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ABSTRACT

A study has been undertaken of an advanced wastewater treatment approach
using polymer nanofiltration membranes, in an attempt to obtain water of sufficient
quality to allow it to be reused in the same production process or, alternatively,
to be discharged without any problems into the receiving medium. Based on the
chemical composition of several samples of wastewater from the ceramic sector,
the present study has initially focused on the removal of organic matter (reduction
of COD) and the most representative ions present in the wastewater, such as Na*,
Mg**, CI, and SO,>.

In a first part of the study, with a view to optimising the experimental phase,
a simulation has been performed of the nanofiltration process using the Nanoflux®
software. Among other things, the simulation allows the most suitable membranes
to be selected as a function of the permeate flow rate and desired level of retention
in the substances to be removed. The subsequent experimentation was carried out
in a laboratory tangential filtration system that works with flat membranes.

In the experiments conducted with different wastewaters, using two mem-
branes with different characteristics, it was found that, under optimum operating
conditions, retention values of about 90% were obtained for the studied substan-
ces, with a good permeate flow rate, using low operating pressures compared with
those of the reverse osmosis process. These results demonstrate the feasibility
of the studied technology and its potential as a treatment for improving ceramic
industry wastewater quality.
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1. INTRODUCTION

Water management has become an increasingly critical issue in most tradi-
tional industrial sectors, owing to the large quantities of wastewater they produce.
In the case of the ceramic tile industry, most of the wastewater arises in the was-
hing operations of the facilities used for the preparation and application of glazes
and other coatings. In addition, a considerable amount of groundwater is used as
the fresh water source for glaze and other coatings preparation. However as the
groundwater resource becomes more and more limited, ceramic industry has to
find solution to lower its groundwater consumption. One possibility is, for instance,
to use recycled water in glazing operations.

The composition of these ceramic industry wastewaters varies widely and
may include suspended solids and electrolytes of very different nature, as well as
organic substances that mostly come from the additives used in decorating the ti-
les. However, the treatment techniques that are currently used (generally physico-
chemical treatments) are not entirely effective, in particular with regard to non-
biodegradable organic compounds that increase the water COD, certain ions such
as alkaline and alkaline-earth cations, boron compounds, chlorides, sulphates, etc.
This inadequate wastewater treatment makes it impossible to reuse this water in
the same production process and may even impede water discharge. As a result,
this water needs external handling or additional treatment, entailing high economic
costs and/or environmental impact.

Membrane technology is an advanced method of water treatment. It has been
demonstrated that ions and molecules can be selectively removed from polluted
waters using membrane processes. Selection of the appropriate membrane sui-
table to address the desired separation is determined by the feed composition of
water to be treated and the objective of purification to be reached, as well. Nano-
filtration (NF), which has recently been developed, presents significant advantages
on comparing with other membrane processes. NF process allows an almost com-
plete removal of multivalent ions and of relatively small organic compounds, and a
good rejection of monovalent ions depending on the membrane and the operating
conditions while it requires lower operating pressure than reverse osmosis (RO).

In this work it is proposed to make a preliminary evaluation of the application
of nanofiltration technique to wastewaters from the ceramic tile industry with a
view to removing organic matter (reducing COD) as well as dissolved salts in order
to enhance the reuse of treated water in the ceramic industry. Boron compounds
were not included in the study because the wastewater containing these needs to
undergo a pre-treatment. Efficient purification has to decrease the organic pollu-
tion and the total dissolved salts (TDS) under a certain limit that can be estimated
for the most commonly cleaning uses to be about 50 mg O,/I for COD and 500 mg/I
for TDS. This objective can be, in principle, readily obtained using a NF stage.
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2. METHODOLOGY

2.1. Membrane processes in water treatment

Purification of water by treatments using membrane materials began to be
important in 60’s because of the good performances that offered synthetic mem-
branes. Membrane separation process has the following advantages: costly effi-
cient, environmentally benign and clean technology since no additional chemicals
are needed, easy to operate and not much sensitive to composition variability,
allowing the production of high quality water. Nevertheless, it has been in the last
years when the membrane treatment has begun to be applied in the wastewater
purification. The development of membrane technology to new applications has
been the result of numerous advances in the field of membranes elaboration.

A membrane can be defined as a selective barrier that separates two pha-
ses. From this definition it appears that transport of species from upstream to
downstream is restricted in a selective manner due to differences in physical and/
or chemical properties between the membrane and the permeating species [1].
Dissolved solids and compounds in the feed phase can then be totally or partially
retained in retentate, whereas permeate will be free of compounds rejected by the
membrane. Shape, size and charge are the main characteristics that determine
membrane rejection. Different driving forces such as pressure, electrical field, and
concentration gradient can originate the transport through the membranes, the
pressure driven processes being the most developed in the case of water mem-
brane treatment. The following section will describe the different types of pressure
driven membrane processes commonly used in water treatment.

2.1.1. Classification of membrane processes in water treatment

As previously outlined, membrane can act as a sieving barrier. The selective
transport across the membrane is then mainly governed from the ratio between
the size of dissolved species and that of the membrane pores. The following classi-
fication in membrane processes can arise depending on the membrane pore radius
size (r)): microfiltration, ultrafiltration, nanofiltration and reverse osmosis. (Fig 1)
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Fig. 1. Classification of membrane treatments
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Microfiltration (MF) membranes have the r ranging from 0.1 to 10 um and the
largest membrane permeability. In MF process the applied pressure is low (from
0.2 to 1 bar) and the components are retained by a sieving mechanism. Conse-
qguently only components with a size higher than the membrane pore size are retai-
ned. MF membranes typically reject suspended solids, large particles, colloids and
some micro organisms as bacteria. MF membranes are the far most widely used
membrane process with the main applications of clarification, disinfection and as
an efficient pre-treatment for further membrane treatment steps.

Ultrafiltration (UF) membranes have smaller r_ (from 2 to 100 nm) and lower
permeability than MF membranes. This feature implies that UF process requires
higher operating pressures (from 0.5 to 5 bar) than MF process. In this case,
sieving mechanisms are also mainly involved for rejecting the feed components.
These membranes can retain small bacteria, viruses and soluble macromolecules
such as proteins.

NF process (NF) is an intermediate technique between UF and reverse osmo-
sis (RO) that has been more recently developed. NF membranes have r  smaller
than 2 nm. In this case interactions in addition to steric hindrance take place due
to the small size of membrane pores. Thus the transport mechanism is mainly
described by sieving and electric (Donnan exclusion) effects among others. There
is equilibrium between the charged membrane and the solution. For this reason a
lot of ionic species are rejected, even species with size smaller than that of mem-
brane r_.

Finally, the RO membranes consist in a dense barrier without predefined po-
res. The transport mechanism is therefore completely different and is believed to
occur according to a solution-diffusion mechanism [2]. It results that permeability
is much lower in this case than for the above mentioned membranes. On the other
hand, rejection of the charged solutes contained in the feed solution is almost
complete. It should be noted that RO usually requires high pressures (up to 120
bar) depending of the osmotic pressure of the feed solution that makes this tech-
nique quite energy consuming.

2.1.1. Nanofiltration

As seen in Fig. 1, NF is a technique of separation by membranes located
between RO and UF. Initially it was included with RO but today it is regarded as
a different technique considering that the transport involves an actually different
mechanism as outlined before.

NF is mainly characterized by a transport mechanism based not only on steric
hindrance but also according to the solute charge with the following implications:

e Neutral solutes are rejected according to the sieving effect due to the mem-
brane pore size

e A selective separation takes place between readily rejected multivalent ions
and partially rejected monovalent ions
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e A part of charged species are transported across the membrane decreasing
the osmotic pressure.

e The operating pressures are lower (3 to 20 bars) than those used in RO and
higher permeate rate are obtained with this technique leading to a more
energy efficiency compared to RO.

This technique can be applied in a lot of sectors such as biotechnology and
food industry for extraction and purification of valuable low molecular weight com-
pounds, water and wastewater treatment for the drinking water production and the
environmental protection.

2.2. NanoFlux

NanoFlux [5,6] is a computer simulation program developed in the European
Institute of Membranes in Montpellier (France) to model solute transport in the NF
range (and in some cases, loose RO and tight UF). It can be used to characterize
NF membranes and also predict their performance vis-a-vis complex mixtures of
neutral molecules and ions. This program allows one to calculate, starting from
standard feed input data, all the necessary NF process output (ionic and molecu-
lar rejection, or passages, fluxes,...) from the level of a single membrane element
up to that of multi-module/multi-stage plants. It is possible to obtain quick and
reliable simulation results thanks to both the powerful and robust computatio-
nal algorithms incorporated into the program and the internal NanoFlux database
that contains the principal commercial membranes. NanoFlux is also easy to use,
thanks to its ergonomic graphical user interface and has been tested and validated
using real case studies [5-7]. Periodic additions are made and up-dates to the Na-
noFlux database performed in order to follow technical and market evolutions. This
modeling program is thus a powerful aid in decision-making and innovation, when
it comes to economically choosing the right membrane and optimizing nanofiltra-
tion processes. It can also be used to minimize significantly difficult and costly pilot
studies, thereby reducing the total cost and time needed to choose the appropriate
membrane and to scale-up and operate NF plants.

The modeling method used in NanoFlux consists in first estimating the pore
size from the rejection of model neutral solutes [5,6]. A membrane-salt characte-
rization step by studying the rejection of a limited number of simple salts (NaCl,
MgSO,, Na,SO,, CaCl,) is to be subsequently carried out The experimental results
for these 1:1, 2:2, 1:2, 2:1 ( |Zeuion ) salts are analyzed using NanoFlux via a
numerical fitting procedure in order to determine the optimal values of the two
parameters (effective membrane charge density and thickness) that characterize
the membrane/salt pair. Theoretical ion rejection predictions for electrolyte so-
lutions are obtained by solving numerically the “Hindered Transport” Extended
Nernst-Planck ion flux equations. The best fit parameter values, which minimi-
ze the difference between the experimental and theoretical rejections, vary as a
function of the salt concentration and pH of the feed. This analysis allows us to
create the internal NanoFlux database. The effective membrane charge and effec-

5|2 anion
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tive thickness for ion mixtures are then determined as a function of feed solution
pH, ionic strength and composition using the single salt database combined with
an interpolation and weighting scheme. The rejection and solution flux of complex
multi-electrolyte mixtures can be well predicted using the internal single salt data-
base [5,6]. NanoFlux can therefore be at the basis of a combined experimental and
theoretical method for characterizing, simulating, and optimizing the performance
of charged nanofilters.

NanoFlux attempts to fill in a gap in methods for predicting and optimizing NF
performance that has arisen due to the complexity of the fundamental ion trans-
port processes and has most likely slowed the widespread industrial development
of NF.

2.3. Method

2.3.1. Apparatus

The filtration pilot plant (Fig. 2) used for NF experiments consists of a Sepa
CF II labscale 316 SS cell system (10), a feed tank (3) with a stainless steel immer-
sed coil (5) and a volumetric pump (8) (cat pump 231, constant flow 9 L/min). The
closed loop of the feed solution is made of resisting tubing to high temperature (up
to 60°C) and pressure (up to 20 bar).
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1- Circulating thermal bath, 2- Bill-poster temperature, 3- Feed tank, 4- Temperature probe, 5- Coil, 6- Pur-
ge, 7- Three-way valve, 8- High-pressure pump, 9- Manometer, 10- Sepa CF II Cell (Osmonics), 11- Pressure
Control Valve, 12- Balance, 13- Personal computer

Fig. 2. Schematic diagram of the NF pilot.

The feed solution is heated or cooled in the 30 litres feed tank by a circulating
thermal bath (1) (Frigitherm-10 P- Selecta) by means of the immerged coil. The
temperature feed tank is measured and controlled by an external PT100 Prosensor
probe (4) immerged in the feed solution. The retentate temperature when it cir-
culates back to the feed tank is also measured. The pressure of the feed solution
and the retentate, modified by the valve (11), are given by pressure gauges (9).
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The permeate mass is measured by a balance (12) (Sartorius CP323S) at steady
state and the mass flux calculated is registered in a computer (13) via an RS232
output.

2.3.2. Membranes

In this study DOW FILMTEC membranes have been used. These membranes
are flat and have an effective surface area of 133 cm2. NanoFlux prediction and
preliminary tests showed that the NF-90 membrane was the most suitable for our
application. The obtained data were then compared to those obtained for another
membrane NF-200. Specifications given by the manufacturer for these two mem-
branes are gathered in the table 1.

Stabilized Salt

Permeate Flow Rate

Membrane 2 Rejection
(L/(h m2 bar) (%)
NF-90 8,68 > 97
NF-200 5,99 97

Table 1. Specifications of the NF membranes given by the manufacturer

Note:

- Permeate flow and salt rejection based on the following test conditions: 2000 ppm MgSO,, 25°C and 15 %
recovery.

- Permeate flows for individual elements may vary by -15 %/+50 %

2.3.3. Experimental procedure
The approach used consists of two stages:

e Prediction of the membrane performances for NF of the studied wastewater
(simplified composition) using Nanoflux. This stage allowed us to select the
more appropriate membrane and operating conditions for the second stage.

e Experimental validation using the selected membrane and operating condi-
tions for the treatment of real wastewaters.

The experimental procedure followed during the test of the membranes inclu-
ded the following steps:

e Membrane conditioning: before using new membranes a conditioning step
must be made to eliminate preservation products and to compact the mem-
brane. Membrane is placed in the membrane cell and pure water is circulated
through the membrane for 1 hour. Applied temperature and pressure (30 °C
and 17.5 bar) were higher than those in the normal operating conditions. This
step was only carried out once when the membrane is new.

e Pure water permeability: after the conditioning step and after every test,
pure water permeability was determined to ensure about the membrane sta-
bility and integrity. These measurements were performed using deminerali-
sed water.
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e Flow and rejection measurements for several feed wastewaters (fixed ope-
rating conditions): when the desired temperature was reached, the feed was
circulated and the pressure increased step by step till the desired pressure
was reached. The feed solution circulates at constant tangential velocity (1,23
m/s), which allows to neglect concentration polarization effects in membrane
surface. After around 5 min of circulation, it was assumed that the steady sta-
te was reached. The permeate fraction was re-circulated into the feed to keep
the solution concentration constant. The permeate flux was determined from
mass measurements. A sample was then collected to calculate rejection.

e Rejection calculation: collected samples in the previous step were analysed
and results were compared with the feed samples analyses. Then rejection
(%) were calculated according to the following equation:
Cpermeate
R = (1 —W) * 100
Where C”™ and C’* are the concentration of permeate and feed respecti-
vely.

2.3.4. Analyses

Conductivity and pH of solutions were determined using a conductimeter JF
340 WTW and a pHmeter PHN 81 Tacussel, respectively. Methods and equipment
used to analyze the different parameters and species in the wastewaters are listed
in table 2:

Parameter Method Equipment
COD UNE 77-004/89 -
B Azometine-H method by UV-VIS UV-160A Shimadzu
spectophotometry
SO, and CIr Ionic chromatography ICS-100 Dionex
Na*, K+, Mg?* and Atomic absorption spectropho- .
Ca?* tometry UNE 77-056 11008 Perkin Elmer

Table 2. Methods and equipment for wastewater analysis

3. RESULTS AND DISCUSSION

3.1 Ceramic industry wastewater composition

Wastewaters can be analysed using different parameters like pH, conductivi-
ty and chemical oxygen demand (COD), these two parameters being indicative of
total dissolved salts (TDS) and of the organic pollution, respectively. The hand ope-
rated cleaning usually made in ceramic industry and the large range of products
entail a wide variability in composition. Table 3 shows the mean average values of
the parameters describing the wastewater composition [8]: pH, conductivity, the
more abundant ions and TDS and COD.
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Parameter Variation interval

pH 7-9
Conductivity (nS/cm) 2000-5000
Chlorides (mg /L) 100-1100
Sulphates (mg /L) 100-1000
Calcium (mg /L) 50-500
Magnesium (mg /L) 10-100
Sodium (mg /L) 50-750
Boron (mg /L) 1-75
TDS (mg/L) 300-3700
COD (mg O,/L) 100-1300

Table 3. Ceramic industry wastewater composition

3.2. NanoFlux prediction

As above-mentioned NanoFlux computer simulation programme allows us to
predict the performances of NF membranes for permeation of neutral and charged
species. Model solutions containing two neutral solutes of different molecular size
were chosen for mimicking the removal of organic matter from the wastewaters.
As an example, Table 4 gives the predicted rejection data for permeation of two
neutral species (ethyl alcohol and poly(ethyleneglycol), PEG-400) using two NF
membranes (NF-90 and NF-200). It should be noted that PEG- derivatives are com-
pounds of interest in the ceramic industry since they are used in the decoration
stage of the tile manufacturing process. As it can be seen Nanoflux predicts that
PEG 400 is 100 % rejected by both membranes whereas a small molecule as ethyl
alcohol is more significantly rejected by the NF-90 membrane

Pressure Flux Rejected Molar mass Rejection
LS (bar) (L/h-m?) species (g/mol) (%)
<5 - PEG-400 400 100
NF-90
5 23 Ethyl alcohol 46 80
<5 - PEG-400 400 100
NF-200
5 25 Ethyl alcohol 46 62

Table 4. Nanoflux prediction for permeation of two neutral species (ethyl alcohol and PEG-400) on
NF-90 and NF-200 membranes.

In the same way, prediction of membrane performances can be obtained for
permeation of charged species. From the table 3, it appears that a mixture of the
anions CI and SO, > and the cations Na* and Mg?* can give a good model solution
of the studied wastewaters. Table 5 presents simulation data obtained for the two

9



CASTELLON (SPAIN)

&% QUALI(D7"12

same membranes (NF-90 and NF-200) for a solution containing an equimolar mix-
ture of NaCl and MgSO, with a total salt concentration of 0.03M (2.69 g/I).

Pressure Flux Rejection
Membrane (bar) (L/h-m?) (%)
Na* 90
Cl- 87
5 23
Mg?* 97
SO~ 100
NF-90
Na* 90
Cl- 90
11 60
Mg?* 100
SO,* 100
Na+* 47
Cl- 60
5 27
Mg?* 85
SO,> 98
NF-200
Na* 72
Cl- 65
11 75
Mg?* 94
SO~ 100

Table 5. Nanoflux prediction for an equimolar mixture of NaCl and MgSO4 with a total
salt concentration of 0.03M (2,69 g/L)

Again the membrane NF-90 shows the better performances in rejecting the
considered ions even at relatively low operating pressure (5 bar) and with similar
permeate flux. It was then decided to validate the simulation by performing per-
meation of real wastewaters on NF-90.

3.3. Results with real wastewaters of the ceramic industry

The NF treatment was carried out at low pressure with wastewater samples
collected in two different companies after the physico-chemical treatment stage.
The operating conditions for both samples are summarized in table 6.

Pressure

Sample

Temperature

Flux

wastewater 1

(GEDY)
5

(°C)
25

(L/(h m2 bar))

2,27

wastewater 2

4

25

3,45

Table 6. Operating conditions used in tests with wastewater samples

Table 7 gathers the parameter data obtained for the two samples before and
after the NF purification on NF-90 membrane. These results show a reduction of
more than 90 % of the total dissolved salts (TDS). As expected, multivalent ions
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(50,*, Mg?* and Ca?*) are almost totally rejected during the NF permeation. On the
other hand, the monovalent ones (CI, Na* and K*) are about 90 % rejected by the
NF-90 membrane as predicted by the Nanoflux simulation software. When consi-
dering the COD parameter, it appears that the NF permeation permits an efficient
removal of the organic pollution since this parameter gives values lower than 50
mg O,/I. This effect is particularly striking in the case of the higher loaded solution
(wastewater 1) with a COD reduction of more than 90%.

Finally, it has to be noted that these results were obtained only by using Na-
noflux prediction and without any experimental optimisation of the process.

Wastewater 1 Wastewater 2
After After
Analysed physico- After NF treatment with  physico- After NF treatment with
parameters chemical NF90/5 bar chemical NF90/4 bar
treatment treatment
Analyses Analyses Rejection Analyses Analyses Rejection
pH 8,35 7,44 - 7,95 7,03 -
C‘("r:ng‘/cctl'q‘q’;ty 3,5 0,16 95% 2,33 0,17 93%
B (mg/L) 5,9 3,9 34% 3,6 2,8 22%
SO, (mg/L) 258 < 10 >96% 304 <10 >97%
Cl- (mg/L) 932 36 96% 619 41 93%
Na+* (mg/L) 555 28,4 95% 304 30,4 90%
K* (mg/L) 16,8 0,9 95% 18,8 2,1 89%
Mg?+ (mg/L) 28 0,3 99% 24,8 0,3 99%
Ca?* (mg/L) 75 <0.1 >99% 101 <0.1 >99%
COD (mg/L) 1156 44 96% 129 < 30 > 77%

Table 7. Purification data of wastewaters using nanofiltration on NF-90 membrane

4. CONCLUSIONS

Advanced process based on membrane separation technique may be useful
to ceramic industry to improve management of their wastewaters. This improve-
ment can allow to companies a greater reusability of treated wastewaters giving
rise to important economic savings and reducing the environmental impact.

Experimental findings obtained in this study show that NF can be a good te-
chnique of purification of ceramic industry wastewaters because a very significant
total dissolved salts (TDS) and COD reduction (retention values of about 90%)
is achieved. On the other hand, these results also prove that NanoFlux is a good
tool of prediction that can save time and money in experimental studies, because
predictions done by the program are quite next to the results obtained experimen-
tally.
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