrophilic membranes, and one PVDF hydrophobic membrane.
By means of this method, a thin layer of disaggregated TiO2 NPs was directly synthesized on membrane
surface, thus achieving a strong binding between the photocatalyst and the membrane supports.
The photocatalytic performance of the prepared PMs was studied by considering the photodegradation
of three different pollutants, the dye MB and two drugs (ibuprofen (IBU) and diclofenac (DCF)).
On the basis of the results it can be affirmed that the properties of pollutant adsorption gave a greater
contribution with respect to TiO2 content onto the PM. Indeed, better photocatalytic performances
(70% MB photodegradation) were obtained with the hydrophilic TiO2/PVDF PM, despite its lower TiO2

content with respect to the TiO2/PES PM (0.092% vs. 0.809%). The worst performance was obtained
by using the hydrophobic PVDF-modified membrane. This trend was ascribed to the lower contact
with MB, which was dissolved in water. Lower photodegradation efficiencies were obtained for DCF
and IBU (68% and 44%, respectively), because of their higher concentration in water. An acceptable
permeate quality was obtained after two or more permeate recycles. The stability of the photocatalytic
performance of the prepared PMs was also tested. The results evidenced a complete stability of PMs
after five successive runs obtaining the complete photocatalytic degradation of MB without damaging
the PMs. This important achievement was due to the complete covering of the support by the TiO2

layer, thus avoiding the direct irradiation of the polymeric support with UV irradiation.
Another possible way to overcome the intrinsic limitations of PMs is represented by the

use of TiO2 nanotubes (TiO2 NTs). Fundamental characteristics in view of achieving excellent
photocatalytic performance are their high surface area/volume ratio, short distance for charge carrier
diffusion, and high photon-collection efficiency. Fischer et al. [84] prepared nanotubular TiO2-PES
membranes. The prepared PMs were tested for degrading DCF under UV light. The photocatalytic
tests were carried by using two different operating modes: a static mode, i.e., with the membrane
operating only as a photocatalytic support, and dead-end mode. A significant lower degradation rate
constant was obtained by using the dead end mode with respect to the static mode (0.085 × 10−3

vs. 9.96 × 10−3 min−1). This difference was ascribed to consideration that, during the dead-end flow
tests, only 20% of the solution was irradiated, while the remaining 80%, contained in the feed tank
and tubes, was not irradiated. This consideration permit to introduce an important parameter to be
appropriately considered in view of yielding satisfactory degradation rates: the ratio between the
irradiated and the not irradiated volume.

4.2. Polyoxometalates-Based Photocatalytic Membranes

An interesting example of photocatalytic membrane preparation is the heterogenization in/on
polymeric membranes of the polyoxometalate decatungstate (W10O32

4−). POM are polyanionic metal
oxide clusters of early transition metals [85], having promising properties for application in oxidation
reactions for fine chemistry and wastewater treatments.

Decatungstate shows remarkable properties for the photocatalytic treatment of wastewater since
its absorption spectrum, characterized by a maximum absorption at 324 nm, partially overlaps the
solar emission spectrum opening the potential route for an environmentally friendly solar-assisted
application [86]. The decatungstate-promoted photocatalysis is a multi-step process that can occur by
substrate activation, or, when the reaction is carried out in water, by solvent activation (Figure 6) [86,87].
The dioxygen intercepts the organic radicals giving rise to an autooxidation chain, and provides the
re-oxidation of the photocatalyst closing the cycle.
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Figure 6. Schematization of the decatungstate-promoted photocatalysis in water [87].

However, decatungstate has also some relevant limitations, like: low quantum yields,
small surface area, poor selectivity, and limited stability at pH higher than 2.5 [88,89]. Membrane
technology can contribute to overcome these limitations by: the multi-turnover recycling of
the heterogeneous photocatalyst, the possibility to tune reaction selectivity as a function of the
substrate-membrane affinity, moreover, the structured polymeric micro-environment that is offered by
the membrane can influence catalyst stability and activity.

In this perspective, innovative heterogeneous photo-oxygenation systems able to employ visible
light, oxygen, mild temperatures, and solvent with a low environmental impact (like water or neat
reactions), were designed and developed by the immobilization of decatungstate and other POMs in
polymeric membranes made of polydimethylsiloxane (PDMS), PVDF, and Hyflon (Figure 7) [87,90–93].

Figure 7. Chemical formula of the polymers used as membrane materials for the heterogenization
of polyoxometalates.

These polymers were selected because they are transparent in the region of interest of the catalyst
and are characterized by a high chemical, thermal and photostability. Moreover, in the case of PVDF
and Hyflon, the use of a fluorinated media to carry out aerobic oxidation reactions is particularly
useful because the high solubility of oxygen in fluorinated environment.

With the aim to improve the catalyst/polymer interactions, and to avoid catalyst leaching out
from the membrane, liphophilic (insoluble in water) derivatives of the decatungstate were employed:
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the tetrabutilamonium salt ((n-C4H9N)4W10O32 indicated as TBAW10) and a fluorous-tagged
decatungstate, ([CF3(CF2)7(CH2)3]3CH3N)4W10O32, indicated as (RfN)4 W10O32).

The photocatalytic membranes prepared were characterized by different and tailored properties
depending on the nature and structure of the polymeric micro-environment in which the catalyst
was immobilized.

Solid state characterization techniques, like FT-IR and UV-vis spectroscopy, confirmed that
the structure and spectroscopic properties of the catalyst were preserved in the heterogenized
form. The results evidenced as the appropriate catalyst/polymer design allowed for realizing
new heterogeneous photocatalysts for the oxidation of organic substrates performed under oxygen
atmosphere at room temperature, with improved performance concerning catalyst’s stability and
selectivity than the analogues homogeneous reactions.

A membrane induced discrimination of the substrate was observed in the oxidations of a series
of alcohols at different molecular weight and polarity carried with PDMS- and PVDF-based catalytic
membranes containing TBAW10 operating in a batch setup while using a Hg-Xe arc lamp as light
source [87]. The alcohol oxidation occurred following a degradation pathway in which the aldehyde
was formed as an intermediate [87].

PVDF membranes containing TBAW10 were also successfully used in the aerobic mineralization
of phenol in water carried out in a continuous flow-through photocatalytic membrane reactors [92]
operating with a mercury vapor lamp, emitting from 310 nm to visible light. The results indicate that
the photocatalytic membrane were stable and recyclable in successive runs [92].

The catalyst heterogenization was carried out by solubilizing the catalyst into the polymer dope
solution using a common solvent (dimethylacetamide) to prepare nano-hybrid membrane (PVDF-W10)
by the phase separation technique. The catalytic membranes were characterized by a homogeneous
distribution of the catalyst in membrane, as evident from SEM in back scattered electrons mode (BSE)
and linear RX maps on the cross sections.

The catalyst stability was positively influenced by the polymeric environment, in which it was
confined. Moreover, the selective separation function of the membrane resulted in an enhancement
of the phenol mineralization in comparison with an analogous homogeneous reaction carried out
with sodium salt of the decatungstate [92]. The dependence of the phenol degradation rate by the
catalyst loading in membrane and the transmembrane pressure was investigated, allowing to identify
the catalytic membrane with catalyst loading 25.0 wt.% and operating at 1 bar (contact time 22 s),
as the more efficient system [92].

The rates of phenol degradation catalysed by homogenous Na4W10O32 and heterogeneous
PVDF-W10 (25.0 wt.%) were compared in similar operative conditions. The percentages of phenol
degraded in the homogeneous and heterogeneous reaction were similar. In both cases, after 5 h,
about 50% of the phenol was converted. However, in the case of the homogenous reaction various
persistent intermediates (e.g., benzoquinone, hydroquinone, and catechol) were observed and only the
34.0% of mineralization to CO2 and water was achieved. On the contrary, during photodegradation
performed by PVDF catalytic membrane, the phenol converted was completely mineralized to CO2

and H2O.
The higher catalytic activity of the PVDF-W10 membranes, in comparison to the homogeneous

catalyst, was ascribed to the selective absorption of the organic substrate from water on the hydrophobic
PVDF polymer membrane that increased the effective phenol concentration around the catalytic sites,
optimizing the catalyst-substrate contact in the flow-through PMR.

Moreover, the polymeric hydrophobic environment protected the decatungstate from the
conversion to an isomer, which absorbs only light under 280 nm, which instead occurs in homogeneous
solution at pH > 2.5 [89,92].

Polymeric catalytic membranes were also prepared by immobilizing sodium decatungstate
(Na4W10O32; W10) [94,95] and phosphotungstic acid (H3PW12O40; W12) [91], on the surface of PVDF
membranes functionalized by Ar/NH3 plasma discharges (PVDF-NH2).
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Polar chemical groups (mainly NH2, but also OH, CN, NH, and CO) were grafted by a NH3

plasma discharge on the upper surface of PVDF membranes [91,94,95], pre-treated with Ar in order to
control hydrophobic recovery phenomena [96].

The groups grafted on the membrane surface were able to interact with the POMs solubilized in
the aqueous solution, forming charge transfer complexes.

Surface-diagnostic techniques, such as X-ray photoelectron spectroscopy, contact angle
measurements (CA), and RX maps, were used to support the successfully surface modification.

The catalytic membranes obtained showed superior performances (higher reaction rates) when
compared to the corresponding homogeneous catalysts, in the aerobic phenol degradation reaction [91,94,95].

Decatungstate was also heterogenized in membrane made of Hyflon, an amorphous perfluoro
co-polymer. It is important to note that the TBAW10 formed irregular catalyst aggregates in Hyflon
membranes because of the low affinity with the polymeric matrix. However, the affinity between
the polymer and the catalyst was improved by an appropriate functionalization of the second one.
The fluorous-tagged (RfN)4 W10O32, was well dispersed in the Hyflon membranes as spherical clusters
with uniform size.

The cationic amphiphilic RfN+ groups induced the self-assembly of the surfactant-encapsulated
clusters (i.e., RfN+ groups capped on W10O32

4−) which, during membrane formation process,
gave supramolecular assemblies of the catalyst, stabilized by the polymeric matrix.

This self-assembling process was tuned by a proper choice of the membrane preparation
conditions, like polymer concentration, catalyst loading, cast film thickness, and temperature [9].

The Hyflon-based catalytic membranes were applied in the solvent-free photo-oxygenation of
benzylic C-H bonds with up to 6100 turnover number (moles of products for moles of catalyst) in 4 h
and remarkable alcohol selectivity, thus providing a convenient alternative to other radical centered
oxygenation systems [94].

5. Conclusions

In the last years, significant progresses were reached in the design and development photocatalytic
membranes and photocatalytic membrane reactors.

PMRs are reactive separations that realize functional synergies between a membrane-based
separation process and a photocatalytic conversion in agreement with the fundamentals of the process
intensification strategy. However, significant improvements in membranes performance and durability,
as well as plant design optimization, are still required in order to reach a mature technological stage
and offer a real challenge to conventional photocatalytic systems in the perspective of the realization
of a sustainable growth.

TiO2 is the most widely investigated photocatalyst in PMRs. This photocatalyst is used in two
main configurations: (i) dispersed in solution and compartmentalized in the reactors by the membrane;
and, (ii) immobilized in or on the photocatalytic membrane.

However, interesting results were also achieved with photocatalytic membranes functionalized
with polyoxometalates applied into oxidation reactions for wastewater treatment and fine chemistry.

The design and realization of photocatalytic membranes by the immobilization of a photocatalyst
in/on a membrane, is characterized by relevant technical complexities but these systems can
lead specific advantages in terms of productivity and sustainability in comparison to traditional
heterogeneous photocatalysts.

Main issues to be addressed are the development of tailored photocatalytic membranes and
membrane modules with acceptable costs, stable in a wide range of operative conditions, resistant to
fouling, and showing high and reproducible performance over long terms.
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Abbreviation

AOPs advanced oxidation processes
BAT best available technology
BCFM binary composite fiber membrane
BPA bisphenol A
BET Brunauer-Emmet-Teller
CHD chlorhexidine digluconate
CMD cimetidine
CB conduction band
DCF diclofenac
DB direct black 168
DW distilled water
DMF N,N-dimethylformamide
GO-TiO2 graphene oxide doped TiO2

HF hollow fiber
IBU ibuprofen
MBR membrane bioreactor
MR membrane reactor
MB methylene blue
MO methyl orange
MWCO molecular weight cut off
MWCNT multi-walled carbon nanotubes
NP nanoparticle
NT nanotube
N-TiO2 nitrogen doped TiO2

PM photocatalytic membrane
PMR photocatalytic membrane reactor
PAN polyacrylonitrile
PDMS polydimethylsiloxane
PES polyethersulfone
PET polyethylene terephthalate
POMs polyoxometalates
PTFE polytetrafluoroethylene
PU polyurethane
PVC polyvinylchloride
PVDF polyvinylidene fluoride
P(VDF-TrFE) poly(vinylidenefluoride–trifluoroethylene)
PI process intensification
(RfN)4 W10O32 [CF3(CF2)7(CH2)3]3CH3N)4W10O32

RhB rhodamine B
SEM scanning electron microscopy
SBW simulated brackish water
SSF stainless steel filter
TBAW10 (n-C4H9N)4W10O32

TCFMs ternary composite fiber membranes
TiO2NTs TiO2 nanotubes
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TNF titanium dioxide nanofiber
TOC total organic carbon
UF ultrafiltration
UF-PM photocatalytic UF membrane
UV ultraviolet
VB valence band
XRD X-ray diffraction
WSC water-soluble chitosan
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Abstract: Aquaporins are water channel proteins in cell membrane, highly specific for water
molecules while restricting the passage of contaminants and small molecules, such as urea and
boric acid. Cysteine functional groups were installed on aquaporin Z for covalent attachment to
the polymer membrane matrix so that the proteins could be immobilized to the membranes and
aligned in the direction of the flow. Depth profiling using x-ray photoelectron spectrometer (XPS)
analysis showed the presence of functional groups corresponding to aquaporin Z modified with
cysteine (Aqp-SH). Aqp-SH modified membranes showed a higher salt rejection as compared to
unmodified membranes. For 2 M NaCl and CaCl2 solutions, the rejection obtained from Aqp-SH
membranes was 49.3 ± 7.5% and 59.1 ± 5.1%. On the other hand, the rejections obtained for 2 M
NaCl and CaCl2 solutions from unmodified membranes were 0.8 ± 0.4% and 1.3 ± 0.2% respectively.
Furthermore, Aqp-SH membranes did not show a significant decrease in salt rejection with increasing
feed concentrations, as was observed with other membranes. Through simulation studies, it was
determined that there was approximately 24% capping of membrane pores by dispersed aquaporins.

Keywords: aquaporins; nanofiltration; immobilization; biomimetic

1. Introduction

A growing research area in water purification is the incorporation of transmembrane water
channel proteins, known as aquaporins in the synthetic membranes owing to the excellent permeability
and selectivity of aquaporins (aqp) towards water molecules [1–6]. These membranes are called
biomimetic membranes because they mimic the function of aquaporins present in lipid bilayer
within cell membranes. In recent years, a number of approaches have been adapted from biological
concepts and principles to develop biomimetic membranes [2,6–27]. However, there are still many
challenges associated with aquaporins based membranes. Generally, aquaporin-based biomimetic
membranes developed to date consist of three building blocks: aquaporins, amphiphilic molecules
in which the aquaporins are embedded in order to simulate the environment of the lipid bilayer in
the cell membranes, and a polymer support structure [22]. These amphiphilic molecules in which
the aquaporins are incorporated can be either lipids or polymers. Due to the superior mechanical
and chemical properties, block copolymers and amphiphilic polymers have been predominantly
investigated for the development of aquaporin-based membranes [2,6,19,22,28–37]. Studies using
lipids as the amphiphilic molecules to support aquaporins have shown that these systems were able to
maintain membrane integrity [7,12–14,18,23,38,39].
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The widespread application of aquaporin-based membranes faces several challenges with respect
to synthesis, stability and function of the membrane assembly. One of the challenges is to design and
prepare biomimetic membranes with embedded and aligned aquaporin proteins without losing their
integrity and performance, while providing an additional solid support that is sufficiently porous [23].
Toward this goal, aquaporin constructs were modified to bear affinity tags or unique amino acids at the
N-terminus of the aquaporin molecule, which was used to facilitate directional immobilization. Each
aquaporin monomer was modified with a unique amino acid Cys group at the N-terminus right after
the first Met (Figure 1A), and due to the aquaporin tetrameric nature, these Cys groups became four
anchors for attachment. There are two intrinsic Cys groups in the sequence of aquaporin. Studies have
shown that they are not chemically reactive toward modifications due to their limited accessibility [4].
Therefore, the engineered Cys would be the only site in aquaporin reactive toward the thiol-specific
modification. The presence of these four Cys anchors per aquaporin tetramer was used to ensure that
all tetramers were attached on the membrane surface in alignment with the feed direction.

 
(A) 

 
(B) 

SH SH SH SH 

Figure 1. (A) Cys modified aquaporin molecule (Aqp-SH). (B) Chemical attachment of Aqp-SH
on –COOH modified Polybenzimidazole (PBI-COOH) membrane and in-situ addition of a layer of
Polyvinyl alcohol carrying long alkyl chains (PVA-alkyl).

The objective of this study was to covalently attach Cys modified aquaporins (Aqp-SH) to a
polymeric membrane backbone in order to align them in the direction of flow. Polyvinyl alcohol
carrying long alkyl chains (PVA-alkyl) was used to bind the remaining sites present on the backbone
and to seal the gaps in between attached aquaporin molecules. PVA-alkyl has been previously used to
enhance the mechanical strength of the membrane assembly and simulate the natural environment for
attached aligned aquaporins [40]. Figure 1B provides a schematic of the attachment of Cys modified
aquaporins to the membrane backbone.
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2. Experimental

2.1. Materials

2.1.1. Polybenzimidazole (PBI)

Polybenzimidazole (PBI, PBI Performance Products, Inc, Charlotte, NC, USA) was used as
the backbone of membrane assembly. PBI has found applications in ion-exchange membranes
for fuel cells because of its excellent mechanical, thermal and chemical stability over a wide
range of pH [41–43]. The specific polymer composition used in these membranes is poly
[2,2′-(1,3-phenylene)-5,5′-bibenzimidazole]. The absence of aliphatic groups and stability of
benzimidazole group in PBI are responsible for its applications in a wide range of pH [44].
Hydrogen bonds can be formed intramolecularly or intermolecularly due to the heterocycle
imidazole ring presented in the repeating unit of PBI molecules [45]. PBI was dissolved in
N,N-Dimethylacetamide (Sigma Aldrich, St. Louis, MO, USA) to prepare dope solution.

2.1.2. PVA-Alkyl

PVA-alkyl is amphiphilic in nature with the high hydrophilicity of PVA (Sigma Aldrich, St. Louis,
MO, USA) and hydrophobicity of the long alkyl side chains. Being amphiphilic in nature, it can be an
excellent synthetic alternative for the lipid bilayer in cell membrane where aquaporins are constituted
naturally [22]. PVA-alkyl spontaneously attaches to cell surface, anchoring through hydrophobic
interactions between the alkyl chains and the lipid bilayer of the cell membrane without reducing cell
viability [46]. It carries 28 alkyl side chains per molecule, and interacts strongly with the lipid bilayer
in cell membrane because the alkyl chains anchor to the cell surface at multiple points [47]. Because of
these hydrophobic interactions and the tendency of the polymer to protect the cells, PVA-alkyl is
proposed to be an excellent material to support aquaporins. Materials required in order to synthesize
PVA-alkyl, and the polymer PBI were of the same source and grade that were used in previous
studies [40].

2.1.3. AquaporinZ Modification with Single Cysteine at the N-Terminus

Cysteine contains a thiol group in its side chain, which can be used for immobilization.
To prevent cysteine from being buried in the structure of AqpZ with limited accessibility
for binding, a cysteine was added before the his-tag which was used to facilitate protein
purification via the conventional metal-affinity chromatograph as shown in Figure 2. In this study,
cysteine group was added using QuikChange site-directed mutagenesis following manufacturer’s
instruction (Agilent). Primers are: 5′-GAGATATACCATGGGTTGCTCTGGTCTGAACGAC-3′, and
5′- GTCGTTCAGACCAGAGCAACCCATGGTATATCTC-3′, using pET28a-ApqZ as template [48].
The modification was verified by DNA sequencing.

N-Terminus  C-Terminus 

Binding Purification 

Figure 2. Schematic of Cysteine attachment at the N-terminus of aquaporins using site-directed
mutagenesis. Cysteine groups were added to act as anchors in order to attach Aqp on PBI
membrane surface.
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2.1.4. AquaporinZ Expression and Purification

The constructed plasmid was transformed into Escherichia coli strain C43 (DE3). Single colony
was cultured overnight at 37 ◦C in 5 mL Luria Broth (LB) medium containing 50 μg/mL kanamycin
(Thermo Fisher Scientific, Waltham, MA, USA). The overnight culture was then inoculated into 300 mL
fresh LB medium with 50 μg/mL kanamycin and shaking at 250 rpm at 37 ◦C. The cells were induced
with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma Aldrich, St. Louis, MO, USA) when
the absorbance at 600 nm reached 0.8. After 4 h incubation, the cells were collected by centrifugation
at 8000× g for 10 min.

To purify the protein, cell pellet was re-suspended with 30 mL Phosphate buffered saline (PBS)
buffer (Thermo Fisher Scientific, Waltham, MA, USA) (20 mM NaPO4, 0.3 M NaCl and pH 7.9)
supplied with 0.5 mM protease inhibitor phenylmethylsulfonyl fluoride (PMSF, Sigma Aldrich,
St. Louis, MO, USA) and sonicated for 20 min on an ice-water bath. The cell lysate was clarified
by centrifugation at 15,317× g, 4 ◦C for 20 min. Then cell debris was dissolved using 2% Triton in PBS
buffer and incubated with shaking for 2 h at 4 ◦C to extract membrane protein. The re-suspension was
clarified with centrifugation at 15,317× g, 4 ◦C for 20 min and the supernatant was collected. Ni-NTA
agarose beads (Qiagen, Germantown, MD, USA) was mixed with the supernatant for 40 min at 4 ◦C
with shaking. The resin was then loaded into an empty column, drained, and washed with PBS buffer
supplemented with 0.03% DDM (n-Dodecyl β-D-maltoside, Sigma Aldrich, St. Louis, MO, USA) and
40 mM imidazole (Sigma Aldrich, St. Louis, MO, USA). Protein was eluted with 500 mM imidazole
and 0.03% DDM in PBS buffer. Imidazole was removed by dialysis against PBS buffer supplemented
with 0.03% DDM overnight.

An inactive mutant Aqp-SH R189A was also expressed, according to previously published
protocol [11], to be used as a negative control to the –Cys modified Aqp. In order to express the
inactive mutant, the arginine (R) residue at position 189 in AqpZ was replaced with alanine (A) using
site-directed mutagenesis. The Arginine constriction region in aquaporins not only provides the
selectivity filter but it also ensures that proton transport is blocked. The replacement of Arginine with
Alanine causes a proton transport through aquaporins [49]. This inactive mutant of aquaporin shows
no selectivity towards water [50]. Hence, it was used to prepare a negative control of the functional
Aqp-SH modified membrane. The protocol used to incorporate Aqp-SH R189A was the same as that
used to incorporate functional Aqp-SH into PBI membranes.

2.2. Methodology

2.2.1. PBI Membranes Casting

PBI membranes were prepared according to previously published studies [40,43]. The dope
solution was diluted to 21% PBI by adding solvent. The non-solvent phase that was used in this
process was water. Flat sheet membranes were prepared using casting knife, or doctor’s blade
(Paul N Gardner Co, U.S. Pat 4869200, Pompano Beach, FL, USA) The membranes were stored in a
50/50 glycerol-DI water solution in order to prevent their drying and collapse of pore structure. The
membranes were kept in the solution at least one day before they were analyzed.

2.2.2. Surface Activation of Membranes

In order to attach Aqp-SH and PVA-alkyl to PBI membranes, membrane surfaces were activated
following previous techniques [40,43], in which 4-chloromethyl benzoic acid (CMBA) purchased
from Sigma-Aldrich (St. Louis, MO, USA) was used in order for functionalization. CMBA added
a carboxylic acid group to the surface of PBI membrane, which could be used as a platform for
subsequent functionalization of the membrane [41,42].
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2.2.3. Preparation of PVA–Alkyl

PVA-alkyl was prepared in a two-step process, according to literature protocols [40,51–53].
Briefly, a reaction between PVA and sodium monochloroacetate (Sigma Aldrich, St. Louis, MO, USA)
yielded carboxy-methyl PVA (PVA-COOH), and PVA-alkyl was prepared by reacting PVA-COOH
with hexadecanal [40,52].

2.2.4. Chemical Attachment of –Cys Modified Aqp to PBI Backbone

Immobilization of aquaporins into polymer matrix was done in order to align their channels
with the direction of water flux and to optimize their performance. Aquaporins were covalently
attached to the modified PBI backbone with carbodiimide chemistry. For this task, flat sheet PBI
membranes were prepared and modified with CMBA. In the next step, Cys modified Aquaporin
(Aqp-SH) were covalently attached in a reducing environment to the –COOH modified PBI membrane
using carbodiimide chemistry, as shown in Figure 3. In this mechanism, Aqp-SH acted as a nucleophile
to get covalently attached to the –COOH group present on the surface of PBI membrane. Cys groups
present after the N-terminus acted as anchors the Aquaporin molecules to prevent the swaying and to
help with the alignment of the aquaporin molecules in the direction of the flow. PVA-alkyl was used
in order to bind to the remaining –COOH groups present in the membrane and to seal the gaps in
between the attached Aqp-SH molecules following the EDCH chemistry previously used.

Aqp-SH 

NHS ester 
intermediate 

Figure 3. Chemical attachment of Aqp-SH to –COOH modified PBI membranes using
carbodiimide chemistry.

2.2.5. Surface Modification of PBI Membrane Using PVA-Alkyl

PVA-alkyl was attached to the membrane using carbodiimide chemistry as reported in previous
studies [40].

2.2.6. Membrane Characterization

Dynamic Light Scattering

Since aquaporins form the functional element of biomimetic membranes, producing high quality
proteins is critical. Before immobilizing proteins on membrane surface, it is important to evaluate the
proteins for their concentration, purity and aggregation state. For this purpose, analysis of protein
solution with dynamic light scattering to determine the presence and extent of aggregation was carried
out in Litesizer 500 particle analyzer by Anton Paar (Ashland, VA, USA). An aquaporin solution was
taken in a glass cuvette and a plot of particle size vs relative frequency and polydispersity index (PDI)
of the solution was obtained. Good quality protein samples would have PDI of 0.08, acceptable quality
protein would have PDI of 0.1 to 0.4, while the precipitated protein would have PDI of 0.4 to 0.9 [19].
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Molecular Weight Cut Off (MWCO)

The MWCO analysis of unmodified PBI, CMBA modified PBI (PBI-CMBA), and PVA-alkyl
modified PBI membranes was conducted using 100 ppm solutions of various molecular weights of
polyethylene glycol (PEG) and sucrose solutions. The total organic carbon (TOC) of both feed and
permeate solutions were measured using Teledyne Tekmar Fusion TOC analyzer (Mason, OH, USA).
The various samples that were used in this study along with their Stokes-Einstein radii are shown in
Table 1. The rejection values of all solutes were used to determine the MWCO of both unmodified and
modified PBI membranes. The molecular weight of solute in feed solution for which the membranes
showed more than 90% rejection was considered the MWCO of the membranes. The apparent solute
rejection R (%) was calculated using Equation (1).

R =

(
1 − Cp

Cf

)
× 100% (1)

where Cp and Cf are solute concentrations in permeate and feed solutions respectively.

Table 1. Neutral solutes used for Molecular Weight Cut Off (MWCO) analysis and their Stokes-Einstein
radii in nm [54–58]. PEG: polyethylene glycol.

Solute Mol. Wt. (gm/mol) Stokes-Einstein Radii (nm)

PEG 200 200 0.41

Sucrose 342.3 0.47

PEG 400 400 0.57

PEG 600 600 0.68

PEG 1000 1000 0.94

Contact Angle Measurements

Contact angle was used as a measure to determine the hydrophilicity of the membrane surface.
A drop shape analyzer—DSA 100 (KRUSS USA, Matthews, NC, USA) was used for contact angle
measurements using sessile drop technique.

Zeta Potential and Surface Charge Analysis

Zeta potential is used to analyze the surface charge of membranes at different pH environments.
It is particularly important to analyze the separation efficiency of membranes based on charge and
also a confirmation test for surface modification [59]. Surface charge was analyzed by measuring the
zeta potential using an Anton Paar SurPASS electrokinetic analyzer (Anton Paar, Ashland, VA, USA)
in surface analysis mode. Before analysis, membranes were rinsed with copious amounts of DI water
to remove any residual solvent or glycerol from the storage solution in the case of PBI membranes.
The KCl electrolyte solution (Sigma Aldrich, St. Louis, MO) used in these measurements had an
ionic strength of 1.0 mM. The pH values for the various readings were adjusted using 0.5 M HCl
(Sigma Aldrich, St. Louis, MO, USA) and 0.5 M NaOH (Sigma Aldrich, St. Louis, MO, USA) solutions
for acid and base titrations.

Elemental Analysis

Membranes modified with Aqp-SH were analyzed for changes in the concentration of sulfur since
unmodified PBI, –COOH modified PBI, and PVA-alkyl modified PBI membranes do not contain any
sulfur present in their structures. Hence, Aqp-SH modified membranes were analyzed for the sulfur
concentration in them as a confirmation for attachment of aquaporins to the membranes. K-Alpha
x-ray photoelectron spectrometer (XPS, Thermo Fisher Scientific, Waltham, MA, USA) was used in
order to analyze the elemental composition along the cross section of both unmodified and Aqp-SH
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modified membranes. Depth profiling was performed using an ion beam to etch layers of membrane
surfaces and elemental composition was measured after each etching cycle. An ion beam of 200 eV
was used to etch the surface. Three etching cycles were performed for 120 s each for elemental analysis
along cross sections of membranes.

Membrane Morphology

To investigate the cross-section of the membrane and measure the thickness of selective layer of
modified membrane, ion beam of the FEI Helios Nanolab Dual beam was used to cut out a small piece
of the membrane. A small deposit of platinum with a thickness of around 60 nm was deposited over
the area in order to protect the underlying surface during the process of cutting of cross-section by ion
beam. A small cross section was cut out and lifted away from the rest of the membrane sample by
welding a small bead of platinum to the platinum layer. This sample was then thinned out with a low
power ion beam until the morphology of the mesoporous layer was visible using STEM mode in the
Dual Beam. This sample was transferred into the JEOL 2010F (Peabody, MA, USA) for TEM imaging
of the cross-section.

Flux Analysis

Flux profiles of PBI, PVA-alkyl modified PBI, inactive Aqp-SH modified PBI, and active Aqp-SH
modified PBI membranes (called just Aqp-SH modified membranes) were obtained using dead end
filtration in an Amicon filtration cell (Amicon Stirred Cell 8010—10 mL, Burlington, MA, USA) under
a constant pressure of 0.48 MPa (4.83 bar) and continuous stirring. Flux values were calculated and
plotted against the total permeate volume. Membrane samples were cut into circular pieces of area
4.1 cm2 and supported by a WhatmanTM filter paper (125 mmø, Sigma Aldrich, St. Louis, MO, USA).
Each membrane was precompacted with DI water for 1 h until a stable flux was reached.

Precompaction was followed by feed solutions of monovalent and divalent salt solutions in water
under same conditions of pressure and stirring. Salt rejection was evaluated using five solutions of
different concentrations of sodium chloride (NaCl, Sigma Aldrich, St. Louis, MO, USA) and calcium
chloride (CaCl2, Sigma Aldrich, St. Louis, MO, USA) in DI water: 3.4, 10, 20, 35 and 100 mM solutions.
Salt concentrations were measured using conductivity meter. Solute rejections were calculated using
Equation (1).

After each feed water filtration, reverse flow filtration using DI water was performed for 1 h to
remove reversibly-attached foulants that were not adsorbed to the membrane and the filter paper
support was changed. The flux recovery of the membrane was measured afterwards in order to study
the effect of presence of aquaporins on removal of reversible fouling.

In order to analyze linearity of DI water flux through unmodified and Aqp-SH modified PBI
membranes, flux values were measured using DI water as feed solution at four different pressure
values: 1.38, 2.76, 4.14, and 5.52 bar.

Unmodified and modified membranes were subjected to dead end flow filtration using 0.5 M,
1 M, and 2 M NaCl and CaCl2 solutions in order to compare the rejection trends of membranes under
high salt concentration feed solutions. Inductively coupled plasma (ICP) analysis was used to measure
the concentrations of permeates obtained from all membranes.

2.2.7. Estimation of Aquaporin Packing in Membrane Assembly:

Membrane porosity and double layer properties influence ion fluxes through the membrane.
The flux values measured for Aqp-SH modified membranes exhibited weak sensitivity to ionic strength.
These fluxes (j) can be estimated via an ion’s concentration (c) gradient and its diffusion coefficient (D),
as shown in Equation (2):

j = D∇c (2)
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assuming a concentration gradient was imposed perpendicular to a porous film. This concentration
gradient was set by the ion concentrations in reservoirs to either side of the membrane as well as
their separation. By relating the measured flux to the concentration gradient, an effective diffusion
coefficient, De, could be determined. This allowed the inference of relative packing densities of aqp
molecules incorporated in the active layer of membrane. This effective diffusion coefficient would
be generally smaller than the ion’s intrinsic diffusion rate in bulk media, and moreover, it would be
proportional to the ratio of the accessible pores’ surface area to the total surface area, assuming the
channels were perfectly linear and aligned with the concentration gradient, e.g., De =

SApore
SAtotal

× D.
According to the SEM imaging data of cross-sections of membranes published previously [40], it
was further assumed that the PVA-alkyl and PBI were stacked in layers aligned perpendicular to the
concentration gradient.

Based on these assumptions, a numerical partial differential equation was used to estimate how
ionic fluxes were modulated by aquaporin surface densities, from which aquaporin packing densities
compatible with experimentally-measured flux data could be determined. Namely, finite element
simulations of the steady state Fickian diffusion Equation (3) were performed,

dc
dt

= −∇j (3)

subject to c(L) = 1 mM and c(R) = 0 mM, where c is the concentration of the ionic solution, D is the
diffusion coefficient and L, R correspond to the left and right reservoir boundaries. From these
simulations, an effective diffusion coefficient that reflected the impact of the channel geometry
on transport was determined. This proceeded through recognizing the flux was related to the
concentration gradient via Equation (4)

< j > =
1
A

∫
D ∇c dS (4)

where A is the surface area of the film and S represents the surface. Flux could be expressed in terms
of concentrations and De was given by Equation (5)

< j > A ∼ De
(c(L) − c(R))
(x(L) − x(R))

(5)

where c(i) is the concentration at boundary i (left and right) and x(i) is the position of the boundary.
By numerically evaluating <j> at the film boundary, the equation was solved for De based on the
concentrations imposed at the reservoir boundaries and their separation distance.

These equations were solved on three-dimensional finite element meshes [59,60], based on
potential membrane and aquaporin configurations using the mesh generation tool GMSH [59,61]
(See Figure 4). The meshes consisted of two reservoirs separated by a porous domain representing the
film. Aqp or aggregates thereof were represented by cylinders of varying radii aligned parallel to the
membrane. In principle, atomistic resolution surface geometries could have been used for the Aqp
molecules [59,60], but since specific knowledge of the membrane structure at the solvent/membrane
interface was not known, a simple cylindrical representation of the protein was used. These equations
were solved, assuming Dirichlet conditions of c = 1.0 M and c = 0.0 M on the left and right reservoir
boundaries [59,60] via the finite element method using FEniCS [59,62]. Thebulk diffusion coefficient
was arbitrarily set to D = 1.0 m2/s, since we present effective diffusion constants that are normalized
with respect to the bulk value. Specifically, the weak form of these equations was solved using a
piecewise linear Galerkin basis with FEniC’s default direct linear solver and parameters. Concentration
fluxes were determined by performing an ‘assemble’ call on an immersed boundary located at the
middle and oriented parallel of the porous film. Details of the numerical procedure follow from
previously published work [59,60]. To capture the behavior of monomeric AqpZ, the flux found
at the boundary of a pore was normalized [59,60]. The packing fraction observed in the boundary
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layer then represented a boundary condition surrounding individual aquaporins. All code written in
support of this study is publicly available [60]. Simulation input files and generated data are available
upon request.

Figure 4. Representative simulation geometry of the membrane occluded by aquaporin (Aqp)
aggregates. Here the left reservoir contained 1000 ppm NaCl solution versus pure solvent in the
right reservoir (0 M NaCl). Aqp aggregate-size was simulated by cylinders of increasing diameter
overlaid onto the membrane surface. Packing density was also tuned by changing the relative area
of the PBI membrane. The effective ion diffusion rate was obtained by integrating the concentration
gradient along the membrane surface, based on numerical simulation of the steady-state diffusion
equation on this geometry.

3. Results

3.1. Dynamic Light Scattering

As shown in Figure 5, the particle size analysis of Aqp-SH solution obtained showed a sharp peak
around 10 nm, which is the size range of aquaporin molecules and the bound detergent. In addition, the
PDI obtained from the particle analyzer was 0.19. This showed that the proteins were not aggregated
in the solution and the PDI of aquaporin solution was in the acceptable range [19].
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Figure 5. Size measurement of Aqp-SH by dynamic light scattering (DLS). DLS studies showed that
aquaporins were not aggregated in the solution.

3.2. MWCO Analysis

Both unmodified PBI and PBI-CMBA membranes showed 90% rejection for PEG 1000 (Figure 6
and Table 2), which has a Stokes radius of 0.94 nm. This showed that the membranes were in the
nanofiltration range. After modification with PVA-alkyl attachment to the membrane, the produced
membranes showed a 90% rejection for PEG 600, which has a Stokes radius of 0.68 nm. This showed
that PVA-alkyl modified membranes were also nanofiltration membranes but with smaller pores.
Aqp-SH modified membranes showed rejections of 95.2% ± 3.7%, 97.2% ± 1.4%, 98.4% ± 0.4% for
PEG 200, Sucrose, and PEG 400. In addition, these modified membranes showed complete rejections
for PEG 600 and PEG 1000.

Figure 6. MWCO analysis of unmodified PBI, –COOH modified PBI, and PVA-alkyl modified
PBI membranes.
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Table 2. Rejections obtained for unmodified Polybenzimidazole (PBI), 4-chloromethyl benzoic acid
(CMBA) modified PBI (PBI-CMBA) and aquaporin Z modified with cysteine (Aqp-SH) modified
PBI membranes.

Membrane Rejection > 90%

Unmodified PBI 0.94 nm (94.2% ± 2.5 %)

PBI-CMBA 0.94 nm (93.0% ± 2.4 %)

PVA-alkyl modified PBI 0.68 nm (91.3% ± 1 %)

3.3. Aquaporin Attachment Verification through Elemental Analysis

Depth profiling in XPS analysis was performed for both PBI-COOH and Aqp-SH modified PBI
membranes in order to prove the change in sulfur concentration in the membranes after modification.
Tables 3 and 4 show weight percentage of atoms of carbon, oxygen, nitrogen and sulfur present in the
membrane samples. It can be seen from Table 3 that the amount of sulfur is negligible in PBI-COOH
membrane, which was expected since the structure of –COOH modified PBI [40,43] does not contain
any sulfur. A small amount of sulfur shown in unmodified membrane might be due to impurities
present on the surface and polymer matrix of the membrane. Table 4 shows some amount of sulfur in
Aqp-SH modified membrane. Each aquaporin monomer contained four cysteine groups including the
one attached at the end groups. Considering the tetrameric form of aquaporins, there are 16 sulfur
atoms present in one aquaporin molecule. Hence, for a point scan, the amount of sulfur present at a
level in Aqp-SH modified membranes should be between 0.5% and 1%. Therefore, elemental analysis
of both unmodified and modified PBI membranes showed the presence of sulfur in the Aqp-SH
modified membrane.

Table 3. Elemental composition of elements in PBI-COOH membrane.

Carbon Nitrogen Oxygen Sulfur

Surface 85.22 10.7 4 0.07

Level 1 86.28 10.28 3.39 0.05

Level 2 86.2 10.39 3.33 0.09

Level 3 87.3 10.56 2.11 0.03

Table 4. Elemental composition of elements in Aqp-SH modified PBI membrane.

Carbon Nitrogen Oxygen Sulfur

Surface 92.13 4.07 3.3 0.5

Level 1 87.18 8.93 3.41 0.48

Level 2 87.58 8.73 2.99 0.7

Level 3 86.82 8.02 3.05 0.62

3.4. Hydrophobicity

Contact angle was used as a measure of hydrophobicity, and results are shown in Table 5.
CMBA modified membranes were found to be more hydrophilic than PBI membranes [42,43]. This was
most likely due to addition of a –COOH group in the modified molecule and its increased ability
to form hydrogen bonds because of the presence of oxygen with a lone pair. After the addition of
PVA-alkyl to the membranes, the contact angle decreased further showing a significant increase in
the hydrophilicity of the membrane. This was most likely due to high hydrophilicity of PVA. It is
hypothesized that hydrophobic part of PVA-alkyl was reoriented so that the alkyl chains were inside the
membrane matrix whereas PVA was on the outside, thus making the membranes more hydrophilic [61].
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After chemical attachment of Aqp-SH and PVA-alkyl, there was no significant difference in the contact
angle showing that most of the surface of Aqp-SH membrane might be covered with PVA-alkyl,
providing a protection to Aqp-SH. The middle portion of AqpZ is hydrophobic, but the ends are
hydrophilic as these parts are exposed to the cytosol/periplasm. In case of aquaporins aligned to the
feed direction and exposed to the surface, the hydrophilic ends would be facing up, and this would be
responsible for an increase in contact angle if they were exposed on the surface of the membrane [4].

Table 5. Hydrophobicity via contact angle.

Membrane Contact Angle

Unmodified PBI 75◦ ± 0.55

–COOH modified PBI 70.56◦ ± 1.04

PVA-alkyl modified PBI 60.5◦ ± 1.44

Aqp-SH modified PBI 57.5◦ ± 0.93

3.5. Zeta Potential and Surface Charge Analysis:

Aquaporins have histidine groups present at the pore opening which are positively charged [62].
In order to confirm that the aquaporins were not exposed on the surface of Aqp-SH modified
membranes, zeta potential analysis was carried out of unmodified PBI, PBI-CMBA, and Aqp-SH
modified PBI membranes over a pH range of 2–10 (Figure 7). There were no significant differences
between the surface charge curves of the three membranes, with PBI-CMBA showing a more negative
trend as compared to the others likely due to the additional of functional carboxylic end groups to
the membrane surface. Since Aqp-SH membranes did not show more positive trends, and in fact
showed no significant difference in zeta potential as compared to the unmodified PBI membranes, it is
concluded that aquaporins were not exposed on the surface of the membranes.

Figure 7. Zeta potential values of unmodified PBI, PBI-CMBA, and Aqp-SH modified PBI membranes
over a pH range of 2–10.

3.6. Membrane Morphology

Membranes modified with Aqp-SH-PVA-alkyl showed a selective layer of approximately 50 nm.
However, the cross-sectional images (Figure 8) did not provide any visual confirmation of Aquaporins
present in the selective layer of the membrane. A selective layer as thick as 50 nm might be because
of the surface modification of PBI membrane with PVA-alkyl. Lack of any visual confirmation of
aquaporins in the selective layer might be because there were no vesicles in the system and aquaporins
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were present in the modification layer as individual molecules surrounded by hydrophobic and
hydrophilic groups of PVA-alkyl.

Platinum deposition 

Selective layer 

Figure 8. Cross sectional image of a cut out of the modified membrane obtained using TEM. The cutout
was obtained using a focused ion beam instrument.

3.7. Flux Analysis

To investigate the ability of the Aqp-SH membranes to reject ions, filtration studies using
different concentration solutions of NaCl and CaCl2 in water were performed under a constant
pressure of 4.83 bar. Experiments were conducted in parallel in order to study unmodified and
modified membranes, and the flux values were plotted as a function of permeate volume for
unmodified, PVA-alkyl modified PBI (to reflect the amphiphilic matrix without aquaporins), inactive
Aqp-SH modified PBI (i.e., to be used as a negative control) and Aqp-SH membranes, as shown in
Figure 9A–D, respectively.

(A) 

Figure 9. Cont.
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(B) 

(C) 

Figure 9. Cont.
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(D) 

Figure 9. (A): Flux analysis of unmodified PBI membrane; (B): Flux analysis of PVA-alkyl modified
PBI membrane; (C): Flux analysis of inactive Aqp-SH modified PBI membrane; and (D): Flux analysis
of Aqp-SH modified PBI. All flux analyses were carried out at constant pressure of 0.48 MPa (4.83 bar).
Five concentrations each of NaCl and CaCl2 solutions were used as feed solutions and reverse flow
filtration was used after every solution filtration.

PVA-alkyl modified membranes showed the lowest initial flux, filtration flux and recovered flux
among all membranes possibly because of added resistance to flow due to the addition of a dense layer
to the surface and because of a decrease in pore size (Figure 6). Unmodified PBI membranes showed
highest initial flux values, which might have been due to the absence of any layer adding resistance
on the surface of membranes. The flux profile obtained for the inactive Aqp-SH membranes did not
show any significant change when compared to that of PVA-alkyl modified membranes, possibly
due to the lack of water permeability of inactive mutant of aquaporins (Aqp-SH R189A) [11,50].
The incorporation of aquaporins on PVA-alkyl modified membranes showed an increase in flux
values as compared to PVA-alkyl membranes as well as the membranes modified with inactive
mutant; however, the flux values of Aqp-SH membranes were still lower than those of unmodified PBI
membranes. The addition of PVA-alkyl alone acted to both block pores and increased resistance to
flow, and hence, decreased flux. The addition of functional aquaporins to these membranes provided
them with flow channels, which increased the flux as compared to PVA-alkyl membranes. However,
the flux was not as high as the modified membranes owing likely to the fact that aquaporin coverage
was not complete over the surface of the PVA-alkyl, so there were still regions of minimal or no flow.
Additional experiments were conducted in order to analyze the flux linearity of unmodified and
modified membranes. Fluxes produced by all the membranes increased linearly with increment in
pressure. Also, the incorporation of immobilized aquaporins and dense PVA-alkyl layer on the surface
of PBI membrane did not affect the flux linearity of the membranes (Figure S1).
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With respect to salt rejection (Figure 10), Aqp-SH membranes showed the highest rejections for the
solutions as compared to unmodified PBI and PVA-alkyl modified PBI membranes. Unmodified PBI
membranes showed 19 ± 2.3% rejection during filtration of the 3.4 mM NaCl solution, and as the NaCl
concentration increased to 100 mM, the rejection decreased to 5.3 ± 1.2%. PBI membranes modified
with only PVA-alkyl showed a rejection of 37.24 ± 2.5% for a feed solution of 3.4 mM NaCl solution and
19.53 ± 3.7% rejection for 100 mM NaCl solution. PBI membranes modified with inactive mutant of
Aqp (Aqp-SH R189A) showed 48.7 ± 3.2% rejection during filtration of the 3.4 mM NaCl solution, and
as the NaCl concentration increased to 100 mM, the rejection decreased to 29.5 ± 5.1%. On the other
hand, Aqp-SH membranes showed a significantly higher rejection of 72.15 ± 4.2% for 3.4 mM feed
solution of NaCl and 72.95 ± 1.8% for 100 mM NaCl. Similarly, unmodified PBI membranes showed
24.30 ± 1.5% rejection during filtration of the 3.4 mM CaCl2 solution, and as the CaCl2 concentration
increased to 100 mM, the rejection decreased to 8 ± 1.8%. PVA-alkyl modified PBI membranes showed
41.61 ± 4% rejection for 3.4 mM CaCl2 and 25.82 ± 4.5% rejection for 100 mM CaCl2. Aqp-SH R189A
modified PBI membranes showed 53.4 ± 3.2% rejection for 3.4 mM CaCl2 and 33.8 ± 1.6% rejection
for 100 mM CaCl2. On the other hand, Aqp-SH membranes showed a rejection of 73.01 ± 3.7% for
3.4 mM feed solution of CaCl2 and 72.0.4 ± 7.4% for 100 mM CaCl2. To demonstrate the effectiveness
of the functionalizing aquaporins with cysteine end groups (i.e., Aqp-SH), results were compared to
those using the exact same membranes (PVA-alkyl modified PBI membranes) with regular aquaporin
Z (AqpZ) added to them [40]. As non-functionalized AqpZ does not have cysteine groups as anchors
to attach chemically on membrane surface, the non-functionalized AqpZ were added via physical
incorporation into PVA-alkyl, which acted as a surface modification layer on PBI membrane. Results
showed that membranes modified with aquaporins displayed lower flux declines and higher flux
recoveries after reverse flow filtration, along with improved rejection values for both protein and salt
solutions as compared to PBI and PBI-PVA-alkyl membranes. However, there was leakage of ions
between channels as observed by salt rejections decreasing as a function of feed concentration, from
approximately 70% at 10 mM to less than 40% at 100 mM. On the other hand, membranes modified
with functionalized aquaporins (Aqp-SH) showed consistently higher salt rejection values of ~70%
irrespective of feed concentration, along with higher flux recoveries and lower flux declines.

All membranes were then subjected to high concentration feed solutions of NaCl and CaCl2
(Figure 10). Unmodified PBI membranes showed 2.1 ± 0.5% rejection during filtration of the 0.5 M
NaCl solution, and as the NaCl concentration increased to 2 M, the rejection decreased to 0.8 ± 0.4%.
PBI membranes modified with only PVA-alkyl showed a rejection of 15.21 ± 5.1% for a feed solution
of 0.5 M NaCl solution and 2.13 ± 1.7% rejection for 2 M NaCl solution. Aqp-SH R189A modified PBI
membranes showed 26.7 ± 2.6% rejection during filtration of the 0.5 M NaCl solution, and as the NaCl
concentration increased to 2 M, the rejection decreased to 12.6 ± 1.5%. On the other hand, Aqp-SH
membranes showed a significantly higher rejection of 62.4 ± 5.4% for 0.5 M feed solution of NaCl and
49.3 ± 7.5% for 2 M NaCl. Similarly, unmodified PBI membranes showed 3.4 ± 0.8% rejection during
filtration of the 0.5 M CaCl2 solution, and as the CaCl2 concentration increased to 2 M, the rejection
decreased to 1.3 ± 0.2%. PVA-alkyl modified PBI membranes showed 17.52 ± 1.7% rejection for 0.5 M
CaCl2 and 13.19 ± 5.1% rejection for 2 M CaCl2. Aqp-SH R189A modified PBI membranes showed
28.7 ± 3.2% rejection during filtration of the 0.5 M CaCl2 solution, and as the CaCl2 concentration
increased to 2 M, the rejection decreased to 16.7 ± 1.0% On the other hand, Aqp-SH membranes
showed a rejection of 67.2 ± 3.5% for 0.5 M feed solution of CaCl2 and 59.1 ± 5.1% for 2 M CaCl2.
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Figure 10. Rejection trends for Sodium chloride and calcium chloride filtration.

PVA-alkyl modified membranes showed higher salt rejection values as compared to unmodified
PBI membranes possibly due to a decrease in MWCO, pore size of membranes, and charge interactions
with ions. Membranes modified with inactive mutant of Aqp showed slightly higher rejections
than PVA-alkyl modified PBI membranes. However, the difference between PVA-alkyl modified PBI
membranes and Aqp-SH R189A modified PBI membranes was not significant. Two different samples
were used in order to carry out flux analysis and salt rejection studies. The slight difference between
salt rejections obtained from PVA-alkyl modified PBI and Aqp-SH R189A modified PBI might be due to
the variation of concentration of PVA-alkyl on the surface of membrane sample. The rejection obtained
for Aqp-SH modified PBI membranes for salt solutions were higher as compared to the unmodified
PBI membranes. This might be due to the immobilized aquaporins on the membrane surface.

Rejection properties are in part determined by the electric double layer that arises from the
electrostatic potential about charged surfaces in aqueous media; the magnitude of this potential and its
rate of decay from the surface are determined by the surface charge and ionic strength, respectively [63].
As the ionic strength of feed solution increases, rejection decreases owing to a contraction of the electric
double layer that enhances charge shielding [64,65] and reduces ion transport rates [66]. However, in
the case of aquaporin modified membranes, membrane rejection remained fairly constant irrespective
of the ionic strength of salt solutions (Figure 11). In the case of unmodified PBI membranes and
membranes modified with PVA-alkyl, a decrease in salt rejection was observed as the ionic strength
of feed salt solutions increased, which corresponds to double layer and charge shielding effects.
The constant rejection of salt solution obtained with aquaporin modified membranes shows that
immobilized aquaporins might be unaffected by charge interactions and provide the same rejection
irrespective of the ionic strengths of the feed solutions. The reason might be because of the unique
hourglass shaped structure of aquaporin pores and the electrostatic barrier able to reject all the charged
entities present in feed other than water molecules [67,68], which means that any decreases in rejection
would be due to leakage around the aquaporins. The free-energy profile for ion penetration through
aquaporin modified membrane shows a significant difference between the overall barriers for ion
and water penetration. The constant rejection observed with Aqp-SH modified membranes is another
evidence of the presence of functionalized aquaporins that opened up more water channels, increased
water flux through the membrane, and provided higher and constant rejection of feed salt solutions
irrespective of their ionic strength. However, it is likely that aquaporins did not cover entire surface
area of the membranes due to the presence of detergent or PVA-alkyl, so some of the feed solution
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might have gone around the aquaporins on the surface, providing a rejection less than the complete
rejection that was expected with aquaporins.

3.8. Estimations of Aquaporin Packing in Membrane Assembly

Although the polymer layers could be resolved via electron microscopy, the distribution of
surface-anchored Aqps were beyond limits of detection. Thus, to investigate the hypothesis that
aquaporin surface deposition was incomplete, a computational model was used to measure ion fluxes
across a membrane with aquaporins aggregates of varying sizes. In principle, complete coverage of
the film surface with aquaporins should reduce electrolyte flux across the membrane to zero while
permitting water flux owing to the high selectivity of aquaporins to water over ions. Although
electrostatic interactions with charged surfaces can strongly influence ion conduction [69], the high ion
concentrations at which the experiments were conducted strongly attenuated such effects.

To rationalize the flux values reported in Figure 9A–D that demonstrated significant variations
in magnitude with respect to polymer membrane configuration, a computational geometry was
developed. The 1 nm diameter pores were consistent with MWCO analysis; the pore spacing accounted
for 28% surface coverage by nanopores. For this modeling, the PVA-alkyl porosity was assumed to
be invariant across the characterized membrane configurations. Since ions do not permeate through
the Aqp pore, the proteins were presumed to comprise a monolayer of cylindrical obstructions that
resist flow through the PBI layer. Here it was assumed that Aqps capped the PBI-pores and the 64%
reduction in flux reported in Figure 9B for PVA-alkyl-only relative to Aqp-SH modified membranes
could be attributed to capping a commensurate percentage of available pores. However, these data are
insufficient to density of the channels on the membrane surface.

Using a computational simulation of electrolyte diffusion through the Aqp-studded membranes
(Figure S2; Table S1), we investigated the extent to which electrolyte fluxes at the membrane were
influenced by the Aqps distribution: either as single proteins distributed uniformly or as aggregates.
Hence, to determine whether the Aqp-SH behave as aggregates or uniformly distributed channels,
we resorted to a three-dimensional, partial differential equation-based model that could account for
a range of possible Aqp-SH distributions and packing densities. The model largely follows from
our implementation described in previous studies [66,70] and we include implementation details in
Methods Section 2.2.7.

Toward this end, the steady state diffusion equation was solved based on varying Aqp aggregate
sizes. Figure 11 shows a disk of increasing radius that occluded the underlying pores as a representation
of Aqp-aggregates of increasing size. In Figure 10, we demonstrate that the model predicted an increase
in effective diffusion rate as the Aqp packing density approached 0, such that the faster diffusion
observed experimentally for the PBI-only case was recovered. In other words, NaCl diffusion was
not impeded by Aqp and diffused at rates typical of a PBI-only membrane. As the Aqp packing
density approached 64%, the effective diffusion constant approached the experimental estimate for the
Aqp-modified membranes, which we indicate in Figure 10 by the red vertical line. We additionally
show in Figure 10 (model fit) the change in De with respect to packing density for a single Aqp
monomer, by varying the surface area of the film for a fixed Aqp monomer size 0.4 nm × 0.4 nm.
We simulated the effect of varying the monomeric Aqp packing fraction, by scaling the average
concentration flux at the Aqp over a range of surface areas, as this flux will scale proportional to
the occluded surface area. It was found that the effective diffusion rate scaled comparably to the
aggregates, hence these two cases could not be discriminated based on diffusion alone.

It is important to note that Aqp monomers at a given packing density presented more
exposed surface area compared to an aggregate of comparable density. In light of which, packing
configurations could be discriminated under conditions that manifest strong surface/diffuser
interactions. For instance, in the event that these experiments were performed under low ionic
strength conditions, it was expected that ions could interact with the Aqp surface and thereby influence
diffusion, either through weak electrostatic interactions or high affinity binding [69]. In addition, as
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shown in in Figure 9D, the initial flux obtained for Aqp-SH modified membranes could be due to
the aggregation of some of the aquaporins on membrane surface. Using the experimental flux data
obtained in Figure 9D, the packing fraction of dispersed aquaporins was found to be ~64%.

 

Figure 11. Predictions and experimentally measured effective diffusion coefficients, based on the
geometry in Figure 4. Black lines correspond to experimental data found in Supplemental Table S1.
Blue lines represent aggregate (solid) and monomeric (dots) Aqp models, respectively.

4. Concluding Remarks

Modification of aquaporins with a cysteine at the N-terminus and immobilization of these
modified aquaporins on the membrane surface was successfully accomplished. Elemental analysis
showed that aquaporins were immobilized on the membrane surface. It is proposed that four
cysteine groups acting as anchors for aquaporin tetramer helped to align aquaporins on the surface of
membranes. In agreement with pore size distributions, charge interactions, and added resistance to
flow due to modification, PVA-alkyl modified PBI membranes showed lower flux values and slightly
higher salt rejection as compared to unmodified PBI membranes. On the other hand, Aqp-SH modified
membranes displayed lower flux values as compared to unmodified PBI but higher as compared
to PVA-alkyl modified membranes. Membranes modified with an inactive Aqp-SH were used as
a negative control to demonstrate the functionality of Aqp-SH incorporated into the membranes.
Inactive Aqp-SH modified membranes did not show any improvement in flux values as compared
to PVA-alkyl modified PBI membranes. Furthermore, owing to the presence of functional and
immobilized aquaporins, Aqp-SH modified membranes displayed the highest salt rejection values
among all membranes analyzed in the study. Aqp-SH modified membranes displayed a nearly constant
salt rejection irrespective of the salt concentration for low feed concentration, while unmodified PBI
and PVA-alkyl modified PBI membranes showed a decrease in rejections as feed salt concentration
increased. However, due to the hindrance of detergent or PVA-alkyl in aquaporin solutions, the surface
of the membrane was not completely covered with immobilized and aligned aquaporins, which in
turn led to rejection values lower than 100%. Simulation studies showed that immobilized aquaporins
with PVA-alkyl provided a diffusion rate equivalent to 64% coverage. This proved that aquaporins
did not cover the entire surface area of the membranes, thereby providing a salt rejection of less than
100%. In addition, the flux obtained with Aqp-SH modified membranes was lower as compared to
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unmodified PBI membranes. This might be due to aggregation of some of the aquaporins added
onto membrane surface. The packing fraction for dispersed aquaporins on membrane surface was
calculated to be ~24%.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/2/76/s1,
Figure S1: Flux linearity and permeability consistency for unmodified PBI and Aqp-SH modified PBI membranes.
Figure S2: Diffusion cell assembly with 1000 ppm NaCl and DI water in two compartments separated by
membrane. Table S1: Salt concentrations measured every day for all three membranes in diffusion cell assembly.
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