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Abstract

Preparation of some smart PAm-ZTS pH-responsive membranes, via reactions between
ZTS and PAm under different conditions, was conducted for testing pressure-driven
reverse osmosis membranes (PDROMs) in active rejection of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+,
and Ho3+ ionic lanthanide species in their 3+ and 4+ states. Recent theoretical models to
designate the membrane operations were mathematically itemized, after selective charac-
terization of the PDROMs. The pH scale response of the membrane was confirmed using
static adsorption and hydraulic pervasion result estimations. The flux across the PAm-
ZTS membrane decreased with the lowering pH value, with drastic decreases between pH
4 and 7, and was both reversible and durable with pH shifts between ~3 and ~8. At lower
pH 3, the individual pores were in a closed-state due to the prolonged structure of
the amide chains on the porous surfaces. In contrast, at pH 8, the higher pH value, the
membrane pores were in an open-state format, because of the collapsed structures of
the amide chains. This grants a clear possible approach for manufacturing some pH-
responsive composite membranes and inspires further design for their stimuli-responsive
actions by incorporating molecularly designed macromolecules, synthesized by controlled
polymerization.

Keywords: pH-responsive membranes, preparation, characterization, morphology, zeta
potential, lanthanides, modeling

1. Introduction

Adsorption is the conventional chemical engineering process which is applied in many indus-

tries, including oil refineries, petrochemicals, and water and wastewater treatment. Adsorp-

tion is an effective separation strategy for the rejection of a wide range of contaminants,
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including wastewaters, radioactive waste streams, and separation of radionuclides, but it is not

so favorable for the elimination of anions like boron, perchlorates, and nitrates. Adsorption

processes would be upgraded by integrating with supplementary processes to obtain hybrid

processes with higher removal efficiency [1–5].

Osmosis is a physical technique that has been widely examined by researchers in different

branches of science and engineering. Early researchers considered osmosis through naturally

occurring materials, and from the mid of the nineteenth century, extraordinary consideration has

been given to osmosis through manufactured materials. Following the advance in reverse osmo-

sis over the most recent couple of decades, particularly for forward osmosis applications, the

interests in different engineering purposes of osmosis had been impelled. Osmosis, or as it is at

present alluded to as forward osmosis, has modern applications in wastewater treatment, suste-

nance preparing, and seawater/saline water desalination. Other one of a kind of regions of

forward osmosis look into incorporate pressure retarding osmosis for era of power from saline

and unused water and implantable osmotic pumps for controlled medication discharge [6–8].

2. Different categories of membrane processes

Recently, membrane technology has gained great attention as a powerful separation technique.

Figure 1 shows the main categories of the membrane processes. They are categorized mainly

based on the size of the contaminants they can exclude from the input stream. Nanofiltration

(NF) is one of the fourth classes of pressure-driven membranes appeared after microfiltration

(MF), ultrafiltration (UF), and reverse osmosis (RO). It was first developed in the late 1970s as a

variant of reverse osmosis membrane [ROM] with reduced separation efficiency for smaller and

fewer charged ions such as sodium and chloride. As the term, NF was not known in the 1970s,

such that membrane was initially categorized as either loose/open RO, intermediate RO/UF, or

tight UF membrane. The term NF appears to have been first used commercially by the Film-Tec

Corporation (now the Dow Chemical Company) in the mid-1980s to describe a new line of

membrane products having properties between UF and RO membranes. Owing to the unique-

ness and meaningfulness of the word NF, other membrane scientists have begun using it [9–11].

Because of late advancements and advances in osmosis innovation, fascinating film operations,

including membrane desalination (MD), pressure retarding osmosis (PRO), and reversed

electrodialysis (RED), have developed. These operations are equipped for creating spotless

and reasonable power from different waste streams, including brackish water and debilitated

water, which generally are viewed as natural liabilities. PRO and RED require blending of a

high salinity content (e.g., seawater or brackish water and wastewater, separately) with a low

salt content to produce power. MD has demonstrated the possibility to produce freshwater

and power as an independent process. Reconciliation of MD with PRO or RED upgrades the

execution of these procedures and gives a perfect and practical course to create freshwater and

vitality [13–16].
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3. Recent drifts in pH-responsive separation techniques

Recently, membrane technology has gained great attention as a powerful separation technique

due to prominent advantages over common processes such as high removal efficiency, low

energy consumption, fast kinetic, small footprint, and ease of scale up. They are favored for

full-scale applications due to normal operating conditions, high productivity, and low energy

consumption. They can efficiently eliminate many contaminants including proteins, macro-

molecules, natural organic matters (NOMs), dyes, dissolved organic matter (DOM), boron,

and compounds responsible for odor and color, from aqueous media. However, the recent

achievements for pH-responsive membranes require an ion exchange separation in some cases.

Figure 2 shows a combination between adsorption and membrane separation. The overall

removal efficiency of the hybrid process would be enhanced [17–19]. Generally, three different

procedures for hybridization of membrane systems with adsorption processes may be found:

• Adsorption treatment before membrane filtration (pretreatment layout)

• Integrated adsorption/membrane processes (IAMPs)

• Adsorption treatment after membrane filtration (post-treatment layout)

Figure 1. Classification of membrane processes according to separation type, relative size, and approximate molecular

weight rejected materials [12].
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The current chapter deals with the adsorption/membrane integrated systems. As could be seen

in Figure 2, some promising advantages of adsorption/membrane integrated systems could be

obtained. They include:

1. Expanding separation efficiency

2. Diminishing process cost

3. Diminished membrane fouling in some cases

4. Straightforwardness of handling and fast control compared to conventional treatments

5. Lower volume of discharge

6. Potential request of beneficial biosorbents

7. Reusability of both membranes and adsorbents

8. Firm removal kinetics

9. Low-energy feed requirements versus adsorption columns, NF and RO systems

10. Low-pressure drop against adsorption columns

4. Fabrication of pH-responsive membranes

Intended for the pre-synthesis of pH-responsive polyacrylamide zirconium titanosilicate (PAm-

ZTS) membranes, liquid titanium(IV)chloride (98%), TiCl4, 189.68 [g/mol], 1.728 g/cm3 (20�C),

and zirconium(IV)oxychloride octahydrate powder (>99.5%), ZrOCl2.8H2O, 321.26752 [g/mol],

1.91 g/cm3 (20�C), pH value ~1 (50 g/l, H2O, 20�C), were picked up from Merck Chemicals,

Figure 2. Membrane/adsorption hybrid process with adsorption pretreatment.
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Darmstadt, Germany, while Sigma-Aldrich tetraethyl orthosilicate (C2H5O)4Si 208.33 [g/mol],

0.93 g/cm3 (20�C), USA was used.

Because of the immensedifference between the traditional organic polymers and the corresponding

inorganics in their natures and due to strong aggregation of the nanofillers, polymer-inorganic

nanocomposite PAm-ZTS membranes cannot be prepared by common schemes such as melt

blending and roller mixing. The most frequently secondhand synthesis techniques in the produc-

tion of nanocompositemembranes can be allocated as three categories [20].

The sol-gel method, the former category secondhand preparation procedure, in which

organic monomers, oligomers, or polymers and inorganic nanoparticle precursors are well

balanced in solution. The inorganic pioneers were mixed together by gradual addition of

tetraethyl orthosilicate, dissolved in equal volumes of bidistilled water and ethyl alcohol

with vigorous stirring to zirconium oxychloride octahydrate and titanium tetrachloride

solutions, previously dissolved in concentrated hydrochloric acid. The total components are

instantly hydrolyzed in an appropriate quantity of water, following to condensation into

well-dispersed nanoparticles in the polyacrylamide polymer skeleton with different mole

fractions. The reactions’ conditions are moderate; usually room temperature, an ordinary

atmospheric pressure, and the concentrations of organic and inorganic components are easy

to control over the solution. Additionally, the precursor ingredients, as organic and inorganic

ingredients could be dispersed in nanometer level in the membranes, and thus the formed

membranes are homogeneous. Other techniques as solution mixing and in situ polymeriza-

tion are used.

5. Characterization of pH-responsive membranes

RO polymerized membranes are different in a couple of characteristics such as material,

morphology, transport/separation mechanism, and applications [21–24]. Therefore, a large

number of methodologies are required for their characterizations. They can be generally

divided into three major tests, that is, methods used for chemical analysis, methods used

for physical analysis, and filtration process for assessing membrane separation performance.

Depending on the applicable utilization of RO membranes, their stability assessments

against chlorination, organic solvent, thermal, and fouling can also be performed to examine

their sustainability under specific environments.

Table 1 describes some instrumental methods used in depicting RO membranes with respect

to their chemical and physical characteristics, as well as their separation performances and

stability. In a wide range, before conducting RO experiments, various techniques can be

employed for their characterization in order to obtain a good knowledge of their parameters

that are prominent for manufacturing a membrane with the right integration of water flux and

solute rejection. For reverse osmosis pH-responsive membranes, zeta potential is well-thought-out

as one of the significant parameters to determine the routes and mechanisms that the membranes

behave according to its chemical properties.
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5.1. Zeta potential

Zeta potential is a surface charge property for RO membranes at different pH environments.

The analysis is particularly significant to help recognize the acid–base features of RO mem-

branes and to predict their separation productivity, as well as to consider the fouling propen-

sity of RO at different water pHs [25–27]. Based on the Helmholtz-Smoluchowski equation

with the Fairbrother and Mastin approach, zeta potential can be persistent from the measure-

ment of the streaming potential using Eq. (1):

ζ ¼

ΔE

ΔP

μk

εε ∘

(1)

where ΔE is the streaming potential, ΔP is the applied pressure, μ is the solution viscosity, κ is

the solution conductivity, and ε and ε ∘ are the permittivity of the test solution and free space,

respectively. Several assumptions are inherent in this equation. They are (1) flow is laminar,

(2) surface conductivity has no effect and has homogeneous properties, (3) width of the flow

channel is much larger than the thickness of the electric double layer, and (4) no axial concen-

tration gradient occurs in the flow channel.

The surface zeta potential of ZTS, PAm, and PAm-ZTS, as pH-Responsive membranes,

measured at 25
�

C, are shown in Figure 3. Taking a horizontal section at the zero point of

charge shows that the isoelectric point of ZTS, PAm, and PAm-ZTS was about 4.01, 5.7, and

7.6, respectively; throughout membrane testing, an electric potential is induced when cat-

ions and anions enclosed by the electrical double layer are forced to migrate along with the

flow tangential to the ROM surface; in consequence, a potential difference could be initi-

ated. Mostly, the streaming potential of the membrane surface is being measured. The

typical pH range applied for determining surface zeta potential of a ROF membrane used

to fall within pH 2–12, more preferably, between pH 3 and 9. The pH of the background

electrolyte (5 mM KCl, 25�C) can be adjusted by the addition of either an acid, 0.1 M HCl

(or HNO3), or a suitable base electrolyte, 0.1 M NaOH (or KOH) solution. Owing to the

workable irreversible change of membrane surface characteristics, it is highly urged to

Property assessment Instrument/method Property assessment Instrument/method

Chemical properties ATR-FTIR spectroscopy

Zeta potential analysis

XPS

X-ray diffractometry (XRD)

Nuclear magnetic resonance

(NMR) spectroscopy

Physical properties SEM/FESEM TEM

Atomic force microscopy (AFM)

Contact angle analysis

PAS

Separation performance Permeability selectivity Stability test Chlorination

Solvent

Thermal

Filtration

Table 1. Assessments on membrane properties and performances based on different analytical instruments/methods.

Wastewater and Water Quality6



conduct this investigation using two identical freshly prepared ROMs, that is, one for acid

titration (pH 6 down to pH 2) followed by another identical membrane for alkali titration

(pH 6 up to pH 12).

PAm-ZTS ROmembranes tended to have more positive charge owing to the protonation of the

amine functional groups. In contrast, the negative charge of RO membranes at higher pHs can

be attributed to the loss of functional groups [28–30]. Deprotonation of amine functional

groups coupled with either dissociation of the carboxylic acid group or sulfonic acid group

on the membrane surface may occur. In brief, in the membranes with organic origin, PAm is

more negatively charged than that of that made up of ZTS and PAm-ZTS till pH 7 [25, 31, 32].

Besides showing the positive and negative charge values of a membrane, zeta potential profile

can also reveal the isoelectric point (IEP) of the RO membrane at which the membrane surface

carries no net electrical charge (i.e., neutral).

Depending on the functional groups of RO surface, a highly positively charged RO membrane

could also be prepared, in which this membrane displays a positive zeta potential over a wide

range of pH values (pH 2–11). The phenomenon is mainly due to the presence of pendant

tertiary amine groups in some polymers used to fabricate the membranes. It was also reported

to cause the membrane to be positively charged for pH ranging from 3 to 9 [33, 34]. A

summary of the surface zeta potential of some RO membranes made of different monomers

at two different pH environments is presented in Table 2 [25–27].

Figure 3. Surface zeta potential as a function of pH for pH-responsive membranes made of ZTS, PAm-ZTS, and Pam,

measured at 25�C.
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It should be noted here that besides surface zeta potential measurement, the conventional

titration method can also be employed to evaluate the ion exchange capacity of the RO

membrane. Any change in the membrane ion exchange capacity can be related to the amount

of charged groups that exist on a membrane.

5.2. Surface topography of PAm-ZTS pH-responsive membranes

In white-LED illumination focused by AFM, as shown in Figures 4a and 5a, the surface

topography of the prepared PAm-ZTS was different as the pH of the treatment was switched

from three to eight. Figures 4b and 5b explain the three-dimensional image of the pH-

responsive membranes. The surface roughness was depicted by the histograms in Figures 4c

and 5c, with a broad distribution from less than 50 nm to more than 290 nm, and has a median

value of roughly 130 nm in the case of PAm-ZTS treated at pH = 3, while PAm-ZTS treated at

pH = 8 has a spread-out distribution between about 20 and 300 nm with an average value of

circa 115 nm.

The dissection of Figures 4a–c and 5a–c illuminates the photomicrograph of the cross section

in the compact layer morphology of dry/wet phase inversion shear to cast PAm-ZTS asym-

metric membrane, in a strained convection dwelling time for 15 s, at pHs 3 and 8, separately.

This microstructure had the relatively fit dense skin layer with inconspicuous flaws backed on

a highly open nanoporous sublayer containing not only nanovoids but also micro-voids. These

Type of NF Membranea IEP (pH) ζ (mV) at pH 3 ζ (mV) at pH 9

MPF-34 (Koch Membrane Systems) 4.5 ~13 ~ –34

Desal-5DK (GE Osmonic) 3.9 ~18 ~ –50

NF 270 (DOW FILMTEC) 3.2 ~5 ~ –75

BW30 (DOW FILMTEC) 3.6 ~2 ~ –10

NF90 (DOW FILMTEC) 4.2 ~14 ~ –24

PIP–TMC–MWCNT NF membrane 2.6 ~ –1.2 ~ –7

MPD–TMC NF membrane 6.0 ~28 ~ –11

PIP–TMC–GO NF membrane 5.4 ~25 ~ –32

PVAm–TMC NF membrane 6.5 ~19 ~ –12

AEPPS–PIP–TMC NF membrane 4.1 ~1.3 ~5.6

PES–TA NF membraneb 10.7 ~32 ~6

PIP–mm-BTEC NF membraneb – ~28 ~4

PEG600–NH2–TMC NF membraneb ~8.9 ~19 0

aAEPPS—N-aminoethyl piperazine propane sulfonate, MPD—m-phenylenediamine, mm-BTEC—3, 30, 5, 50-biphenyl

tetraacyl chloride, MWCNT—multi-walled carbon nanotube, GO—graphene oxide, PES–TA—poly (arylene ether sulfone)

with pendant tertiary groups, PIP—piperazine, PVAm—polyvinylamine, and TMC—trimesoyl chloride.

bThese NF membranes are positively charged over a wide pH range.

Table 2. Summary of the surface zeta potential of some NF membranes at different pH environments.
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Figure 4. Surface topography of PAm-ZTS as pH-responsive membrane, measured at 25�C after treatment at pH 3.
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Figure 5. Surface topography of PAm-ZTS as pH-responsive membrane, measured at 25�C after treatment at pH 8.
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were truly similar to those found in the aqueous quenched asymmetric ROMs [35–37]. The

nanovoids did not span the width of the ROM evoking that these nanovoids are provoked by

disparate mechanisms. In this case, the creation nanopores were formulated by intrusion of

non-solvent through defects in the surface layer during wet phase separation, in a step for

membrane reinforcement. Additionally, no surface pores could be observed on the outer

surface of RO membrane, even at 5000X magnifications 5000X magnifications. This indicated

that the diameters of any surface pores were at least less than 20 A�, which would be helpful to

be applied for reverse osmosis separation rather than ultrafiltration or nanofiltration.

6. Modeling of pressure-driven membranes

The natural water resources contain solids in two forms, suspended and dissolved [16, 38, 39].

Suspended solid-state matters exist in insoluble particulates, debris, seawater microorganisms,

silt, or colloids. Dissolved matters are present as ions, preferably as chloride, sodium, calcium, or

magnesium. Principally, all desalination plants incorporate two-key treatment steps, sequentially

designed to remove suspended and dissolved matters from their sources.

The first step of pretreatment removes the suspended solids from water resources or the

naturally occurring soluble solids that may turn into a solid form and precipitates on the

ROMs during separation processes. The second step of the RO system separates the dissolved

solids from the pretreated saline source water, thereby producing fresh low-salinity water

convenient for human utilization agricultural purposes and industrial implementations.

Subsequent pretreatment is designed for the left solids in the source stream; it includes the

dissolved minerals. As long as the desalination system is operated in a manner that prevents

these minerals from precipitating on the membrane surface, the ROMs could operate and

produce freshwater of persistent nature at a high rate deprived of the need to clean these

ROMs for long periods.

Notwithstanding pretreatment systems remove most but not all the insoluble solids

contained in the saline source water and may not always effectively protect some of the

soluble solids from precipitating on the membrane surface, the suspended solids, silt, and

natural organic matter (NOM) that remained which may accumulate on ROM surface

causing the loss of membrane productivity. In inclusion, saline water contains microorgan-

isms as well as dissolved organics that could serve as food for these microorganisms.

Consequently, a biofilm could form and grow on the ROM surface, causing loss of mem-

brane productivity as well.

The protocol of reduction/loss of productivity of ROMs due to agglomeration of suspended

solids and NOM, precipitation of dissolved solids, and/or establishment of biofilm on the

ROMs surface is known as membrane fouling (MF). Excessive MF is undesirable since it has a

negative impact on ROM productivity; it could also result in an increased consumption of

energy for salt separation and in deterioration of product water quality.

Recent Drifts in pH-Sensitive Reverse Osmosis
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6.1. External and internal fouling

The classification of the fouling phenomenon depends on the location of the accumulated

rejected salts; it can be viewed as [40, 41]:

1. External or “surface” fouling (EF)

2. Internal fouling (IF)

EF involves accumulation of rejected salts on the surface of the membranes by three distinct

paths:

• Construction of mineral deposits (scale)

• Construction of cake of rejected solids, particulates, colloids, and other organic and/or

inorganic matters

• Biofilm construction, i.e., growth of colonies of microorganisms on the surface of the

membranes, rapidly attachable by excretion of extracellular materials

Typically, the three mechanisms can occur in any combination at any given time. However,

external membrane fouling of ROMs is most frequently caused by biofouling.

IF is a regular loss of membrane productivity due to changes in its chemical structure either by

physical compaction or by chemical degradation. Physical deterioration of the membrane may

result from long-term application of feed stream at pressures higher than that designed for the

ROMs; they are designed to handle 83 bars for sea water reverse osmosis membranes and/or

by their continued setup at source water temperatures above 45�C, the limit of safe membrane

operation. Chemical deterioration results from continuous exposure to strong oxidants, e.g.,

chlorines, bromines, ozones, permanganates, peroxides chemicals, and very strong acids,

typically pH < 3 and alkali at pH > 12.

The difference between EF and IF is somewhat clear; EF could be completely reversed by

chemical cleaning, while IF causes permanent damage of the micropores, resulting in an

irreversible changes.

6.2. Concentration polarization fouling

Concentration polarization (CP) phenomenon entails the formation of a boundary double

layer along the membrane surface, with salt concentration considerably higher than that of

the starting injected solution as revealed in Figure 6 [42–44]. Cb is the salt concentration within

the boundary layer; Cs is the salt concentration at the inner membrane surface, and Cp is the

lower salt content of the freshwater on the pass through side.

As indicated in Figure 6, the flow comes to pass in the boundary layers of the feed/concentrate

spacers; two different types are encountered: a convective flow of fresh feed solution from the

bulk and diffusion flow of repelled drain salts, coming back into the feed flow. In that concern,

the semipermeable ROM is designed to give higher rate of convective flow than the diffusion

flow, as the salts and particulate solids discarded tend to pile up with highest salt contents on

the inner surface of the ROM. The concentration of solid particulates in the boundary layer

Wastewater and Water Quality12



leads to critical negative significances on the ROM function. They include increased osmotic

pressure, increased salt extract, creation of hydraulic opposition of water stream, and Induc-

tion of scale and fouling on the ROM.

Concentration polarization cannot be evaded; it can only be reduced before taking any correc-

tive measures; concentration polarization should be quantified. This quantification occurs in

three separate consecutive paths. They can be emphasized as balancing the chemical and mass

balance equations across the boundary layer, balancing the transport equations over the ROM

and determination of solute transport equations within the pores of the ROM. System perfor-

mance can be predicted by simultaneous solution of all these three equations. Based on the

type of concentration polarization, there are two classes of models: an osmotic pressure-

controlled model and a gel layer-controlling model.

6.3. Osmotic pressure controlled model [OPCM]

In this situation, solute particles form a viscous boundary layer concluded on the surfaces of

ROMs [45–47]. Solute concentration increases from the bulk to membrane surface concentra-

tion across the mass transfer barrier layer. In this case, the width of the mass transfer boundary

layer is constant. At any cross section of the boundary layer for the concentration gradient, dc
dy,

at the steady state, the solute mass steadiness leads to

vw c� vw cp
� �

þD
dc

dy

� �

¼ 0 (2)

where vw is the permeate flux in m3/m2.s; c and cp are the bulk and permeate concentrations

in kg/m3; and D is the solute diffusivity in m2/s.

Figure 6. Boundary layers in a membrane-feed spacer. RO, reverse osmosis.
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Integrating the above equation across the thickness of the mass transfer boundary layer, the

governing equation of the flux is obtained as

vw ¼
D

δ

� �

ln
cm � cp

c ∘ � cp

� �

¼ k ln
cm � cp

c ∘ � cp

� �

(3)

This equation is well known as the film theory equation. In the above equation, k is the mass

transfer coefficient in m/s, δ is the mass transfer boundary layer thickness in m, and cm, cp, and

c are solute concentrations at the membrane-feed solution interface, in the permeate and in the

bulk, generally expressed in kg/m3, respectively. The mass transfer coefficient is estimated

from the following equations depending on the channel geometry and flow regimes. In the

rectangular channel, the mass transfer coefficient is estimated using the following Sherwood

number relations. For laminar flow (Leveque’s equation):

Sh ¼
k de
D

¼ 1:85 ReSc
de
L

� �1
3

(4)

where, Sh,Re, and Sc are the numbers related to Sherwood, Reynolds, and Schmidt, respec-

tively, de is the equivalent diameter in m, and L is the length of the membrane in m. For

turbulent flow, Leveque’s equation gives rise to (Dittus-Boelter equation):

Sh ¼ 0:023 Reð Þ0:8 Scð Þ0:33 (5)

In the case of flow through the tube with diameter d in m, the mass transfer coefficient is

estimated for laminar flow (Leveque’s equation) (Gekas and Hallstrom 1987):

Sh ¼
k d

D
¼ 1:62 ReSc

de
L

� �1
3

(6)

In addition, for the turbulent flow, it is calculated from Eq. (5). Now, the transport equation in

the flow channel, Eq. (4), must be coupled with the transport law through the porous mem-

brane. It is expressed as Darcy’s law:

vw ¼ LP ΔP� Δπð Þ (7)

where Δπ is the osmotic pressure difference between the membrane sides that effectively are

related to the quantity of matter, especially the concentration and inversely proportional to the

molecular weight of solute; it is a linearly proportional to concentration in the case of a typical

salt or lower molecular weight solutes. However, it deviates from linearity in the case of

polymers, proteins, and higher molecular weight solutes. In Eq. (2) there are three unknowns,

namely, vw, cp, and the finally predicted cm. The comprehensive correlation between the

osmotic pressure and concentration, π ¼ ac, could be pragmatic equation for osmotic pressure

difference at the ROM surface as

Wastewater and Water Quality14



Δπ ¼ πm � πP ¼ a1 cm � cP½ � þ a2 cm
2 � cP

2
� 	

þ a3 cm
3 � cP

3
� 	

þ……þ an cmn� cPn½ � (8)

where the constant coefficient is known as the difference between a1and an and real retention

could be defined by cm and cP indicated as the coefficients across the ROM phases, respectively,

namely, the upstream and downstream phases. Therefore, Eq. (7) can be written in terms of the

single parameter cm using Eq. (2), to reduce the system variables to cm and vw, instead of the

existing three parameters. The new variables can be attained by solving Eqs. (4) and (6) using

an iterative algorithm like the Newton-Raphson equations. This model is known as classic-film

model or the osmotic pressure-controlling model.

6.4. Solution diffusion model for RO/NF

The real retention is a partition coefficient, or really the solute flux across the membrane

considered using the solution diffusion model described earlier; linear relationship is consid-

ered between π and c in the case of salt solution, π ¼ ac [42, 43, 48, 49]. In practice, Eq. (6) and

the film theory equation, Eq. (4), are only considered. Therefore, the osmotic pressure model

could be rewritten as

vw ¼ vow 1� α cm � cPð Þ½ � (9)

where

α ¼ a
∆p and vow ¼ LP ∆P are the pure water flux.

The above equation can be equated with the film theory equation and the following equation

results:

vow 1� α cm � cPð Þ½ � ¼ k ln
cm � cP
c ∘ � cP

� �

(10)

From the solution diffusion model, the solute flux is written as

vw cP ¼ B cm � cPð Þ (11)

where B is a constant. Combining Eqs. (8) and (10), the following equation is obtained:

vow 1� α cm � cPð Þ½ � ¼ B
cm � cP

cP

� �

(12)

The above equation can be simplified as.

1� αcm þ αcP ¼ β
cm � cP

cP

� �

(13)

where β ¼ B
vow

Recent Drifts in pH-Sensitive Reverse Osmosis
http://dx.doi.org/10.5772/intechopen.75897

15



From the above equation, the membrane surface concentration is obtained as

cm ¼ cP 1þ
1

βþ αcP

� �� �

(14)

Putting cm from the above equation into Eq. (9), we get

βvw ∘

αcP þ β
� k ln

cP

αcP þ β
� �

c ∘ � cPð Þ

" #

¼ 0 (15)

Once more a trial-and-error formula for cP is tried using a standard iterative technique.

6.5. Kedem-Katchalsky model [KKM]

KKM is considered as another alternate to osmotic pressure one, in which the imperfect

retention of the solutes by the RO/NF/UF membranes is incorporated by a reflection coefficient

in the equation of the final output flux [50, 51]:

vw ¼ LP ΔP� σΔπð Þ (16)

where σ is the reflection coefficient. Using π in the above equation gives rise to the following

flux equality:

vw ¼ LP ΔP� aσ cm � cPð Þ½ � (17)

Turning back to the film theory, the concentration on the ROM surface could be rewritten by

cm ¼ cP þ c
o � cPð Þe

vw

k (18)

Combining Eqs. (15) and (17), the following equation is obtained:

vw ¼ LP ΔP� aσ c
o � cPð Þe

vw

k


 �h i

(19)

By means of Eq. (19), cP could be conveyed in terms of cmby using Eq. (10), followed by solving

Eq. (18).

6.6. Modified solution diffusion model [MSDM]

The solute transports across the RO/NF/UF membranes are given by adopting both the con-

vective transport and the diffusive transport of the solutes across the voids of the membranes

and writing the corresponding flux equation as [52–54]

vw cP ¼ B cm � cPð Þ þ 1� σð Þvw cav (20)

where
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cav ¼
cm � cP

ln cm
cP


 �

By combining Eqs. (4) and (19), we get

cP ¼
β

vw
c ∘ � cp
� �

e
vw
k

h i

þ
1� σð Þ c ∘ � cPð Þ e

vw
k

ln 1þ c ∘�cP
cP


 �

e
vw
k


 �

2

4

3

5 (21)

From the mentioned equations between (16) and (21) in cm, vw, and cP, we can iteratively obtain

a system prediction.

The MSDM cons are described by the hypotheses that the mass transfer boundary layer is fully

developed, whereas the corresponding entrance length required is substantial. Furthermore,

physical properties such as diffusivity and viscosity considerably do not vary with concentra-

tion, while mass transfer coefficients are calculated from heat-mass transfer analogies applica-

ble for impervious conduits.

On the other hand, the film theory-based osmotic pressure model presents a simple and quick

method for quantifying system performance. In order to overcome these cons, the two-

dimensional mass transfer boundary layer equation can be solved, and/or detailed pore flow

models can be incorporated. Many studies are available including these intricacies of the model.

6.7. Gel layer-controlling model (GLCM)

In this approximation, the gels of concentrated solutes are deposited over the ROM surface

with certain thickness in a uniformly fixed distribution of the solutes, and an outer mass

transfer boundary film is formed [52, 55]. In that, the film theory, in which the solute concen-

tration extends from feed concentration and gel concentration undergoing drastic variation in

viscosity, diffusivity, and density, can be applied to obtain the equation of permeate flux as

vw ¼ k ln
cg

co


 �

(22)

7. pH-responsive characteristics of PAm-ZTS membrane

The pH-sensitive characteristics of PAm-ZTS membrane were achieved upon static adsorption

modes of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ using both Langmuir and Freundlich Iso-

therms, as well as the reverse osmosis dynamic mode.

7.1. Langmuir and Freundlich isotherms

The utilization of Langmuir and Freundlich isotherms to depict the complexation process of

binding metal ions in the polymer has previously been investigated using the washing and
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enrichment methods of the PEUF process [22, 24]. However, the different metal ions were

subjected directly to reverse osmosis in the absence of any binding polymers. In this case, the

assumption that the concentration of metal ions in the permeates, Cpi, symbolizes the concen-

tration of metal that is free in the solution, Yi, is prepared.

The Langmuir isotherm equation is given by [20, 56, 57]

Q ¼
QmaxYi

KL þ Yi
(23)

where: Q is the amount of metal ion, whereas Qmax is the maximum capacity of polymer (mg

metal/g membrane).

Yi is the metal free in solution (mg/l).

KL is the Langmuir equilibrium constant (mg/l).

Langmuir equation gives a linear form:

1

Q
¼

KL

Qmax

þ
1

Yi
þ

1

Qmax

(24)

The Freundlich isotherm equation is given by

Figure 7. Langmuir isotherm model fits to the experimental data for binding of single metal ions at pH 3.

Wastewater and Water Quality18



Q ¼ KF Yi
n (25)

where Q is the amount of metal ion, KF is the Freundlich equilibrium constant (mg1�n g�1ln), Yi

is the metal free in solution (mg/l), and n is a constant. Freundlich equation gives a linear form

[58–62]:

lnQ ¼ nln Yi þ ln KF (26)

Figure 7 displays the linear regression fits of the Langmuir isotherm to the data obtained for

particular metal ions in solution with PAm at pH 3 upon PAm-ZTS surface. The Langmuir

isotherm fitted the test data very well (R2 values >0.98). Figure 8 exhibits the fits of the

experimental data to the Freundlich isotherm at the same pH. Although this model fits the

data intelligently well, the fit was not as good as the Langmuir model. This issue discloses that

the Langmuir isotherm offers a better description of the binding of metal ions to PAm-ZTS

than the Freundlich isotherm [63–66]. However, for all cases, the Qmax asset value was found in

the following order [20]:

Ce4+ > Pr3+ > Sm3+ > Gd3+ > Dy3+ > Ho3+

These rates can be applicable when considering the retention of the metal ions during the RO

process.

Figure 8. Freundlich isotherm model fits to the experimental data for binding of single metal ions at pH 3.
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7.2. Rejection of metal ions

Solute rejections of PAm-ZTS membrane under environmental pH values of 3 and 8 are

performed to further evaluate the pH-responsive gating function of membrane. The feed

solution is prepared by dissolving Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ in pH buffer with

different concentrations mg/l, and the buffers of pH 3 or pH 8 is freshly prepared by adding

HCl or NaOH in DI water. The experimental conditions of filtration tests are the same usually

used for hydraulic permeability measurements at 0.1 MPa. All the Ce4+, Pr3+, Sm3+, Gd3+, Dy3+,

and Ho3+ solutions are used as feed solution only within 48 h after preparation. In the filtration

test, membranes are conditioned with buffers of pH 3 and pH 8 firstly [67, 68].

Then the permeability of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ solutions is monitored until the

stabilization of membrane is reached and the filtrate is collected. Concentrations of Ce4+, Pr3+,

Sm3+, Gd3+, Dy3+, and Ho3+ ions in the filtrate solution are measured with Buck Scientific 210

VGP Atomic Absorption Spectrophotometer. The function of examination of the permeate

samples for the relevant metal allows the calculation of the observed retention value (Ri) of

each metal ion using [9, 42]

Ri ¼ 1�
CPi

Cfi

� �

� 100 (27)

where Cpi is the concentration of metal ion, i in the pass through, and Cfi is the concentration of

metal ion, i in the primary feed solution.

Figure 9. Rejection values of single metal ions at pH 3 for different feed metal concentrations using RO Mode.
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Figures 9 and 10 show the rejection coefficient values of single metal ions for different

feed metal concentrations using RO Mode at pH ~3 and ~8, respectively. Generally, a high

rejection asset value of Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ was observed at low

concentrations. Increasing the metal ion content in the feed solution results in a marked

decrease in the metal ion rejection, which may be attributed to the closed gates of the

membrane. As pH-responsive membrane, PAm-ZTS showed differential rejections

according to the pH conditioned. At pH 3, Gd3+ and Ce4+ were subjected to highest

rejection, while Sm3+ and Ho3+ were rejected with the weakest rates; their rejection coeffi-

cients have lowered to less than ten percent at higher concentrations. On the other hand,

Pr3+ showed the greatest rejection, while Sm3+ indicated the quietest rejection. At despica-

ble concentrations, most of the ions are highly rejected at disgusting concentrations that

reach about eighty percent. These asset values drop to about thirty to forty percent at

higher concentrations. The variation of the rejection as a function of pH in pH-responsive

membranes may be explained by the variation of PAm-ZTS conformation because of pH-

dependent dissociation of amide hydroxyl. In addition, protonation of amide groups

under acidic conditions could be observed [68, 69].

To verify the reversibility and durability of pH-responsive open and closed gating func-

tion of the membrane pores, the fluxes of membranes are tested with alternate change of

buffer pH between 8 and 3, repeatedly. To characterize the pH-responsive performance, a

special coefficient, called pH-responsive coefficient K, is defined as

Figure 10. Rejection values of single metal ions at pH 8 for different feed metal concentrations using RO Mode.
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K ¼

FLUXpH3

FLUXpH8

(28)

where the numerator and denominator represent the transmembrane fluxes at pH 3 and pH 8,

respectively. The membrane showed fast response as a function of pH for its potential applica-

tions; the fluxes at pH 8 are around 375 l/(m2 h), while, with changing the feed to pH 3 buffer,

the fluxes across the membrane decreased quickly to around 123 l/(m2 h) within the first

recording period, about 40 s. Therefore, the pH-responsive coefficient was about 0.328, indi-

cating a good response of the membrane at the mentioned pHs. This value is mainly a fraction,

which contradicts to others found in literature, as other membranes showed a reversed behav-

ior at the same tested pHs [67].

8. Conclusion

A pH-responsive smart PAm-ZTS was prepared by prepared via reactions between zirconium

titanosilicate and polyacrylamide under different preparation conditions for testing some lantha-

nide ions, namely, Ce4+, Pr3+, Sm3+, Gd3+, Dy3+, and Ho3+ for their active rejection. The pH

response of the membrane was demonstrated using static adsorption and hydraulic permeation

results. The water flux of the PAm-ZTS membrane decreased with the decreasing pH value, with

the most drastic decrease occurring between pHs 4 and 7, and was both reversible and durable

with interchanging pHs between 3 and 8. At pH 3, the membrane pores were in a closed state

due to the extended conformation of the amide chains on the pore surfaces. In contrast, at pH 8,

the membrane pores were in non-closed state because of the collapsed conformation of the

amide chains. The outcomes in this paper afford clear indication to the availability of manufac-

ture and production of pH-responsive composite membranes and can inspire further works on

design and preparation of stimuli-responsive membranes through addition of molecularly

designed macromolecular additives synthesized by controlled polymerization.
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