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ABSTRACT

Due to the current environmental legislations, treatment of the industrial wastewater containing
heavy metals is a problem of critical significance. Among the heavy metals, manganese is a very
common contaminant of the industrial wastewater. In the present work, removal of manganese from
the synthetic industrial wastewater was studied using the commercially available hydrophilized
polyamide (HPA-400) nanofiltration membrane in the spiral wound module. The feed concentration
(20-100 mg/L), the transmembrane pressure (TMP) (5-9 bar), and the feed flow rate (0.713-1.050 L/
min) were used as the operating parameters to explore the influence on the membrane performance.
It was found that the observed rejection of manganese increased with the increase in the initial feed
concentration, the transmembrane pressure, and the feed flow rate. Experiments were carried out
using Taguchi design of experiments(DOEs) method. The statistical analyses of the experimental
results in terms of the signal-to-noise ratio (S/N ratio) and the analysis of variance (ANOVA) showed
that the feed concentration was the most significant factor affecting the rejection of metal, followed
by the transmembrane pressure and then the feed flow rate. The highest observed rejection of man-
ganese was found to be 92.58% for the initial feed concentration of 100 mg/L, the transmembrane
pressure of 9 bar and the feed flow rate of 1.050 LPM. The statistical model was developed and vali-
dated using the experimental data. For theoretical modeling study, the well-known combined-film-
theory-Spiegler-Kedem model (CFSK) was used to estimate the membrane transport parameters.
The Sherwood correlation was also developed for the spiral wound membrane module under the
studies. Furthermore, the enrichment factors, concentration polarization modulus, as well as Peclet
numbers were computed.
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1. Introduction like metal finishing, electroplating, and electrochemical pro-
cesses discharge liquid waste with high concentrations of
metals. Thus, it is essential to get rid of them before releasing
it into natural bodies of water. It is a known fact that heavy
metals do not decompose easily and completely. Their traces
are carried through various life cycles. So, they are consid-
ered extremely toxic and carcinogenic [1].

Among the heavy metals, manganese is of great impor-
tance. It is generally used in ferrous metallurgy apart from
chemical, electrochemical, food, and pharmaceutical appli-

With the rapid development of industries and present
environmental related legislations, a number of environ-
mental problems need to be solved. As the present operat-
ing techniques cannot be changed completely, the protective
environmental strategy cannot be enforced. Many industries
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cations [2]. The extravagant use of manganese containing
products, the industries with a high concentration of man-
ganese in the effluents like mining [3], and steel manu-
facturing industries [4] lead to environmental pollution
at dangerous levels. In natural resources also, manganese
is available. Specifically, by the weathering of manga-
nese-rich rocks and sediments, manganese occurs univer-
sally in low levels in soil, water, air, and nutrient. Lack of
manganese in human beings seems to be exceptional since
it exists in a variety of nutrients. It is of the essence for
the normal bone structure, and good brain function. It is
indispensable for the proper functioning of some enzymes
(manganese superoxide dismutase, pyruvate carboxylase)
and for the stimulation of others (kinases, decarboxylases,
transferases, hydrolases, etc.).For the adults, WHO (1973)
decided that the manganese intake of 2-3 mg/d is suffi-
cient and 8-9 mg/d is “perfectly safe”.The manganese
intake from the drinking-water is generally lower than the
intake from the food. The intake of manganese through the
water would be 20 pg/d for an adult, considering a daily
water intake of 2 L [5].

Although manganese is a significant nutrient at low
doses, prolonged exposure to higher doses may be harm-
ful. The concentration of manganese over 0.1 mg/L in the
water supplies, creates an unwanted taste in the beverages
and blemishes the sanitary ware and laundry. The occur-
rence of manganese (II) in the drinking water may build up
its concentration biologically [6]. Manganese accumulates
in the tissues where mitochondria and endoplasmic reticu-
lum are present abundantly. The main sites of accumulation
after the skeleton are the liver, pancreas, kidneys, skeletal
muscle, connective tissue, and intestine [7]. It occurs when
insufficient disinfectant residual is present in the distribu-
tion system to control the growth of manganese depositing
biofilm [8].

The water quality standards and the various techniques
used over the period for the removal of Mn ions from
wastewaters have been discussed in our review paper [9].
These techniques are precipitation, ion exchange, coagula-
tion/flocculation, oxidation-filtration, electrochemical and
biological processes, adsorption and membrane techniques.

The presence of manganese in the industrial effluents
has been increased considerably. Specifically, in the acid
mine drainage, manganese occurs at much higher concen-
trations than the recommended discharge values. Usually,
the divalent form, Mn(Il) is soluble in water. In the acid
mine drainage, the divalent species are predominant up to
pH 10. The need of increasing the pH above 10, in order to
meet the standard limits, usually < 1 mg/L, is a problem
for discharging [10]. Another problem associated with this
increase in pH along with the oxygenation of the system is
it produces different forms of the solid manganese [11]. In
addition, it involves a high consumption of reagents. For the
effective precipitation also, a pH higher than 10 is required
due to the high solubility of Mn(Il) in a wide pH range [12].
Thus, the removal of manganese from the mining industry
effluent is a major challenge for the water management, as
manganese is not removed by pH control alone [13].

Manganese generally coexists with iron in the ground-
water. For the treatment of the groundwater containing
manganese and iron, oxidation can be used because, after
oxidation of Mn(II) compounds, Mn(IV) compounds are

formed. These Mn (IV) compounds are insoluble. Conven-
tional treatment for the removal of iron and manganese
from the groundwater is oxidation followed by depth fil-
tration. But, this process works efficiently when there is
no dissolved organic matter and the total concentration of
Fe(Ill) and Mn(Il)is less than 5 mg/L. For the higher con-
centrations, excessive amounts of the solids tend to shorten
filtration cycles and make the whole process ineffective.
Additionally, the ability of filtration of the manganese
oxides is very low and control over the process may be chal-
lenging with variations in the raw water quality. The alter-
native process recommended is the membrane filtration in
which two options are the direct membrane treatment and
the combination of oxidation with the membrane separation
[14]. Many investigators used the combination of oxidation
and microfiltration for the removal of iron and manganese
from the groundwater [14-17]. However, the kinetics of Mn
(IT) oxidation are very slow [18]. Additionally, due to the
high redox potential of Mn(IV), the parallel reactions such
as organic matter and Fe(II) oxidation, result in excessive
oxidant consumption. Therefore, removal of iron is neces-
sary before the manganese oxidation [19].

Among these technologies, the membrane technology
is widely accepted for treating the surface water, brack-
ish water, well water, brine and the industrial wastewater
[20-22]. Microfiltration, ultrafiltration, nanofiltration and
reverse osmosis are the “pressure driven membrane pro-
cesses” [23]. The choice of the correct membrane method
rests on the molecular size of the pollutants contained in
the water [20]. Among these membrane technologies, nano-
filtration (NF) can be placed between reverse osmosis and
ultrafiltration. It is effective in removing the elements caus-
ing hardness of the water, such as calcium and magnesium
along with the bacteria, viruses, and color [23].

The advantages of NF are good quality of the treated
water, process and plant compactness and simple automa-
tion. In addition to this, NF requires only cleaning agent
chemicals as compared to the other technologies in which
chemical consumption (coagulants, flocculants, disinfec-
tants, pH adjustment chemicals) is high [24]. Also, it can
remove the heavy metal ions with high efficiency [1]. Many
researchers have used NF for removing the heavy metals
like arsenic [25], copper [26], cadmium [27], chromium [28],
zinc [29], and lead [30] from the wastewater.

The key objective of the present work was to explore the
removal of manganese ions from the synthetic industrial
wastewater using the HPA-400 membrane. The operating
parameters were the feed concentration, the transmem-
brane pressure, and the feed flow rate. Taguchi method
was employed for the design of experiments and subse-
quent statistical analyses were performed by evaluating
the signal-to-noise (S/N) ratio and the analysis of variance
(ANOVA). The statistical model was developed using the
software MINITAB® 18 version 18.1(Minitab Inc., USA).
Also, the membrane transport parameters were estimated
using the combined-film theory- Spiegler-Kedem model.
The new Sherwood number equation was established for
the spiral wound membrane module. The mass transfer
coefficients obtained from the model and from the estab-
lished Sherwood number correlation were compared. Sim-
ilarly, the enrichment factors, concentration polarization
modulus, and Peclet number were calculated for the HPA-
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400 NF membrane. All the experimental data were collected
at ambient (25°C) temperature.

2. Theoretical background
2.1. Film theory model

The objective for the development of the membrane
mass transfer model is to relate the performance to the
operating conditions. With the high flux rate, a solute which
does not transfer through the membrane may accumulate
at the membrane surface. This is called the concentration
polarization (Fig. 1). The solute flux passing through the
membrane is balanced by the forward convective transport
of solute, | -C, and the back diffusive mass transport from
the membrane surface to the bulk solution, D, -(dC,/dx).
So, at steady state, using the film theory, a mass balance of
the solute in differential form is given as:

N, :CA]v_DAB(&) ey
dx

where D, is the diffusivity of the solute in the solvent

(m?/s), N, is the solute flux (kg/(m*s)), C, is the concen-

tration of the solute at any location (mg/L). The boundary

conditions are

@ C,=C,y
(i) C,=C

where [ is the thickness of the boundary layer (m). With the
above boundary conditions, integration of Eq. (1) produces
[31].

[—CAZ ~Cas j = exp(]—”) 2)

Car - CA3 k

where k is the mass transfer coefficient defined as (D, ,/1).
The observed rejection is given by

atx=0;

atx=1;

Permeate

Feed Solution :'(— 1
i
' Boundary Layer

x=0 x=1
I —mmm

Fig. 1. Schematic of concentration gradients of the solute adja-
cent to the membrane surface.

R, = {1 - %] (©))
CAl
and the true rejection is given as:
R= {1 - %] 4
CAZ

The concentration polarization expression [Eq. (2)] can
be written in terms of the rejection coefficients by substitut-
ing these rejection coefficients at the place of concentrations
to give:

=ty ®

2.2. Solution-diffusion model

The solution-diffusion (SD) model was originally
applied to reverse osmosis by Merten and coworkers [32].
In this model, the solute flux and the solvent flux are pro-
portional to their chemical potential difference. The solvent
and the solute fluxes, respectively are

Jy = A(AP - An) (6)

N, = (%j (CAZ - CAS) 7)

where A is the solvent permeability parameter. It can be esti-
mated from the pure water permeability calculation. D,, is
the solute diffusion coefficient in the membrane (m?/s), K
is the solute distribution coefficient in the membrane and
solution, & is the membrane thickness (m), and (D,, K/9) is
the solute transport parameter.

2.3. Combined- film theory - solution-diffusion model (CFSD
model)

According to the film theory model, and the solu-
tion-diffusion model, as proved by Pusch [33], Egs. (6) and
(7) may be combined with Eq. (4), to get an alternative equa-
tion of the true rejection as:

1 DK 1
2% &

The Eq. (8) proposes a linear relationship between
1/R and 1/] . One restriction of the SD model is that the
separation obtained at infinite flux is always equal to 1.0.
However, this limit is not reached for many solutes. Thus,
the SD model is suitable for the solute-solvent membrane
systems where the separation is close to 1.0. Eq. (8) can be
rearranged as:

1-R | DK ©)
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This Eq. (9) can be substituted into Eq. (5) to give

R, | T, Jo
1-R, | DuK {eXp(_?H
5

Eq. (10) is the combined-film theory-solution-diffu-
sion (CFSD) model and in the logarithmic format can be
obtained as:

ln{ 0=R)Jy } = ln[ LS :l + (L)
R, o k
A plot of In [(1-R)] /R ] vs. | will give a linear rela-
tion with a slope equal to 1/k and the intercept equal to
In (D,,,K/9) for the different feed concentrations. It can be
done by using the R and the ] data measured at the various

transmembrane pressures, keeping the same feed flow rate
and the feed concentration for each set.

(10)

(11)

2.4. Combined- film theory -Spiegler— Kedem model

When the information on the membrane structure and
the morphology is not available, the theory of irreversible
thermodynamics (IT) can be used in membrane systems. In
IT, the membrane is treated as a “black box”. The Spiegler—
Kedem model (SK) is developed using the principles of
irreversible thermodynamics. The basic equations of the
Spiegler-Kedem model [34] are

Jy =L,(AP — cAm) (12)
R= 0(1—F) (13)
1-oF
where
_ [ (1-0) 14
F= exp( P, Iy (14)

and o is the reflection coefficient. It signifies the sol-
ute-water coupling as well as the solute rejection by the
membrane. ¢ has values between 0 to 1. At 6 = 1, the mem-
brane is ideal, showing no solute-water coupling and the
total solute rejection. At ¢ = 0, the membrane shows no
semi-permeability and therefore, no solute rejection. L, is
the pure water permeability coefficient of the membrane,
and P,, is the overall solute permeability coefficient. Eq.
(13) can be written as:

R c
— —-—— (1-F 15
1-R 1-¢ ( ) as)
Then, combination of Eq. (15) with Eq. (5) gives
Ro c 1-o0 -]
= J1- 7| — u 16
1-Ro 1—0{ eXp{ ]"( P, HHeXP( k H i

Eq. (16) is called the combined-film theory-Spiegler—
Kedem (CFSK) model[31].

2.5. Enrichment factors and concentration polarization modulus

The boundary layer film model generalizes the fluid
hydrodynamics taking place in the membrane modules.
However, it has one parameter, the boundary layer thick-
ness can be changed. After replacing the concentration
terms by an enrichment factor E, defined as C,,/C,, and the
enrichment obtained in the absence of a boundary layer E ,
defined as C,,/C,,in Eq. (2), it can be expressed as [35]:

1

E

7 |-ene( 2 (7)
£l

The level of concentration polarization can be indi-
cated by the concentration of the solute accumulated on
the membrane surface, compared to the bulk solution con-
centration. It is shown by the term, concentration polariza-
tion modulus defined as C,,/C,, This ratio increases with
the increasing flux, with increasing the rejection and with
decreasing the mass transfer coefficient [36]. It is assumed
that the concentration polarization does not occur when
the modulus is 1.0. However, it affects the membrane
selectivity and the flux significantly when the modulus
deviates farther from 1.0.According to the definitions of
E and E , the concentration polarization modulus can also
be represented as E/E and, from Egs. (2) and (17), it can
be expressed as [35]:

. exp(%)
—= 18)
Can 1+E, {exp(]k”)—l}

3. Experimental
3.1. Materials

The hydrophilized polyamide HPA-400 membrane was
purchased from Permionics, Vadodara, India. The mem-
brane had an effective area of 0.4 m? The feed concentra-
tions of 20-100 mg/L of Mn (II) were employed during
the process operation. Manganese sulfate monohydrate
(MnSO,-H,0, MW = 169 g/mol), sodium meta-bisulphite
(Na,5,0,) and the standard manganese metal solution (1000
mg/L) were purchased from Merck. All the chemicals used
for the preparation of the synthetic solutions were of the
analytical reagent grade and were used as received. To avoid
the interference of the other species, present in the tap water,
deionized water was used to prepare the artificial Mn (II)
solution, to clean the membrane set up and to prepare the
analytical standard solutions. It was produced from Milli-Q
Gradient unit (Millipore, conductivity 0.055 pS/cm).

The characteristics of the membrane module are shown
in Table 1.

3.2. Plant setup and methods

The experiments were conducted on a Perma® mem-
brane system (Permionics, Vadodara, India). The sche-
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Table 1

Characteristics of HPA-400 nanofiltration membrane module

Parameters

Reference value

Configuration

Number of membrane leaves
Maximum operating pressure, bar
Molecular weight cut off (MWCO), Da
Maximum operating temperature, °C
pH range

Chlorine tolerance

Spiral wound, D =
2inch, L = 12 inch
2

13

400

40

2-11

Nil

matic diagram of Perma® plant is shown in Fig. 2. The
plant was equipped with a horizontal arrangement of
the filtration modules supported on the metal skid. The
module was consisted of a cylindrical shell made up of
the stainless steel, and the spiral wound membranes
were installed in the shell. A cylindrical feed tank of 30
L capacity was used for storing the water required for
the experimentation. The flow rates of the permeate and
the concentrate streams were indicated by the rotameters
while the pressures were shown by the mounted pressure
gauges. A variable frequency drive controlled the speed
of the motor. This helped to vary the flow rates and the
pressures.

@ ®:
T )
11
6
10 g
9
5 5
| r
«— ¢ I 57 >
2 3 4
1.Feed Tank 5.Rotameters 0 Feed stream
2.Drain valve 6.Concentrate valve 10.Permeate stream
3.5uction valve 7.Pressure gauges 11.Concentrate stream

4. Pump

8. Membrane module

Fig. 2. The schematic diagram of perma® plant.
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3.3. Experimental procedure

The wastewater samples of 20-100 mg/L of Mn(II) were
prepared by dissolving the required amount of manganese
sulfate. Before performing the actual experiments to remove
manganese, the HPA-400 membrane was exposed to the
deionized (DI) water for 20 min at the transmembrane pres-
sure of 12 bar for stabilization purpose. It helped to avoid
the probable membrane compaction throughout the exper-
imentation. The experiments were conducted in a batch cir-
culation mode. The permeate and the concentrate samples
were collected at the end of every 15 min. Both streams of
the permeate and the concentrate were back circulated to
the feed tank to maintain a constant feed concentration.
After each set of the experiments, the setup was washed
with the deionized water for 20 min. This helped the sys-
tem to remain clean. After every set of the experiment, the
pure water permeability (PWP) was measured to confirm
that the original membrane PWP was preserved. The exper-
iments were performed at the various feed concentrations
(20-100 mg/L), the transmembrane pressures (5-9 bar), and
the feed flow rates (0.713-1.050 L/min). For every reading,
the corresponding observed salt rejection (R ) and the per-
meate volume flux (J,) were measured. The separation per-
formance of the membrane was calculated as:

C,
%R, = {1 - [—*ﬂ %100
Cf

where C is the metal ion concentration in the permeate
stream and C,is its concentration in the feed. To prevent
the biological fouling, the membrane was washed with 1%
sodium meta-bisulphite at the end of the experimental runs.

(19)

3.4. Analyses

The manganese ion concentrations were measured by
an atomic absorption spectrophotometer (Model: AA-201,
Chemito, India) using the standard procedures. A calibra-
tion curve between the absorbance and the sample concen-
trations was prepared. In order to prepare the calibration
curve, standard manganese metal solution (1000 mg/L)
was used as a stock solution. From the stock solution, 5
dilute solutions according to the given range of an atomic
absorption spectrophotometer for the manganese metal
detection were prepared. The concentrations of these solu-
tions were 1-5 mg/L. The absorbance of these solutions
was measured at 279.5 nm wavelength as the most sensi-
tive wavelength for the manganese metal and then plot-
ted against the concentrations of the solutions. During the
experiments, samples of the permeate and the concentrate
solutions were collected at every 15min time interval for
the analysis.

3.5. Design of experiments

The most important stage in the design of experiments
lies in the selection of control factors. Taguchi creates a
standard orthogonal array (OA) to accommodate this
requirement [37]. Application of OA reduces the num-
ber of experiments required to determine the influence

of various operating parameters over the process output
[38]. The Taguchi technique provides much reduced vari-
ance for the experiments with an optimum set of process
control parameters. Thus,it offers a simple and systematic
approach to optimize design for performance, quality and
cost [39-42].

In this research work,the Taguchi parameter design
methodology was used. According to this design, an orthog-
onal array, L, (three factors and three levels) of nine trials
was employed. The three factors were the feed concentra-
tion (A), the transmembrane pressure (B), and the feed flow
rate (C) with levels as 1,2, and 3. The factors and their lev-
els are given in Table 2. For the analysis of the results and
to develop a statistical model, MINITAB® 18 software was
used.

4. Results and discussion
4.1.The water permeability of membrane

The pure water permeability coefficient (L)) character-
izes the water flow across the membrane. Before conduct-
ing the metal rejection experiments, the permeability of the
membrane to the deionized water was calculated at 25°C.
The pure water permeability coefficient of the membrane
was obtained as a slope of the plot of the pure water flux
against the transmembrane pressure. From Fig. 3, the Lp
value was found to be 8.32 L/h-m?bar. This is in the range
of the values for the NF membranes [27,43].

Table 2
Factors and levels for Taguchi design of experiment
Factors Levels
1 2 3
(A) Feed concentration (mg/L) 20 60 100
(B) Transmembrane pressure (bar) 5 7 9
(C) Feed flow rate (LPM) 0.713 0927 1.050
80
_ y=8.3218x 2
70 - R’=0.9906
60
50
=
NE' 40 4
2
H; 30 4
20
10 -
0 L Il L 1 1 Il L 1 L 1 L 1 L 1 L 1 L 1
0 1 2 3 4 s 6 1 8 9

Transmembrane Pressure(bars)

Fig. 3. Pure water flux as a function of transmembrane pressure
at T =25°C.
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4.2. Effect of transmembrane pressure

It was observed from Fig. 4 that with the increase in
transmembrane pressure, the permeate flux increased. In
Fig. 5, the relation between the permeate flux and the metal
rejection at the various feed concentrations (20-100 mg/L)
and the transmembrane pressures (5-9 bar) is shown. Each
data series of the feed concentration indicates the increasing
permeate flux with the increasing transmembrane pressure.
It can be seen from Fig. 5 that with the increase in the per-
meate flux, the rejection of metal increased slightly for the
increasing feed concentrations. It was also observed that the
rejection increased with the increase in the transmembrane
pressures from 5 to 9 bar (Fig. 5). It is related to the ‘dilu-
tion effect’ that is as the transmembrane pressure increases,
the convective transport of the water becomes predominant
over the diffusive transport of the solute. This phenomenon
results in a lower solute concentration in the permeate and
thus, the rejection of manganese increases with the trans-
membrane pressures. Furthermore, it was seen from Fig.
4 that the permeate flux was not increasing linearly with

2.6

24+

224

2.0 4

=
E 1.8
=
> 16
-
1.4
—8— 20 mg/L
12 —®—40mg/L
i —&— 60 mg/L
80 mg/L
1.0 1 —— 100 mg/L
T T T T T T T T T
5 6 7 8 9

Transmembrane Pressure (bars)

Fig. 4. Permeate flux at various transmembrane pressures for
different feed concentrations.

92

90
88

86

—8— 20 mg/L
—&— 40 mg/L
—A— 60 mg/L.
80 mg/L
—¢— 100 mg/L

% R

82

80

78

76

J x10°(m’s)

Fig. 5. Relation between rejection and permeate flux at various
feed concentrations.

the transmembrane pressures for the given feed concentra-
tions. This may be due to the concentration polarization at
a minor level.

4.3. Effect of initial concentration

Fig. 4 explains the effect of the metal concentration (20—
100 mg/L) on the permeate flux of the membrane. This figure
indicated that the permeate flux declined with the increas-
ing feed concentration for all the transmembrane pressures
during the experiment. This can be explained as with the
increase in the feed concentration, the concentration dif-
ference across the membrane increases, which results in an
increase in the osmotic pressure. The increased osmotic pres-
sure causes a drop in the permeate flow. Also,the adsorption
or the deposition of the solute on the membrane surface may
affect the effective membrane pore size. Thus, the lowest flux
obtained at the transmembrane pressure of 5 bar and the feed
concentration of 100 mg/L was 1.033 x 10° m/s.

Fig. 5 depicts that the initial feed concentration of man-
ganese influenced the rejection. As the feed concentration
increased, the rejection of manganese increased. It was
found that the solute concentration at the membrane surface
was increased with the increase in the feed concentration.
The resulting concentrated layer at the membrane surface
exerted the additional resistance to the solute transport and
consequently the rejection increased with the increasing
feed concentration.

Fig. 6 presents the manganese concentration in the
permeate during the experiment at the various feed con-
centrations and the transmembrane pressures. The lowest
permeate concentration was 4.2 mg/L at the transmem-
brane pressure of 9 bar and the feed concentration of 20
mg/L. It indicates the required purity of the permeate
stream up to which the wastewater of various concentra-
tions can be concentrated.

4.4. Effect of feed flow rate

Fig. 7 shows the rejection of manganese at the various
feed flow rates. The increase in the metal rejection with

11

10

|—®— 5 bars
—®— 6 bars
5 —A&— 7 bars
8 bars
4 —&— 9 bars

Permeate Concentration,Cp(mg/L)

T T T T T T T T T
0 20 40 60 80 100

Feed Concentration,C (mg/L)

Fig. 6. Permeate concentration vs feed concentration.
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92
. /
88
86
1 —=—(.713 LPM (20 mg/L)
& 7 —e—0.831 LPM (40 mg/L)
X ] —a— (0.927 LPM (60 mg/L)
824 1.001 LPM (80 mg/L)
a0 —— 1.050 LPM (100 mg/L)
78
76 -
] T T T T T T T T
5 6 7 8 9

Transmembrane Pressure (bars)

Fig. 7. Effect of feed flowrate on rejection at various concentra-
tions.

an increase in the feed flow rates is due to the increase in
the mass transfer coefficients. This increase in mass trans-
fer coefficients may be due to the increase in the Reynolds
number.

4.5. Statistical analysis

Table 3 shows the L, orthogonal array where factors A,
B, C are arranged in column 1, 2, and 3, respectively. Each
row of the orthogonal array represents a run with a spe-
cific set of factor levels in the experiments to be conducted.
Based on the data obtained from the experiments, the statis-
tical analysis of variance (ANOVA) was performed to deter-
mine the significant effect of each operating factor on the
response variable. The analysis was conducted at 95% con-
fidence level (level of significance, oo = 0.05). The obtained
ANOVA results are summarized in Table 4. The variable
having the higher F-value and the smaller P-value than the
other variables is more significant variable. The P-value
should be less than the selected confidence level (0.05) to
become a significant factor. It can be seen from Table 4 that
the feed concentration provided the most significant effect
on the metal rejection, followed by the transmembrane
pressure and the feed flow rate having P-value 0.00001,
0.00048, and 0.02081, respectively.

Taguchi method emphasizes on the study of the
response variation using the signal-to-noise (S/N) ratio,
resulting in the minimization of the response variation due
to uncontrollable parameter. The metal rejection was con-
sidered as the response variable with the concept of “the
larger-the-better”. Based on the analysis of the S/N ratio,
the optimal performance for the metal rejection was found
at 100 mg/L feed concentration (level 3), 9 bar transmem-
brane pressure (level 3), and 1.050 LPM feed flow rate (level
3) (Table 5). Fig. 8 shows the main effect plot of S/N ratios.

Furthermore, a regression model was developed for
predicting the metal rejection as a function of the feed con-
centration (A), the transmembrane pressure (B), and the
feed flow rate (C) as follows:

Table 3
Taguchi L, orthogonal array
Run Factors levels Rejection
A B C (%)
1 1 1 1 75.07
2 1 2 2 7774
3 1 3 3 80.00
4 2 1 2 87.77
5 2 2 3 90.50
6 2 3 1 90.62
7 3 1 3 89.00
8 3 2 1 90.00
9 3 3 2 91.54
% Rejection = 58.06 + 0.5876 x A +0.86 x B 20)

+3.576 x C—0.003587 x A’

The model F-value of 495.83 and the corresponding value
of prop > F (0.00001) suggested that the model was signifi-
cant. The statistical model of metal rejection (Table 4) was in
good agreement with the experimental data as the value of
regression coefficient (R?), 99.80%, was close to 1. Predicted
R? of 99.09%was in reasonable agreement with the adjusted
R? of 99.60%. The ranking of the significant factors was A
> A?> B > C. The membrane rejection ability was contrib-
uted by the first-order effect of the feed concentration (A),
the transmembrane pressure (B), the feed flow rate (C), and
the quadratic effect of the feed concentration (A?). The model
showed a standard error (S) of 0.4035. S is the measure of
deviation of observed rejection (% R) from the regression
line. It is supposed that the lower the S value, the better the
generated model. In this study, a confirmatory experiment
was conducted by applying the optimal levels of the process
parameters and the metal rejection was found as 92.58%.

A plot of the normal% probability vs. residual is shown
in Fig. 9 for the metal rejection. The normal probability
plot of the residuals is an important diagnostic tool in the
residual analysis. It is used to check the normal distribution
of errors and their independence from each other. It was
observed from the figure that most of the residuals were
close to the diagonal line suggesting no noticeable sign of
non-normality of the experimental results. A plot of stan-
dardized residual vs. fitted value (Fig. 10) showed an equal
scatter around the x-axis. It indicates the absence of any
recognized pattern. From the figure, it is proved that the
model proposed by the analysis is adequate. The predicted
values of the response variable vs. actual values are shown
in Fig. 11. The goodness-of-fit of the model was checked
through the correlation coefficient (R?). The figure demon-
strated that the empirical model was reliable to predict the
membrane performance in terms of metal rejection.

4.6. Theoretical modeling
4.6.1. Determination of transport parameters

There are limitations to the CFSD model as it is used
for the homogeneous and nonporous membrane surface
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Table 4
Analysis of variance for responses
Source d, Adj SS AdjMS F-Value P-Value
Regression 4 323.038 80.759 495.83 0.00001
(A) Feed concentration (mg/L) 1 118.383 118.383 726.83 0.00001
(B)Transmembrane pressure(bar) 1 17.750 17.750 108.98 0.00048
(C)Feed flow rate (LPM) 1 2.232 2.232 13.70 0.02081
(A?) [Feed concentration (mg/L)]* 1 65.872 65.872 404.43 0.00004
Error 4 0.652 0.163
Total 8 323.689
d,= Degrees of Freedom; SS = Sum of Squares; MS = Mean Square error; F = F-value; P = P-value; Note: The p-values less than 0.05 are
significant.
Table 5 99
S/N ratio values for response variable
95
Level Feed concentration Transmembrane Feed flow rate z 901
(mg/L) pressure (bar) (LPM) z 83’ "
70 [
1 37.80 3846 3858 £ o0, .
2 39.05 38.68 38.64 < 0] A
3 39.10 38.81 3873 o0 s
Delta 131 0.36 015 oo :
Rank 1 2 3 5] b
-3 -2 -1 0 1 2 3
Standardized Residual
39.2 Feed concentration (mg/L) |Tr ane pressure(bars)| Feed flow rate (LPM)
’ R Fig. 9. Normal probability plot.
39.0 i
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Fig. 8. Main effects plot for S/N ratio. °
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layer. Also, it is applicable when the separation is close to
1.0. Moreover, this model assumes each species must first
dissolve into the membrane before diffusing through and
all the transport occurs by the diffusion only [44]. How-
ever, this is not true for nanofiltration. Hence, the CFSK
model was used for the further calculations. For the
estimation of the parameters of the Eq. (16), the exper-
imental data of R, and | obtained at the various trans-
membrane pressures,but a constant feed concentration
and a constant feed flow rate were applied. The regres-
sion was done using a nonlinear curve fitting technique.
The MATLAB® (R2014a, The MathWorks Inc.,USA) func-
tion Isqcurvefit was used to obtain the model parame-

Fig. 10. Residual vs fits plot.

ters. The parameters estimated from Eq. (16) were used
to calculate the rejection coefficient of manganese from
the model. This calculated rejection and the experimental
rejection were compared as shown in Fig. 12. It can be
observed from Fig. 12 that the model predictions for the
rejection were in good agreement with the experimental
results. The membrane transport parameters estimated
from Eq. (16) are given in Table 6.
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Fig. 12. Comparison between Ro, and Ro , as a function of Per-
meate volume flux for combined—film theory-Spiegler-Kedem
model.

Table 6
Parameter estimated using non-linear regression method for
CFSK model for manganese ions

Setno. Feed conc. CFSK model®
(mg/L) & P, x10°(m/s) kx 10° (m/s)
1 20 09964 3.0 3.6
2 40 09922 2.0 4.1
3 60 09906 1.0 4.5
4 80 09900 1.0 4.8
5 100 09978 1.0 5.0

°CFSK is combined-film theory-Spiegler-Kedem model

4.6.2. Development of Sherwood correlation

The mass transfer coefficient, k is mainly a function of
the feed flow velocity, the module shape and dimensions,
and the solute system [44]. Most of the mass transfer mod-
els used to describe the membrane processes apply the
Sherwood correlation. The Sherwood correlation for a fully
developed turbulent flow is [45].
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Table 7
Comparison of experimental and calculated k values

Set no. k., x10°(m/s)  k  x10°(m/s) %errorink
1 3.60 3.59 0.0875
2 4.10 4.09 0.0555
3 4.50 4.49 0.1136
4 4.80 4.79 0.0260
5 5.00 499 0.1202

b c
Sh= % =a.Re’.Sc = a.(u'—d”) (l] (21)

% D

Also, for a fully developed laminar flow, the equation
is [46].

d b c d
Sh= kd, =a.Re’ ,S&_(ﬂj = a.(u'—d”j (l) (ﬂ) (22)
D L \Y D L

where Sh is the Sherwood number, Re is the Reynolds
number, Sc is the Schmidt number. Also, u is the cross-flow
velocity (m/s), v is the kinematic viscosity (m?/s), D is the
diffusion coefficient of solute (m?/s), L is the channel length
(m) and d, is the hydraulic diameter (m). The unknown
parameters a, b, ¢, and d are to be calculated after experi-
mental runs only [47,48].

For the spacer filled spiral wound RO membrane chan-
nel, Schock and Miquel developed the Sherwood correla-
tion as [49]:

= % =0.065.Re"” Sc'*

Sh (23)
As the flow was laminar, the Sherwood correlation for
the spiral wound membrane module under the studies was

obtained as:

Sh= kd, =0.663.Re™™ .5c"*"®, 4 -
D L

(24)

This was done by the nonlinear fitting of Eq. (22) with
the MATLAB function nlinfit. The k values estimated from
the CFSK model, Eq. (16) and the Sherwood correlation, Eq.
(24) are compared in Table 7 and they are in good agree-
ment.

4.6.3.Calculation of enrichment factors and concentration
polarization modulus

Concentration polarization is a natural consequence
of the selectivity of a membrane and is one of the signif-
icant control factors influencing the system design. The
enrichment factor, E is dependent on the feed concen-
tration. On the other hand, when the boundary layer is
not present, the enrichment factor E_is dependent on the
surface concentration of the membrane. The enrichment
factors (E, and E) along with the concentration polariza-
tion modulus (C,,/C,,) for the HPA-400 membrane are
given in Table 8 (at transmembrane pressure 5 bar). It can
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Table 8
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Representative values of the enrichment factors (E, and E), and concentration polarization modulus (C,,/C,)) for HPA-400 NF

membrane at various concentrations (TMP 5 bar)

Set no. Feed concentration Enrichment factors Concentration polarization Peclet number
(mg/L) E, E modulus (C,,/C,)) U,/k

1 20 0.1804 0.2492 1.3814 0.4108

2 40 0.1217 0.1603 1.3167 0.3201

3 60 0.0964 0.1222 1.2682 0.2666

4 80 0.0924 0.1142 1.2359 0.2361

5 100 0.0913 0.1100 1.2043 0.2066

be observed from Table 8 that the membrane surface con-
centration of the solute was 1.2-1.3 times higher than in
the feed solution.

The equilibrium between the convective transport and
the diffusive transport in the boundary layer is described
by the term (J /k). This dimensionless number signifies the
ratio of the convective transport, J, and the diffusive trans-
port, k. It is normally defined as the Peclet number [35]. The
Peclet numbers for the HPA-400 membrane at the various
feed concentrations and at the transmembrane pressure of 5
bar are also shown in Table 8. At higher values of the Peclet
numbers (] >>k), the convective flux becomes predominant
over the diffusive flux in the boundary layer showing a
large value of the concentration polarization modulus. At
smaller values of the Peclet numbers (J <<k),convective
flux is well controlled by the diffusive flux in the boundary
layer. In this situation, the concentration polarization mod-
ulus turns near to unity [35]. It can be observed from Table 8
that at the transmembrane pressure of 5 bar, the value of the
Peclet number is between 0.20 and 0.41. It has the maximum
value between 0.39 and 0.66 at the transmembrane pressure
of 9 bar(data not given in Table 8). This shows that the con-
centration polarization increases with the transmembrane
pressure.

5. Conclusions

The present study validates that NF is an effective mem-
brane separation technique to remove manganese from the
synthetic wastewater. The pure water permeability coef-
ficient of the membrane was found to be 8.32 L/h-m?bar.
Initially the operating parameters, such as, the initial feed
concentration, the transmembrane pressure, and the feed
flow rate were considered to estimate the role in the metal
rejection and the permeation flux. As the transmembrane
pressure increased, the permeate flux and the metal rejec-
tion increased. Also, it was observed that with the increase
in initial feed concentration, the permeate flux slightly
decreased and the metal rejection increased. In addition,
with the increase in the feed flow rate, manganese rejection
increased. In order to find the significant operating param-
eters, Taguchi method was used. The analyses of the results
in terms of S/N ratio, and ANOVA showed that the feed
concentration was the most influencing operating parame-
ter, followed by the transmembrane pressure and the feed
flow rate. The maximum rejection of the metal was found
to be 92.58% at the optimum level (initial feed concentra-

tion of 100 mg/L, the transmembrane pressure of 9 bar,
and the feed flow rate of 1.050 LPM) of the three factors. As
well, a statistical model was developed and it showed good
validity with the experimental data (error less than 0.54%).
Furthermore, a theoretical modeling study was performed
using the combined—film theory-Spiegler-Kedem model
(CFSK) as the membrane transport model. The model pre-
dicted well the experimental data with the error less than =
2.5%.The Sherwood correlation was also developed for the
spiral wound membrane module under the studies. The k
values estimated from the CFSK model and from the Sher-
wood correlation were compared and they were in good
agreement with the error less than +1%. The enrichment
factors, the concentration polarization modulus, and the
Peclet numbers have been discussed and calculated for the
membrane under study.
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Nomenclature

— Constant in Eq. (20)

— Permeability parameter in Eq. (6) (mol/cm?
bar)

— Constant in Eq. (20)

— Constant in Eq. (20)

Concentration of A at any location i (mg/L)

— Permeate concentration (mg/L)

— Feed concentration (mg/L)

— Constant in Eq. (21)

— Hydraulic diameter (m)

Diffusivity (m?/s)

(D,,,K/8) — Solute transport parameter (m/s)

— Diffusivity of solute A in solvent B (m?/s)

Diffusivity of solute A in membrane (m?/s)

—  Enrichment factor defined as C,,/C,,

— Enrichment factor in the absence of bound-

ary layer definedas C,,/C,,

Factor in Eq. (13)

Permeate volume flux (m/s)

Pure water flux (L/m?h)
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k — Mass transfer coefficient (m/s)

K — Solute partition coefficient

l — Thickness of the concentration boundary
layer (m)

L — Channel length (m)

L]D — Pure water permeability coefficient (L/h-m?
bar)

Ap — Pressure difference across the membrane
(bar)

b, — Opverall permeability coefficient (m/s)

Q — Feed flow rate (L/min)

R — True rejection

Re — Reynolds number

Ro — Observed solute rejection

Sc —  Schmidt number

Sh — Sherwood number

TMP — Transmembrane pressure (bar)

u —  Cross-flow velocity (m/s)

v — Kinematic viscosity (m?/s)

Greek letters

) — Effective thickness of a membrane (m)

Arm — Osmotic pressure difference across the
membrane (bar)

c — Reflection coefficient

Subscripts

A — Solute

B — Solvent

M — Membrane

1 — Feed Solution

2 — Boundary layer solution

3 — Permeate solution
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