SCIENTIFIC REPLIRTS

Ultrafiltration membrane for
effective removal of chromium ions
from potable water

Received: 09 September 2016 R, Muthumareeswaran’2, Mansour Alhoshan®3 & Gopal Prasad Agarwal?

Accepted: 19 December 2016

Published: 30 January 2017 The objectlv.e ?fthe present work was to. investigate the efficacy of |nd_|ger!ously developed
polyacrylonitrile (PAN) based ultrafiltration (UF) membrane for chromium ions removal from potable
water. The hydrolyzed PAN membranes effectively rejected chromium anions in the feed ranging from
250 ppb to 400 ppm and a rejection of >90% was achieved for pH > 7 at low chromate concentration
(<25ppm) in feed. The rejection mechanism of chromium ions was strongly dependent on Donnan
exclusion principle, while size exclusion principle for UF did not play a major role on ions rejection. Feed
pH played a vital role in changing porosity of membrane, which influenced the retention behavior of
chromate ions. Cross-flow velocity, pressure did not play significant role for ions rejection at low feed
concentration. However, at higher feed concentration (>400 ppm), concentration polarization became
important and it reduced the chromate rejection to 32% at low cross flow and high pressure. Donnan
steric-partitioning pore and dielectric exclusion model (DSPM-DE) was applied to evaluate the chromate
ions transport through PAN UF membrane as a function of flux by using optimized model parameters
and the simulated data matched well with experimental results.

Development of effective and economical techniques for removal of chromium from potable water and wastewa-
ter has always been a great interest for researchers. Chromium is an essential component, which holds sixth posi-
tion in earth’s crust in turns of its availability’ and it’s one of the fourteen most noxious heavy metals. Generally, in
our environment, Cr (VI) and Cr (III) are predominant, whereas chromate ions dominate in oxidizing condition
while chromite ions in reducing conditions. Most surface waters and water streams are well aerated, therefore
chromium exists as Cr (VI), since ground water is more reducing due to less aeration, thus chromium takes Cr (III)
form in this condition?. Chromium (V1) ions are known to be highly toxic as compared to other forms of chro-
mium salts, because they are highly soluble and mobile in eco systems’. The Environmental Protection Agency
(EPA) also reported the higher concentration of chromate ion in aquatic stream at many regions of America,
Nepal, Indonesia and India. In addition, the Central Pollution Control Board, India also reported that contam-
ination of chromate ions in water stream especially 250 times higher than WHO permissible limit 50 pg/1>*.
The long exposure to chromate ions induce skin allergy and is found carcinogenic for living organisms*. In
aquatic environment, chromate ion has become one of the most dominant components due to its widespread
industrial applications®. The usual technique for separation of chromium ions are either precipitation and reduc-
tion or ion exchange or adsorption processes, and these traditional technologies have the common disadvan-
tages like poor separation efficiency, high-energy requirements, and production of toxic sludge®. Recently, many
authors investigated the adsorption and other techniques for chromate ions (Cr (VI)) removal. Like Aijuan Xie
et al.’, studied the separation of chromate ions by redox reaction between Cr (VI) and amino/imino groups on
poly (mphenylenediamine)/palygorskite (PmPD-PG). Chowdhury et al.® examined the Polyaniline nanoparticles
grafted silanized silica gel for chromate ions rejection via adsorption-desorption process by using ion exchange
mechanism and separation process controlled by pH. Ayse Gul Yavuz et al.® used alkyl-substituted polyaniline/
chitosan (sPANIs/Ch-HCI) composite as adsorbent material for removal of Cr (VI) and it showed more than
90% rejection. Moreover, compared to traditional or existing methods, membrane based separation processes
are emerging as effective technology for water treatment. Membrane separation process, could be classified as
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microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO) which depends on applied
pressure and pore size of membrane. Number of authors studied the application of NF membrane in the tannery
effluents especially for the separation of Cr (II1)®°. In addition, A. Okhovat et al.}!, studied the application of RO
and NF for the separation of chromite ions from tannery effluents at pilot scale and recovered process water. A.
Cassano et al.'?, demonstrated the integrated membrane facility for the removal of chromium ions at 98% for NF
membranes but as low as 2.1% for ultrafiltration membranes.

To obtain high rejection efficiency of heavy metal ions, the process was further improved by micellar enhanced
ultrafiltration (MEUF) and polymer enhanced ultrafiltration (PEUF) membranes. Wang et al.'%, also used the
hollow fiber membranes, which gave the effective chromate rejection >95.7% at high alkaline condition (pH 12).
MEUF process was found to be more attractive method for chromium species removal because of its selectivity
and flux. MEUF were based on surfactant processes, in which synthetic surfactant or bio surfactant were used
to reject the heavy metal ions'*. In addition, the separation processes in MEUF were dependent on electrostatic
forces, in which chromate ions was bound to the surface of opposite charged micelles. Bohdziewicz!® examined
the effective removal of chromium ions in PEUF processes, in which chromate ions removed >95% in the pres-
ence of hexadecylpyridine chloride complex via 17% of PAN based UF membrane. Recently, Korus and Loska'®
examined the effective removal of chromium species in PEUF membrane process. In this case, the sodium poly-
acrylate was bound with chromite and chromate in turn was bound with polyethylenimine, which retained more
than 90% of both species. Overall, the removal of heavy metal like chromium through surfactant or ligand com-
plexes or coagulating agent coupled with UF membrane processes resulted in high rejection efficiency and high
flux as compared to other conventional membrane processes. However, the disposal of heavy metals coupled with
those complex molecules also caused the secondary pollution because of sludge formation'’.

Sachdeva et al.'3, showed chromate ion rejections >90% at basic pH level condition via charged ceramic
ultrafiltration membrane. Pugazhenthi et al.'®, examined the modified ultrafiltration charged carbon mem-
brane with a support of macroporous clay, which showed >90% rejection of chromate ions at alkaline condition.
Polyacrylonitrile (PAN) is one of the most used polymeric membrane material in water treatment because of its
chemical stability and hydrophilicity in nature. In literature survey, PAN based membrane (NF and UF) have
been used for natural organic matter (esp. humic acid substance), dyes and heavy metals such as arsenic removal
application?*?..

The characterization and modeling of membrane processes were important steps in the understanding and
development of new membrane separation processes. Most of the ionic transport models were based on irre-
versible thermodynamics (IT) or mechanistic approach. Kedem-Katchalsky model and Spiegler-Kedem model*
were developed from IT by assuming the flux dependence on to the concentration gradient and pressure gradi-
ent. Bowen and Mukthar? described the ionic transport model for nanofiltration, which was known as Donnan
steric-partitioning pore model (DSPM). The improved version of DSPM model incorporated dielectric exclusion
(DE) principle for the contribution of divalent ions?. Recently, A. Szymczyk et al.?®, developed the steric electric
and dielectric exclusion (SEDE) model for ionic separation which incorporated the dielectric effect principle
(Born solvation energy barrier and image forces contribution) at membrane/solution interfaces.

The present work investigated the rejection of chromate ions from potable water through indigenously devel-
oped PAN based ultrafiltration membrane, for the first time?*?’. The surface modified PAN UF membrane mor-
phological property as well as rejection efficiency were compared with nanofiltration membrane. Chromate ions
transport through surface modified PAN ultrafiltration membrane was studied by DSPM-DE model to under-
stand the relationship between the parameters of membrane, solutes, and their interaction.

Results
Surface and Morphological Properties of PAN membrane. Surface Modification of PAN mem-
brane. Different coupons of PAN based UF flat sheet membrane were hydrolyzed by 1 N NaOH at 42.5°C feed
temperature using cross-flow velocity of 0.72ms™! at 1 bar transmembrane pressure. The surface modification
and chromate ion rejection mechanism of indigenously developed PAN UF membrane was illustrated in Fig. 1.
From this Fig. 1, one could easily understand the pore size reduction because the formation of COO™ on the
membrane surface and pore wall. The pure water flux, PEG and model protein rejection studies also confirmed
the of pore size reduction. The surface modification of PAN UF membrane was done by standard operating pro-
cedure and more details can be found elsewhere?"%.

Model Protein and PEG rejection. 'The molecular weight cut-off (MWCO) of unmodified and surface modified
PAN UF membrane was determined by model protein and polyethylene glycol (PEG) rejection via cross flow
mode and the results are shown in Fig. 2. The unmodified PAN membrane had shown the significant passage
of myoglobin (17 kDa), pepsin (35kDa) and more than 90% of rejection was observed in ovalbumin and BSA
proteins. In addition, the surface modified PAN membrane showed no transmission of proteins and these mem-
branes were characterized by PEG solution rejection?. The unmodified PAN membrane MWCO was found to be
~40kDa, while modified membrane showed 6-8kDa. These results inferred that the polymer chain of -COO~
groups, on membrane surface, are forcefully moving away from each other due to the repulsive interaction, which
led to pore size reduction and morphology change in swollen texture?®. Moreover, the hydrolysis of ~-CN function-
ality of PAN remains in the form of -COO™~ Na*, which may lead to carboxylic group formation. The presence of
Na' in the hydrolyzed membrane was similar to unmodified PAN membrane and it was confirmed by Lohokare
et al.”!. In addition, the PEG rejections were also used to calculate the mean pore radius ( #,) and geometric stand-
ard deviation (o,) of membrane through solute rejection versus solute diameter in log-normal plot**; the results
were obtained as 1.9 nm, 1.18 nm respectively and more details were provided in Supplementary Information (SI).
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Figure 1. Surface modification and its rejection mechanism of co-ions via PAN UF membrane.
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Figure 2. MWCO of unmodified and surface modified PAN UF membrane via Model proteins and PEG
Rejection analysis.

1 Unmodified PAN,;UF 9.14 1.28+0.2
2 Modified PAN,;UF 3.66 0.25+0.06
4 NF 200 (M/s. Permionics) 0.27 0.13+£0.2

Table 1. Surface roughness value and volumetric flux of unmodified, surface modified PAN UF and NF
membranes.

Effect on membrane roughness.  Surface roughness was an important structural parameter because it was being
used to study the permeate flux and fouling behavior in the membrane®. Table 1 shown that the unmodified and
hydrolyzed/modified polyacrylonitrile membrane roughness, permeate flux values were compared with commer-
cially available nanofiltration membrane (NF 200).

These results clearly indicated that after modification PAN UF membrane had less roughness values as well
as low volumetric flux as compared to unmodified PAN UF membrane. This was due to the formation of COO~
groups in membrane surface which resulted in pore size reduction. In the literature survey, surface roughness
value of membrane was also correlated with the permeate flux®'. It was also reported that the high flux membrane
used to obtain high surface roughness values®?. Moreover, the observed results also indicated that the surface
modified PAN UF membranes have higher efficiency in terms of flux (0.25 x 107> ms™') and surface roughness
(3.66 nm) as compared to nanofiltration membrane (NF 200).

Effect on pore size distribution and porosity. 'The membrane pores size and their structures are important factors
for ions transport across the membrane or the membrane permeability. Authors also reported that distribution
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(a): AFM topography of surface modified PAN UF membrane (b): Pore Size Distribution of surface modified PAN UF membrane
(Scan Size: 900 nm; Height range: 30.4 nm; Resonant frequency: 40 kHz)

Figure 3. Image topography and pore size distribution of surface modified PAN ultrafiltration membrane.

pH 2 33 4 5 6 7 9
Pore size distribution () (nm) 1.39 0.98 0.74 0.52 0.49 0.41 0.39
Mean Porosity (4;) (%) 1.41 1.15 1.13 0.83 0.72 0.69 0.65
Permeability (LP) (x 107" ms1Pat) 4.46 9.75 6.60 227 1.37 0.83 0.87
electrokinetic charge density (o,) (x107*Cm~2) 15.6 -0.19 —1.44 —2.52 -3.79 —4.93 —
Volumetric Charge density (|X,]) (molm~3) 31.8 0.60 3.60 5.36 8.01 10.44 —

Table 2. Variation of membrane structural properties and charge density of surface modified PAN UF
membranes.

of pores played a vital role on ions separation and permeability of membrane®**. The log normal distribution
function (Equation 1) was applied to analyze the AFM images for calculating the effective mean pore radius along
with pore size distribution, shown in Fig. 3.

1 {log(r/r*) + b/2}
(r) = exp|—
Ix r~/27h P 2b (1)
where,b = 1og(1.0 + (o*/ r*)*)and r'- average pore radius of membrane via AFM image.

The effective mean pore radius was found to be 2.01 nm at pH > 7. The variation of water permeability along with
pore size distribution (i.e., geometrical standard deviation) of surface modified membrane as a function of solution
pH were tabulated in Table 2. As shown in Table 2, pH > 7, the pore size distribution (¢") was found to be less than
0.41 nm with the permeability of <0.80 x 10~ ms~!Pa~!. Likewise, the permeability (~9.7 x 10~ ms~! Pa~1)
gradually increased along with pore size distribution (0.98 nm) by decreasing solution pH (up to pH 3). However,
after pH 3, the permeability trend got reversed because of iso-electric point (pI) of the membrane i.e., the mem-
brane charge converted as negative to positive which was also confirmed by tangential streaming potential meas-
urements and FTIR analysis.

From these results it can be inferred that, the variation of permeability was due to the wide range of pore size
distribution and its porosity as a function of pH.

The porosity of surface modified PAN UF membrane assessed by AFM images by using equation (2) and the
data’s were shown in Table 2.

N x (wd*/4
A = —( L4 ) x 100%
Aimage (2)

where, N -number of pores assessed by AFM image and d, —-mean diameter of pore. At basic condition, the
porosity was found to be 0.65 £ 0.04%, but the porosity increased with decrease in pH. This was because of the
fact that, at lower pH the conversion of COO~ present on the membrane surface to COOH is enhanced. It leads
to change in structure of COO~ to COOH on the membrane surface as well as pore wall, resulting in increase
in porosity which led to the reduction in rejection of ions and increase in permeability of membrane. Moreover,
these results, indicated that the porosity is directly proportional to the permeability of membrane. It can be
observed in Table 2, that beyond the pI point of the membrane, the porosity (1.41%) increased while the per-
meability got gradually decreased to 4.46 x 10~' ms~!Pa~! at pH 2. This behavior could be due to the change in
surface charge i.e., the membrane surface charge converted as negative to positive. This meant that the effective
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Figure 4. Effect of zeta potential value of hydrolyzed PAN UF membrane as a function of pH for different
salts.

charge density of membrane also played a vital role on ionic separation through modified polyacrylonitrile ultra-
filtration membrane.

Effect on membrane surface charge. 'The surface charge on membrane surface as well pore wall is an important
property for ions transport through the ultrafiltration membrane, because the hydrated radius of the solute (like
chromate) is smaller than the pore radius?’. Different coupons of modified PAN ultrafiltration membrane were
analyzed for zeta potential value with the concentration of 0.001 M of KCI & Na,CrO, at different pH values and
the averaged values were plotted in Fig. 4. The zeta potential values were studied by tangential streaming potential
measurements and the detailed experimental procedure could be found elsewhere®*. As shown in Fig. 4, the mar-
ginal effect on zeta potential values were observed on different salts. The isoelectric point (pI - 3.6) of membrane
was constant with both salts and the variation of zeta potential at alkaline range was —4.0 4= 1.2 mV. Moreover,
beyond the isoelectric point (pI - 3.6) of the membrane, the zeta values were showed positive which meant the
membrane surface charge converted from negative to positive. Experimental observations clearly indicated that
the PAN UF membrane zeta values did not appreciably change with respect to salts; however, it would change
with feed concentration as a function of given pH?’.

Gouy Chapman relationship (Equation 3) was used to calculate the electrokinetic charge density (o,) of the
membrane.

2 T
o, = EART G

e

zie¢

z;e 2k, T (3)
where, €, A\, k;, C are dielectric permittivity, Debye length, Boltzmann constant and zeta potential value respec-
tively. The charge density was assumed to be uniformly distributed in the void volume of cylindrical pores along
with the membrane surface®. Therefore, the volumetric charge density (X;) was calculated by the following

Equation 4,

P (4)

where, F, ui, - Faradays constant and effective mean pore radius. The PAN UF membrane electrokinetic and
volumetric charge density as a function of pH of solute were shown in Table 2. From the observed results, the
nano-sized pores had the less electrokinetic charge densities (—4.93 x 107*Cm~?to 15.6 X 10~*Cm™?) but due to
less pore size and it led to high volumetric charge densities. Thus, the modified PAN membrane repulse the diva-
lent anionic solutes more strongly as compared to monovalent anionic solutes because of high volumetric charge
densities and it was also dependent on concentration of solutes. However, the effective volumetric charge density
decreased with the decrease of pH because the isoelectric point of these membranes was located at a lower pH
region (Table 2). This phenomenon occurred due to repulsion between ions and the membrane surface.

Chromate ions rejection. The effect of engineering and chemical operating conditions like concentration
of the feed, cross-flow velocity, transmembrane pressure and feed’s pH were studied on surface modified/hydro-
lyzed polyacrylonitrile ultrafiltration membrane to obtain maximum chromate ions rejection. The rejection effi-
ciency of PAN UF membrane data’s were compared with NF membrane.

Effect of feed concentration, Cross flow velocity & Pressure.  To test efficacy of the surface modified PAN ultra-
filtration membranes for chromium removal, the experiments were done with different feed concentrations of
Na,Cr,0,.4H,0 (in the range of 400 ppm-250 ppb of chromate ion). The different concentration of chromate
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Figure 5. Variation of chromate ion rejection at different feed concentration, cross flow velocity (0.72 ms™!

& 0.05 ms~!) and transmembrane pressure (25 kPa & 200 kPa) for modified PAN UF membrane [pH: 8.06;
temperature: ambient].
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Figure 6. Variation of chromate and sodium ions rejection as a function of feed pH for modified PAN UF
membrane [feed concentration: 25 ppm].

ions rejection on the effect of cross-flow velocity and transmembrane pressure were plotted in Fig. 5. As shown
in Fig. 5, at pH > 7.0, low feed concentration of chromate (<25 ppm), the rejection % was found to be >95%. The
rejection coefficient of chromate ions was reduced to as low as 32% at 400 ppm concentration of chromate ions.
This observation could be due to the effect of concentration polarization on membrane surface and it resulted in
less rejection % at high feed concentration of chromate ions. For concentration of 25 ppm of chromate (Fig. 5), the
cross flow velocity and transmembrane pressure did not change the rejection % of Cr (VI), because concentration
polarization (CP) was expected to be negligible at low feed concentration. However, the CP effect was shown
at high feed concentration of 400 ppm, the highest rejection was found to be 72% for high cross-flow velocity
(0.72ms™ ') and low pressure (25 kPa), while low cross-flow velocity and high pressure showed the rejection coef-
ficient of chromate around 32%. This observation matched well with the concept of concentration polarization
model (Equation (5)).

T

obs T

oh

k (5)

In =In

1 — 7y 1—-7

Our previous work?! showed that concentration polarization effect on the arsenic rejection at 1000 ppm.
However, in the present study for chromate ions rejection, it has been observed that concentration polarization
dominated the retention of Cr (VI) ions at a concentration of 400 ppm itself. These observed results clearly indi-
cated that high cross-flow velocity minimizes concentration polarization thus improving the membrane rejection

property.

Effect of pH. The variation in volumetric flux and chromate ion rejection were plotted as a function of pH for
negatively charged PAN UF membrane as shown in Fig. 6. For pH > 7, the Cr (VI) rejection was found to be
greater than 90% with a flux of 1.62 £0.12 x 10~®ms™!. Similarly, the sodium ions rejection was greater than 90%
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Figure 8. Variation of chromite ions rejection as a function of feed pH for hydrolyzed PAN UF membrane.

for pH > 7, which confirmed the electro-neutrality conditions in the system. In basic condition, chromate ions
were repulsed on the negatively charged membrane resulting in a high chromate rejection as per Donnan exclu-
sion principle. For pH < 7, the rejection coefficient decreased to as low as 1% (at pH 3.2), while flux increased to
1.79 x 10> ms™". This attribute could be explained by the formation of chromate ions species at different pH
conditions. The hexavalent chromium may be present in water mainly as chromate (CrO%™), dichromate
(Cr,0327), hydrogen chromate (HCrOy), chromic acid (H,CrO,) and hydrogen dichromate (HCr,0,) depending
on the pH of the solution. The high pH values beyond 7.02, the HCrOj, was converted to CrO% ¢, Therefore, at
high pH (pH > 8) the rejection coeflicient of chromate was >94% and it was reduced with decreasing pH, because
of change in chromium species properties. As shown in Fig. 6, below the isoelectric point (pI 3.6), the rejection of
chromate and sodium ions gradually increased up to 10% with the decrease of permeate flux to 8.76 x 10 *ms™!
at pH 2. This rejection trend was due to positive charge (below pI) of membrane i.e. the formation of COOH
groups on the PAN, which was confirmed by FTIR analysis (Fig. 7). Moreover, at low pH, the carboxylic groups
of PAN UF membrane would be protonated and gave a neutral charge, while higher pH range the carboxyl groups
were deprotonated and it produced negative charge on the membrane surfaces.

The functional groups of COO~ were found in the peak of 1562 cm™! (strong asymmetrical stretching band)
and 1402 cm ™! (weak symmetrical stretching band). In addition, the appearance of 1647 and 1728 cm™! peaks are
characteristic of the carbonyl (C=0) attached to amine group and hydroxide group®. Figure 7, also shown the
decreasing of COO~ group with decreasing pH (pH 9 - pH 3.8); it also confirmed the disappearance of COO~
groups at pH 2.6. From these results it can be inferred that, below the iso electric point of membrane (pI - 3.6), the
sodium salt of carboxylic group (COO~ Na™) converted to corresponding carboxylic acid (COOH). Therefore, it
can be concluded that the PAN ultrafiltration membranes were efficiently employed in the removal of chromate
ions, when feed pH was adjusted to basic condition.
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Figure 9. Comparative study of NF200 and modified PAN UF membrane for chromate ion rejection as a
function of feed pH [feed concentration: 50 ppm)].

Trivalent Chromium ions rejection. Experiments were also performed to test the efficacy of trivalent chromium
(Cr-III) ions rejection through surface modified ultrafiltration membrane. Chromium (III) oxide salt at the feed
concentration of 100 ppm was used in this study. The rejection of Cr (III) ions as a function of feed pH were plot-
ted as Fig. 8. As shown in Fig. 8, the rejection of trivalent chromium ions decreased (as low as 0.2%) with decreas-
ing pH of feed. This behavior was due to the ionic speciation at a given feed pH. For pH > 5.2, the given ions form
was Cr,0, and it reduced to CrOH*" in the pH range of 3.7 to 5. Furthermore, it also moved to Cr** in highly
acidic range (pH < 3.7)%. Therefore, the negatively charged membrane repulsive force was very less for Cr (III)
ions as per Donnan exclusion principle. Moreover, the nature of the chromium species also influenced the rejec-
tion properties of surface modified ultrafiltration membrane. This was because of the fact that the PAN UF mem-
brane, being negatively charged one, allows the monovalent ions to pass through and reject the divalent ions with
respect to molecular mass. This explains the typical rejection in the trivalent chromium compared to hexavalent
chromium ions in alkaline range.

Comparative studies between PAN UF and NF membrane.  The chromate ions rejection efficiency of
hydrolyzed PAN membrane were compared with nanofiltration (NF 200) membrane. As shown Fig. 9, the rejec-
tion % of chromate ions were more than 95% for hydrolyzed PAN UF membrane at basic condition (pH > 7) with
the flux of 1.62+0.12 x 10~*ms™!, whereas NF 200 membrane gave only 88% chromate ion rejection with the
flux 0f 1.31 +0.2 X 10~*ms™". In addition, the iso-electric point of NF 200 membrane was found to be 2.1, which
confirmed that NF membrane (NF 200) has negative charge because the iso-electric point were located in acidic
range. The higher rejection % in PAN UF membrane was due to functional groups (COO™) present in the pore
wall as well as membrane surface, which effectively repulsed the chromate ions. These results also indicated that
the surface modified PAN UF membrane showed high performance of chromate ions removal as compared to NF
membrane at low pressure. In addition, the results also inferred the functional groups or the structural properties
(i.e. intrinsic properties) of membrane were also important for ions transport.

Modelling of chromium rejection.  Most of ultrafiltration membranes, solute transport works on the prin-
ciple of size exclusion, however, hydrolysed ultrafiltration membrane, the ion transport was dependent on surface
charge on the membrane surface as per Donnan exclusion principle?!. Moreover, Donnan steric-partitioning
pore and dielectric exclusion (DSPM-DE) model has been widely used to study the ionic transport in charged
nanofiltration membranes®. In this study, the chromate ions transport via surface modified (negatively charged)
PAN membrane was evaluated by using one dimensional DSPM-DE model. DSPM-DE model assumes that,
the membrane have porous, cylindrical structure and ions transport through the membrane occurred by dif-
fusive mass transport, convective mass transport as well as electro-migration. In addition, the rejection coeffi-
cient of chromate ion was calculated by using optimized model parameters as a function of flux. The theoretical
description of DSPM-DE model has been given in detail elsewhere®+**-%* and brief presentation of the model
is given in Supplementary Information. Figure 10, showed the chromate ions rejection of experimental and
simulated data for different feed concentration as a function of J,. The optimized model parameters such as
charge density (|X,| =4 mol m~?), dielectric constant (¢, =48.96), and the membrane thickness to the porosity
(Ax/A=1.5x 10~°m) were used to simulate the chromate ion rejection. The results indicated higher rejec-
tion (>94%) of chromate ions with low feed concentration, but they were reduced when the feed concentration
increased. A very good agreement was found in between the experimental and simulated results derived from
DSPM-DE model. However, at higher feed concentration (9.6 mol m~2), the variation of 20% of ionic rejection
was found between the experimental and simulated data. This was due to the concentration polarization effect
at higher concentration of bulk phase, which was not considered in this study. Calculation were also performed
to test validity of standard theory of transport mechanism for Chromate rejection in which dielectric exclu-
sion was not considered (i.e. €, =¢;). In Fig. 10, when ¢, = ¢, the rejection coefficient was 80% which did not
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Figure 10. Comparison of experimental and simulated Chromate rejection data (for different feed
concentration) as a function of flux (Jv); pressure: 200 kPa; temperature: 300 K; X,;: 4 mol m—3; Ax/A;:
1.5X 107> m.

correlate with the experimental data (at 0.2 molm~2 of feed concentration). These results confirmed that the
Donnan steric-partitioning pore model (DSPM) could not explain the rejection data; therefore, the dielectric
exclusion (DE) principle was found very important for the modelling of ionic transport through PAN ultrafiltra-
tion membrane.

Discussion

The key objective of this study was to demonstrate a process for chromium rejection from water via indigenously
developed surface modified Polyacrylonitrile (PAN) ultrafiltration membrane, as a feasible method of chromium
removal from potable water with low operating pressure. Donnan Equilibrium principle played a vital role on
chromate ions rejection while size-exclusion principle has little contribution on anions rejection. The solution
pH played a significant role on rejection properties of chromate ions and more than 90% rejection was achieved
at pH > 7 at alow chromium concentration (i.e. <25 ppm) in feed; which approached to beyond detectable lim-
its for concentration of 50 ppb. From the experimental observations, the rejection coefficient was evaluated in
terms of flux, charge density, and membrane porosity. Higher rejection rate of chromate ion were obtained with
increasing negative charge density and decreasing porosity, flux behavior of the membrane. The concentration
polarization effect was found to be negligible at low feed concentration but it became important for feed con-
centration >400 ppm of the solute. The efficiency of PAN UF membrane was tested against the commercial NF
membrane; it showed a very high rejection though it could be affected by the concentration polarization at high
concentration end. High recovery of chromate ions free potable water was possible with use of polyacrylonitrile
ultrafiltration membrane. The predictive model parameters were evaluated in Donnan steric-partitioning pore
model and dielectric exclusions (DSPM-DE) to describe the rejection properties of chromate ions through poly-
acrylonitrile ultrafiltration membrane. The simulated results showed good agreement with experimental rejection
data of chromate ions.

Methods

Materials used. Different coupons of flat sheet unmodified polyacrylonitrile (PAN) membranes were
received from National Chemical Laboratory (NCL) Pune, India?. Polyamide nanofiltration (NF 200) membrane
was procured from Permionics India Pvt. Ltd. All required chemicals were of AR grade and used without further
purification. Ultrapure water with resistivity of 18.2 MQ was used exclusively in all experiments.

Experimental Setup. The plate and frame (RAYFLOW-RAYNOO21) module was procured from
TECH- SEP, Groupe Rhone-Poulenc and had the effective membrane surface area of 100 cm? (as shown in
Fig. 11). The cross flow velocity of the system was maintained by centrifugal pump, which was also depend-
ent on pump speed, by-pass flow and backpressure. The experiments were performed by total recycle of
retentate in a concentration mode in which permeate and retentate was collected separately. The cross flow
velocity, transmembrane pressure and feed temperature were maintained at 0.72 ms™!, 200 kPa and ambient.
The hydraulic permeability of the membranes at given feed concentration was evaluated before and after
completion of experiments.

Anions and Cations Analysis. The chromate concentration in feed, permeate and retentate samples were
analyzed by Ion Chromatography (IC 3000) made by Dionex Ltd, USA. Ion Pac As11-HC analytical column
(4 x 250 mm) along with Ion Pac AG11-HC guard column (4 X 50 mm) and Ion Pac CS12-HA analytical column
(4 x 250 mm), Ion Pac CG12-HA guard column (4 x 50 mm) were used to quantify the anion & cation concen-
tration. 30 mM NaOH and 20 mM methanesulfonic acid (MSA) solutions were used as eluents in this processes
for determination of chromate as well as sodium ions. Moreover, for chromate, anionic regenerated suppressor
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(ASRS) was used and current was set to 160 mA, which was dependent on eluent concentration. For sodium ions,
the suppressor (cationic regenerated suppressor) current was set to 70 mA. In addition, for anions, pump flow rate
was maintained at 1.5ml min~?, pressure of <2500 psi, while for cations 1.0 ml min~", and pressure of 1600 psi.
The retention time of chromate and sodium was in 8.2 min, 4.3 min respectively. Trivalent chromium ions were
further analyzed by UV-Visible detector, with the mixture of eluents (such as 2mM PDCA, 2mM Na,HPO,,
10mM Nal, 50 mM CH;CO,NH, and 2.8 mM LiOH) via Ion Chromatography. In addition, the chromite ions
were determined in the form of Cr (IIT)-PDCA complex with the wave length of 335 nm.

Atomic force microscopy (AFM). To determine the membrane structural properties namely poros-
ity, pore size distribution, surface roughness and effective mean pore radius, the different coupons of samples
were subjected to chromate ions solution at pH range of 2 to 9. ScanAsyst® mode in atomic force microscopy
(Bruker, USA) was used to analyze the samples, (spring constant 0.4 N/m, resonant frequency 40kHz, 512 x 512
pixel resolution, and image scanning area 900 x 900 nm?), which collects force curves at every pixel in the
image and it provides faster imaging while retaining high-resolution images*!. Moreover, surface roughness was
dependent on the scanning area, which meant that the roughness value would increase with increasing of scan
area of image surface®. To obtain the reproducibility, all investigations were performed by same scanning area
of samples.

References

1. Cervantes, C. et al. Interactions of chromium with microorganisms and plants. FEMS Microbiology Reviews 25, 335-347, doi:
10.1111/.1574-6976.2001.tb00581.x (2001).

2. Hashim, M. A., Mukhopadhyay, S., Sahu, J. N. & Sengupta, B. Remediation technologies for heavy metal contaminated groundwater.
Journal of Environmental Management 92, 2355-2388 (2011).

3. Muthukrishnan, M. & Guha, B. K. Effect of pH on rejection of hexavalent chromium by nanofiltration. Desalination 219, 171-178,
doi: http://dx.doi.org/10.1016/j.desal.2007.04.054 (2008).

4. Goncharuk, V. V,, Kavitskaya, A. A. & Skil'skaya, M. D. Ultrafiltration and nanofiltration—Priority areas in the technology of
conditioning drinking water from underground and surface sources. J. Water Chem. Technol. 31, 115-130, doi: 10.3103/
$1063455X09020064 (2009).

5. Kimbrough, D. E., Cohen, Y., Winer, A. M., Creelman, L. & Mabuni, C. A critical assessment of chromium in the environment. Crit
Rev Env Sci Tec 29, 1-46, doi: 10.1080/10643389991259164 (1999).

6. Labanda, J., Khaidar, M. S. & Llorens, J. Feasibility study on the recovery of chromium (III) by polymer enhanced ultrafiltration.
Desalination 249, 577-581, doi: http://dx.doi.org/10.1016/j.desal.2008.06.031 (2009).

7. Xie, A. et al. Synthesis, characterization of poly(m-phenylenediamine)/palygorskite and its unusual and reactive adsorbability to
chromium(vi). New Journal of Chemistry 38, 777-783, doi: 10.1039/C3NJ01013A (2014).

8. Chowdhury, P., Mondal, P. & Roy, K. Synthesis of Polyaniline Nanoparticle Grafted Silica Gel and Study of Its Cr(VI) Binding
Property. J. Appl. Polym. Sci. 119, 823-829, doi: 10.1002/app.32790 (2011).

9. Yavuz, A. G., Dincturk-Atalay, E., Uygun, A., Gode, F. & Aslan, E. A comparison study of adsorption of Cr(VI) from aqueous
solutions onto alkyl-substituted polyaniline/chitosan composites. Desalination 279, 325-331, doi: 10.1016/j.desal.2011.06.034
(2011).

10. Religa, P, Kowalik-Klimczak, A. & Gierycz, P. Study on the behavior of nanofiltration membranes using for chromium(III) recovery
from salt mixture solution. Desalination 315, 115-123, doi: 10.1016/j.desal.2012.10.036 (2013).

11. Okhovat, A. & Mousavi, S. M. Modeling of arsenic, chromium and cadmium removal by nanofiltration process using genetic
programming. Applied Soft Computing 12, 793-799, doi: http://dx.doi.org/10.1016/j.as0c.2011.10.012 (2012).

12. Cassano, A., Drioli, E. & Molinari, R. Recovery and reuse of chemicals in unhairing, degreasing and chromium tanning processes
by membranes. Desalination 113, 251-261, doi: 10.1016/S0011-9164(97)00137-9 (1997).

13. Wang, K. Y. & Chung, T.-S. Fabrication of polybenzimidazole (PBI) nanofiltration hollow fiber membranes for removal of chromate.
J. Membr. Sci. 281, 307-315, doi: http://dx.doi.org/10.1016/j.memsci.2006.03.045 (2006).

SCIENTIFIC REPORTS | 7:41423 | DOI: 10.1038/srep41423 10


http://dx.doi.org/10.1016/j.desal.2007.04.054
http://dx.doi.org/10.1016/j.desal.2008.06.031
http://dx.doi.org/10.1016/j.asoc.2011.10.012
http://dx.doi.org/10.1016/j.memsci.2006.03.045

www.nature.com/scientificreports/

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Abbasi-Garravand, E. & Mulligan, C. N. Using micellar enhanced ultrafiltration and reduction techniques for removal of Cr(VI) and
Cr(III) from water. Separation and Purification Technology 132, 505-512, doi: 10.1016/j.seppur.2014.06.010 (2014).

Bohdziewicz, J. Removal of chromium ions (VI) from underground water in the hybrid complexation-ultrafiltration process.
Desalination 129, 227-235, doi: http://dx.doi.org/10.1016/S0011-9164(00)00063-1 (2000).

Korus, I. & Loska, K. Removal of Cr(III) and Cr(VI) ions from aqueous solutions by means of polyelectrolyte-enhanced
ultrafiltration. Desalination 247, 390-395, doi: 10.1016/j.desal.2008.12.036 (2009).

Wang, S. L. & Mulligan, C. N. Comparing the Effects of a Biosurfactant and a Humic Acid on Arsenic Mobilization from Mine
Tailings. Journal of Environmental Engineering 140, doi: 10.1061/(Asce)Ee.1943-7870.0000838 (2014).

Sachdeva, S. & Kumar, A. Synthesis and modeling of charged ultrafiltration membranes of poly(styrene-co-divinyl benzene) for the
separation of chromium(W). Industrial ¢ Engineering Chemistry Research 47, 4236-4250, doi: 10.1021/1e070730g (2008).
Pugazhenthi, G., Sachan, S., Kishore, N. & Kumar, A. Separation of chromium (VI) using modified ultrafiltration charged carbon
membrane and its mathematical modeling. J. Membr. Sci. 254, 229-239, doi: http://dx.doi.org/10.1016/j.memsci.2005.01.011
(2005).

Agarwal, G. P. et al. Effect of foulants on arsenic rejection via polyacrylonitrile ultrafiltration (UF) membrane. Desalination 309,
243-246, doi: 10.1016/j.desal.2012.10.023 (2013).

Lohokare, H. R., Muthu, M. R., Agarwal, G. P. & Kharul, U. K. Effective arsenic removal using polyacrylonitrile-based ultrafiltration
(UF) membrane. . Membr. Sci. 320, 159-166, doi: http://dx.doi.org/10.1016/j.memsci.2008.03.068 (2008).

Mandale, S. & Jones, M. Membrane transport theory and the interactions between electrolytes and non-electrolytes. Desalination
252, 17-26, doi: http://dx.doi.org/10.1016/j.desal.2009.11.007 (2010).

Bowen, W. R. & Mukhtar, H. Characterisation and prediction of separation performance of nanofiltration membranes. J. Membr.
Sci. 112, 263-274, doi: http://dx.doi.org/10.1016/0376-7388(95)00302-9 (1996).

Kotrappanavar, N. S. et al. Prediction of physical properties of nanofiltration membranes for neutral and charged solutes.
Desalination 280, 174-182, doi: http://dx.doi.org/10.1016/j.desal.2011.07.007 (2011).

Szymczyk, A., Lanteri, Y. & Fievet, P. Modelling the transport of asymmetric electrolytes through nanofiltration membranes.
Desalination 245, 396-407, doi: http://dx.doi.org/10.1016/j.desal.2009.02.003 (2009).

Agarwal, G. P. et al. Polyacrylonitrile ultrafiltration membrane for removal of (a) arsenic and (b) chromium from potable water. In
patent 2470/DEL/2015 (2015).

Muthumareeswaran, M. R. Rejection mechanism for arsenate, chromate and phosphate ions via polyarylonitrile ultrafiltration
membrane Doctoral thesis, Indian Institute of Technology Delhi (2015 (Accession No. TH-4719)).

Lohokare, H. R., Kumbharkar, S. C., Bhole, Y. S. & Kharul, U. K. Surface modification of polyacrylonitrile based ultrafiltration
membrane. J. Appl. Polym. Sci. 101, 8, doi: 10.1002/app.23917 (2006).

Singh, S., Khulbe, K. C., Matsuura, T. & Ramamurthy, P. Membrane characterization by solute transport and atomic force
microscopy. J. Membr. Sci. 142, 111-127, doi: http://dx.doi.org/10.1016/50376-7388(97)00329-3 (1998).

Elimelech, M., Xiaohua, Z., Childress, A. E. & Seungkwan, H. Role of membrane surface morphology in colloidal fouling of cellulose
acetate and composite aromatic polyamide reverse osmosis membranes. J. Membr. Sci. 127, 101-109, doi: http://dx.doi.org/10.1016/
$0376-7388(96)00351-1 (1997).

Manttari, M., Pekuri, T. & Nystr6m, M. NF270, a new membrane having promising characteristics and being suitable for treatment
of dilute effluents from the paper industry. J. Membr. Sci. 242, 107-116, doi: http://dx.doi.org/10.1016/j.memsci.2003.08.032 (2004).
Vrijenhoek, E. M., Hong, S. & Elimelech, M. Influence of membrane surface properties on initial rate of colloidal fouling of reverse
osmosis and nanofiltration membranes. J. Membr. Sci. 188, 115-128, doi: http://dx.doi.org/10.1016/S0376-7388(01)00376-3 (2001).
Déon, S., Escoda, A. & Fievet, P. A transport model considering charge adsorption inside pores to describe salts rejection by
nanofiltration membranes. Chem. Eng. Sci. 66, 2823-2832, doi: http://dx.doi.org/10.1016/j.ces.2011.03.043 (2011).
Muthumareeswaran, M. R. & Agarwal, G. P. Feed concentration and pH effect on arsenate and phosphate rejection via
polyacrylonitrile ultrafiltration membrane. J. Membr. Sci. 468, 11-19, doi: 10.1016/j.memsci.2014.05.040 (2014).

Silva, V. et al. Electrical characterization of NF membranes. A modified model with charge variation along the pores. Chem. Eng. Sci.
66, 2898-2911, doi: http://dx.doi.org/10.1016/j.ces.2011.03.025 (2011).

Sperling, M., Xu, S. & Welz, B. Determination of chromium(III) and chromium(VI) in water using flow injection on-line
preconcentration with selective adsorption on activated alumina and flame atomic absorption spectrometric detection. Analytical
Chemistry 64, 3101-3108, doi: 10.1021/ac00048a007 (1992).

Silverstein, R. M., Webster, E. X. & Kiemle, D. Spectrometric Identification of Organic Compounds 7th Edition (Wiley, 2005).

Rai, D, Sass, B. M. & Moore, D. A. Chromium(III) hydrolysis constants and solubility of chromium(III) hydroxide. Inorganic
Chemistry 26, 345-349, doi: 10.1021/ic00250a002 (1987).

Bowen, W. R., Welfoot, J. S. & Williams, P. M. Linearized transport model for nanofiltration: Development and assessment. AIChE
Journal 48, 760-773, doi: 10.1002/aic.690480411 (2002).

Darvishmanesh, S. et al. Novel polyphenylsulfone membrane for potential use in solvent nanofiltration. J. Membr. Sci. 379, 60-68,
doi: 10.1016/j.memsci.2011.05.045 (2011).

Sbai, M. et al. Streaming potential, electroviscous effect, pore conductivity and membrane potential for the determination of the
surface potential of a ceramic ultrafiltration membrane. J. Membr. Sci. 215, 1-9, doi: http://dx.doi.org/10.1016/S0376-
7388(02)00553-7 (2003).

Hurwitz, G., Guillen, G. R. & Hoek, E. M. V. Probing polyamide membrane surface charge, zeta potential, wettability, and
hydrophilicity with contact angle measurements. J. Membr. Sci. 349, 349-357, doi: http://dx.doi.org/10.1016/j.memsci.2009.11.063
(2010).

Tang, Y. W,, Chan, K.-Y. & Szalai, I Structural and Transport Properties of an SPC/E Electrolyte in a Nanopore. J. Phys. Chem. A 108,
18204-18213, doi: 10.1021/jp0465985 (2004).

Navarro, R. et al. Effect of an acidic treatment on the chemical and charge properties of a nanofiltration membrane. J. Membr. Sci.
307, 136-148, doi: http://dx.doi.org/10.1016/j.memsci.2007.09.015 (2008).

Sotto, A. & Arsuaga, J. M. & Van der Bruggen, B. Sorption of phenolic compounds on NF/RO membrane surfaces: Influence on
membrane performance. Desalination 309, 64-73, doi: http://dx.doi.org/10.1016/j.desal.2012.09.023 (2013).

Acknowledgements

We are very much thankful to Dr. Ulhas Kharul, NCL Pune, India, for supplying the PAN membrane used in
this investigation and helpful discussions during first author visit to NCL, Pune. First author is thankful to the
financial support of King Abdullah Institute for Nanotechnology, Deanship of Scientific Research, King Saud
University, Riyadh, Saudi Arabia. We would like to acknowledge Ministry of Drinking Water and Sanitation, GOI
for their help during the project. We would also like to thank Ms. Deepika Malpani, AntonPaar India Pvt. Ltd, for
the guidance to measure the zeta potential of PAN membrane.

SCIENTIFIC REPORTS | 7:41423 | DOI: 10.1038/srep41423 11


http://dx.doi.org/10.1016/S0011-9164(00)00063-1
http://dx.doi.org/10.1016/j.memsci.2005.01.011
http://dx.doi.org/10.1016/j.memsci.2008.03.068
http://dx.doi.org/10.1016/j.desal.2009.11.007
http://dx.doi.org/10.1016/0376-7388(95)00302-9
http://dx.doi.org/10.1016/j.desal.2011.07.007
http://dx.doi.org/10.1016/j.desal.2009.02.003
http://dx.doi.org/10.1016/S0376-7388(97)00329-3
http://dx.doi.org/10.1016/S0376-7388(96)00351-1
http://dx.doi.org/10.1016/S0376-7388(96)00351-1
http://dx.doi.org/10.1016/j.memsci.2003.08.032
http://dx.doi.org/10.1016/S0376-7388(01)00376-3
http://dx.doi.org/10.1016/j.ces.2011.03.043
http://dx.doi.org/10.1016/j.ces.2011.03.025
http://dx.doi.org/10.1016/S0376-7388(02)00553-7
http://dx.doi.org/10.1016/S0376-7388(02)00553-7
http://dx.doi.org/10.1016/j.memsci.2009.11.063
http://dx.doi.org/10.1016/j.memsci.2007.09.015
http://dx.doi.org/10.1016/j.desal.2012.09.023

www.nature.com/scientificreports/

Author Contributions

G.P.A. conceived the project and M.R.M. planned the detailed technical program of experiments. M.R.M.
did the surface modification and characterization of PAN membrane. G.P.A. and M.R.M. optimized the
engineering operating conditions of the system. M.R.M. carried out most of the experimental studies (membrane
characterization via flux, model proteins, AFM, surface charge and ions rejection with respect to different
physical, chemical as well as engineering conditions). M.A. and M.R.M. carried out FTIR, electro-kinetic analyzer
and PEG analysis. M.R.M., G.P.A. and M.A. contributed the numerical model part and GPA, M.A. analyzed the
simulated results. M.R.M., G.P.A. and M.A. examined the experimental as well as simulated data and wrote the
manuscript. All authors discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Muthumareeswaran, M. R. et al. Ultrafiltration membrane for effective removal of
chromium ions from potable water. Sci. Rep. 7, 41423; doi: 10.1038/srep41423 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

[ or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:41423 | DOI: 10.1038/srep41423 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Ultrafiltration membrane for effective removal of chromium ions from potable water
	Introduction
	Results
	Surface and Morphological Properties of PAN membrane
	Surface Modification of PAN membrane
	Model Protein and PEG rejection
	Effect on membrane roughness
	Effect on pore size distribution and porosity
	Effect on membrane surface charge

	Chromate ions rejection
	Effect of feed concentration, Cross flow velocity & Pressure
	Effect of pH
	Trivalent Chromium ions rejection

	Comparative studies between PAN UF and NF membrane
	Modelling of chromium rejection

	Discussion
	Methods
	Materials used
	Experimental Setup
	Anions and Cations Analysis
	Atomic force microscopy (AFM)

	Additional Information
	Acknowledgements
	References


