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Abstract. Various studies have shown that ultrafiltration membranes are successfully involved in the removal process of
most organic pollutants from wastewater. In this context, the hydrodynamic characteristics of a modified cellulose
ultrafiltration membrane were evaluated. This composite membrane type has been proposed for the separation of colloidal
matter from industrial wastewater in Galati City area (Romania). Another purpose of this paper was also to determine the
volume flows, along with the permeate and concentrate fluxes through the technical membrane taken under study.
Furthermore, a comparative analysis of three samples of industrial water from Galati City area in terms of the degree of
contamination was performed. Surface modification was evaluated using scanning electron microscopy. Results indicated
that the industrial wastewater from the steel factory Liberty Galati was significantly more impure than the water from
Catusa Lake, which in turn was more impure than the water from Siret River, as indicated by comparative analysis of the
water samples subjected to the ultrafiltration operation through semipermeable technical membranes. It was shown that
the decrease of the permeate flux at the modified cellulosic membrane was accentuated in the first moments, probably
due to the clogging of the surface pores that present an uneven distribution. The results of the present study show that the
cellulosic membrane used has pore diameters which correspond to the values recommended for the retention of colloidal

matter.
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1. Introduction

Lately, wastewater from various industrial and domestic
activities has become a major environmental problem.
Therefore, various wastewater-cleaning technologies
using ultrafiltration (UF) membranes have been
developed [1]. UF membranes are involved in removing
process of most organic pollutants, microbiological
species and certain metals (Mn, Hg, Cr, Cd, Pd, Ni, Zn)
from wastewater, with low energy consumption and a
simple operating system [2-4]. The use of these UF
membranes to clean wastewater is disturbed by the
fouling process. The fouling prevention can be achieved
using microalgae or zwitterion-containing polymer
additives [5, 6]. The fouling process is closely correlated
to membrane cleaning, which involves several physical,
chemical and biological cleaning steps depending on the
UF membrane molecular weight cut-offs [7-9].
Recently, certain methods to obtain selective and
fouling resistant UF membranes have been improved
according to polymeric membranes used. The most
commonly used polymer to develop these membranes is
polyvinyl chloride (PVC), which has essential chemical
and mechanical properties, such as chemical and
thermal stability, abrasion and corrosion resistance and
a suitable mechanical strength [10]. To increase the
antifouling and mechanical properties of UF
membranes, particular procedures are used, such as,
different changes of membrane surface, incorporation of

specific nanoparticles into membrane matrix and
polymers blending [11-13].

A challenging polymer that can be used in UF
membranes design is cellulose acetate, which is a low-
cost and renewable resource, with significant
biodegradable properties. The antifouling and
separation characteristics of cellulose acetate UF
membranes can be enhanced using zinc oxide
ZnO@graphitic carbon nitride (9-CsNa)
nanocomposites [14] or silver nanoparticles [15].
However, cellulose UF membranes have some
disadvantages, such as high sensitivity to bacterial
corrosion and lack of mechanical tolerance leading to
loss of life [16].

A key feature of UF membrane development based
on the mixture of several polymers
(polysulfone/polyaniline, PVC or cellulose acetate) is
the influence of pH, temperature and KMnO4
peroxidation effect [17]. The suitable UF membranes
used for wastewater treatment are obtained at an optimal
value of pH equal to 7 and a moderate temperature
(25°C) [18].

In the present work, we introduce a cellulosic
membrane into the separation practice by UF process of
three distinct water samples from Galati city area,
namely: water from Siret River, water from Catusa Lake
and industrial water from the steel factory Liberty
Galati. Besides the evaluation of the hydrodynamic
characteristics of the membrane type used, the aim of
this paper is also to determine the volume flows, along
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with the permeate and concentrate fluxes through the
semipermeable technical membrane taken under study,
and then to perform a comparative analysis of the three
water samples in terms of the degree of pollution and
contamination for each sample. The experimental
conditions in this paper correspond to the UF process,
and therefore, in the following we will refer only to this
type of technical separation.

2. Experimental

2.1. Determination of the membrane’s characteristics
For the determination of volume flow (Q.), permeate
volume flux (Jp) and concentrate volume flux (J;) of the
four different water samples, a technical semipermeable
cellulose membrane composite, type M110 (produced
by Ceprohart Brdila) was used. It has the effective
diameter of separation d. = 10 cm and the thickness h =
3.6 mm.

The total porous volume (V) of the semipermeable
membrane was calculated with Equation 1:

Vpe = Tt (1)

which, in turn, served to calculate the apparent porosity
of the membrane with Equation 2:

&%= (1— %xmo )

where: my, is the mass of the membrane soaked in
distilled water of density pw= 1 g/cm? mq is the mass of
the dried membrane (weighed in the air); 1, = Zl—" is the

volume of the membrane of density pom.

For the determination of the total porous volume, the
AGA4-Mettler Toledo balance was used. To this aim, the
mass of the dried membrane was mg = 16.61 g and the
mass of the membrane soaked in distilled water was my
= 43.57 ¢. Thus, the total porous volume of the
membrane was Vy = 26.96 cm?.

For the calculation of the apparent porosity of the
membrane, it was necessary to calculate first the volume
of the membrane (Vm), knowing its diameter and

2
X" « h = 28.274 cm?. Thus,

4

thickness, that is V,, =

the apparent porosity of the membrane was ¢, % =
33.749%.
For the calculation of volume flow (Qv) and volume

fluxes (Jpand J¢), it also was necessary to calculate the

. . d?
effective separation area of the membrane, A = ”2—9

that is A =78.5 cm?,

For the analysis of surface morphology of the
membrane, scanning electron microscopy (SEM)
images were collected on a Quanta 200 scanning
electron microscope operating at different voltages in
the range 10-30 kV.

2.2. Laboratory setup for the ultrafiltration of water
samples

The laboratory setup used for the UF operation of the
water samples by semipermeable membranes is
presented in Figure 1. This setup allows: i) the
determination of porosity and maximum radii of UF
membranes, ii) establishing the retention coefficients or
cut-off molecular weights, iii) characterization of the
separation performances by a certain technical
membrane, and iv) evaluation of the separation
efficiency by UF of diverse colloidal dispersions.

The supply fluid from tank (1) is taken by the dosing
pump (3), whose flow is adjusted with the micrometric
screw (4), and enters the measuring block for pressure
and temperature (5), from which it goes tangentially on
the membrane surface from module (6). Here, the
separation of the two fluxes — concentrate (10) and
permeate (12) — takes place. The working maximum
pressure is 10 atm and the maximum flow of the supply
fluid is 25 L/h at a temperature of up to 75°C. Figure 2
gives the constructive principle of an UF module, which
can also be used in microfiltration. It is a closed,
watertight enclosure in which the membrane (4) is
placed with the support for mechanical strength (3) and
for the drainage of the permeate (nickel sieve). The
module has a turbulent flow pressure supply system and
connections for concentrate and permeate collection.
Two or more modules can be connected in series, in
parallel or in combination, depending on the separation

conditions and the retentate (often permeate)
recirculation system.
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Figure 1. Laboratory setup for separations by technical membranes: 1 — Supply tank; 2, 9, 11 — Control valves; 3 —Dosing pump; 4 —
Micrometric screw for flow adjustment; 5 —Measuring block; 6 —Filtering module; 7 — Membrane; 8 —Metallic stand; 10, 12 —
Collecting vessels for retentate (concentrate) and permeate.
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Figure 2. Scheme of the UF module: 1 — Detachable ribbed tiles; 2 — Clamping screws; 3 — Nickel sieve; 4 — Membrane; 5 — Rubber
seal; 6 — Fitting.

2.2. Working procedure

1. Establishing the characteristics of the dosing pump
(3): the filtering module (6) is removed and the volumes
of distilled water and the other water samples taken
under study, discharged by the pump for position 5 of
the micrometric screw (4), are measured with a
graduated cylinder. The permeate volume flow (Q,) and
the concentrate volume flow (Qp) are calculated with
Equations 3, while the permeate volume flux (J,) and the
concentrate volume flux (J;) are calculated with
Equations 4:

ap = %and Q= % 3
= ®andy. = & 4
Jp=-andj. = < (4)

2. Mounting the membrane into the UF module is
detailed in Figure 2. The membrane (4) is placed on the
nickel sieve (3). The rubber seal (5) is fixed onto the
membrane the superior tile (1) is attached and tighten
crosswise with the screws (2) to ensure pressure sealing.
The module is connected to the measuring block (5) in

Figure 1 with the fitting (6) with Dutch nut. Above the
membrane is a clear height of 2.4 mm. The flow is
turbulent due to the streaks on the top plate.

The variation of the permeate and concentrate fluxes
(calculated with Equations 4) of distilled water and test
samples as a function of time is plotted. Once the fluxes
are flattened, it is considered that the concentration
polarization has been installed and the membrane must
be regenerated with distilled water.

Statistical analysis was performed using the SPSS
11.0 software. All statistical analyses were statistically
significant at the confidence level of 0.05 [19, 20].

3. Results and discussion

3.1. Membrane characterization

The information obtained by scanning electron
microscopy showed the difference from a
morphological point of view in the case of the cellulosic
porous membrane M110 as a result of the passage of the
fluid (distilled water) used as a standard (Figure 3).

Figure 3. SEM images of the inlet (a) and outlet (b) surfaces of distilled water into the composite cellulosic membrane M110 (400x
magnification) used to separate the water samples from Siret River, Catusa Lake, and industrial wastewater from the steel factory
Liberty Galati; (c) SEM image of the distilled water outlet surface through the membrane M110 (3000x magnification); (d) SEM

image of the cross section of the layer details of the membrane M110 (1600x magnification).
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The images in Figure 3 show the initial relative
dimensional uniformity of the cellulosic fibers in the
M110 membrane, highlighting the role of the cellulosic
fibrous network in filtering the various substances that
constitute the impurities contained in the analyzed
samples and that significantly change its porosity. In this
context, the morphology of the upper surface of the filter
plate used in this study showed, after filtration, different
characteristics compared to the original membrane
(results are not shown). The data obtained show that the
fibers with non-uniform orientation have different
thicknesses and lengths, so that the membrane surface
has a variable pore distribution, with diameters of the

described in section 2.2, working at a pressure of 1 atm
and a flow rate of the dosing pump of 5 mL/s.

Table 1. Experimental results for distilled water

Det. No. Vp (ML) 7 (min) Qp (L/s)
1. 22 1 0.366-10
2. 22 2 0.366-10
3. 215 3 0.358-10
4. 21 4 0.350-10
5. 21 5 0.350-103
6. 21 6 0.350-10

Table 2. Experimental results for the water sample from Siret

. . - River
inlets in the surface pores of the membrane ranging from ot v v .
a few um to about 300 um, reaching up to over 900 nm. . P c d
The aEtive surface of E[lhe membrgnephas an apparent No. (mb) (mi) (miny U QL9
porosity of 33.749%, which brings the membrane in the 1. 12 18 1 0.2-103  0.3-10°%
range from micro to ultrafiltration.
. L. . . 2. 115 175 2 0.19-10° 0.29-10°°
3.2. Experimental determinations of the ultrafiltration
process 3. 11 17 3 0.18-10° 0.28:10
The data provided by SEM are verified by the
hydrodynamic characteristics of the filter membrane. 4. 105 165 4 017-10° 027-10°
Thus, ?n Tables 1 — 4 are shown the experimental 5 10 16 5 0.16-10°  0.26-103
determinations performed for the four water samples
subjected to the UF process using the laboratory setup 6. 10 155 6 0.16-10° 0.25-10°2
Table 3. Experimental results for the water sample from Catusa Lake
Det. No. Vp (ML) Ve (ML) T (min) Qn (L/s) Qc (L/s)
1. 9 23 1 0.15-10°® 0.38-10°°
2. 8.5 225 2 0.14-10° 0.37-10°
3. 8 225 3 0.13-10° 0.37-10°
4. 7.5 22 4 0.12-10° 0.36-10°°
5. 7 21 5 0.11-10°% 0.35-10°°
6. 7 195 6 0.11-10°3 0.32:10°
Table 4. Experimental results for the industrial wastewater sample collected from the discharge line of the steel factory Liberty
Galati
Det. No. Vp (mL) Ve (ML) 7 (min) Qp (L/s) Qc (L/s)
Before coagulation
1. 9.2 16.5 1 0.153-10° 0.275-10°
2. 10.2 155 2 0.17-10°% 0.258:10°
3. 10 16.5 3 0.166-10° 0.275-10°
4. 10.2 155 4 0.17-10°% 0.258:10°
5. 10 155 5 0.166-10% 0.258:10°
6. 10 155 6 0.166-10° 0.258-10°
7. 10.6 16 7 0.176-10° 0.266-10°
8. 10.6 155 8 0.176-10° 0.258-10°
After coagulation with FeCls solution and NaOH 33% solution
1. 144 11 1 0.240-10° 0.183-10°%
2. 144 11 2 0.240-10° 0.183-10°
3. 14.6 10 3 0.243-10° 0.166-10°
4. 14.8 9.5 4 0.246-10° 0.158-10°
5. 154 9 5 0.256-10° 0.150-10°
6. 15.6 8.5 6 0.260-10 0.143-10°%
7. 174 9.5 7 0.290-10° 0.158-10°
8. 16.4 9.5 8 0.273-10° 0.158-10°%
9. 154 9 9 0.256-10 0.150-10°
10. 14.8 8.5 10 0.246-10° 0.143-10°3

The data presented in Tables 1 — 4 suggest the
separating effect when using this type of membrane,
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which has a high capacity to retain solids and
contaminants in the UF process. Moreover, the
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correlation coefficients between the values of the
hydrodynamic parameters in the case of the filter
membrane and the time corresponding to the

experiments for the studied water types (Table 5)
showed that there are significant correlations between
them for all analyzed water samples.

Table 5. Pearson linear correlation coefficients between the values of the hydrodynamic parameters ¢4 in the case of the membrane

M110
Vp Vc T Qp Qc Jp Jc
awater from Siret River
Vp 1.000
Ve 0.982 1.000
T -0.982 -1.000 1.000
Qp 1.000 0.982 -0.982 1.000
Qc 0.982 1.000 -1.000 0.982 1.000
Jp 1.000 0.983 -0.983 1.000 0.983 1.000
Jp 0.980 0.999 -0.999 0.980 0.999 0.981 1.000
bwater from Citusa Lake
Vp 1.000
Ve 0.852 1.000
T -0.982 -0.929 1,000
Qp 0.999 0.852 -0.982 1.000
Qc 0.841 0.994 -0.925 0.841 1.000
Jp 0.999 0.852 -0.982 0.999 0.841 1.000
Jp 0.838 0.994 -0.924 0.838 0.999 0.839 1.000
¢industrial wastewater before coagulation
Vp 1.000
Ve -0.531 1,000
T 0.767 -0.477 1.000
Qp 0.999 -0.542 0.747 1.000
Qc -0.543 0.999 -0.489 -0.554 1.000
Jp 0.998 -0.550 0.737 0.999 -0.562 1.000
Jp -0.542 1.000 -0.488 -0.554 0.999 -0.562 1.000
dindustrial wastewater after coagulation with FeCls solution and NaOH 33% solution
Vp 1.000
Ve -0.514 1.000
T 0.747 -0.764 1.000
Qp 0.999 -0.504 0.739 1.000
Qc -0.521 0.999 -0.772 -0.511 1.000
Jp 0.999 -0.505 0.739 0.999 -0.511 1.000
Jp -0.521 0.999 -0.772 -0.511 0.999 -0.512 1.000

These results suggest that the study of the filtration
process by using advanced methods of statistical
analysis of hydrodynamic parameters characteristic of
cellulosic porous membranes is efficient and allows the
optimal evaluation of their quality

3.3. Interpretation of the experimental results

Figure 4 shows graphically the variation of the permeate
flux as a function of time for distilled water considered
a standard sample, which is chemically pure and with a
zero degree of pollution. Therefore, the volume of
permeate passing through the pores of the membrane
used, respectively the permeate flux Jp, is the largest
compared to the other water samples analyzed. The
graph shown in Figure 4 shows a decrease in the
permeate flux J, to a value corresponding to minute 4
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when it no longer decreases and therefore remains
constant.
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Figure 4. Variation of the permeate volume flux in time for
distilled water
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Figure 5 shows graphically the variation of the
permeate flux and the concentrate flux as a function of
time for the water sample taken from Siret River, from
which an approximately linear decrease of the two
fluxes, Jp and Jc, is observed. The volume of permeate
passing through the membrane is this time smaller than
in the case of the distilled water sample, which already
indicates the existence of a certain degree of pollution
and the presence of suspended impurities, which are
retained to some extent by the membrane pores.
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Figure 5. Variation of the permeate and concentrate fluxes in
time for the water sample taken from Siret River

Figure 6 shows graphically the variation of the
permeate and concentrate fluxes as a function of time for
the water sample taken from Catusa Lake, from which
an approximately linear decrease of the two fluxes is
observed. The volume of permeate passing through the
membrane is smaller than in the case of the water sample
from Siret River, which indicates that the water from
Ciatusa Lake is more impure than the water from Siret

River.
8 —-J,
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Figure 6. Variation of the permeate and concentrate fluxes in
time for the water sample taken from Catusa Lake

Figures 7 and 8 show the variation of the permeate
and concentrate fluxes as a function of time for the
industrial wastewater sample taken from the discharge
line of the steel factory Liberty Galati, before
coagulation and after coagulation, respectively. The
graph shown in Figure 7 shows a discontinuous
variation of the two fluxes, respectively of the permeate
and concentrate volumes. This leads to the probable idea
that some of the pores of the membrane used, during the
UF process, clog and then unclog, which is why the
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variation of the flux, respectively of the permeate
volume, no longer occurs continuously. At the same
time, the volume of permeate passing through the
membrane is slightly higher, in average value, than in
the case of the water sample from Catusa Lake, which
shows a higher amount of colloidal substances.
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o 1 2 3 4 5 6 7 8 9
T (min)
Figure 7. Variation of the permeate and concentrate fluxes in

time for the industrial wastewater sample taken from Liberty
Galati (before coagulation)

In a more detailed analysis, Figure 7 shows that after
a 2 minutes contact between the industrial water and the
membrane pores, the permeate flux decreases, while the
concentrate flux increases, after which a period of
stationarity is installed in the mass transfer through the
membrane. The decrease in the filtrate flux is primarily
due to the formation of the clogging layer specific to
conventional filtration. It, in turn, is dependent on the
retention of solid particles and the adsorption of
pollutants in colloidal form on the fibrous cellulosic
network, which significantly modifies its porosity and,
therefore, the hydrodynamic characteristics. The
retention of colloidal substances by the M110 filter
membrane is neither selective nor limiting. This depends
only on the separation capacity of the formed clogging
layer. Also, after about 7 minutes from the beginning of
the experiment, the two fluxes, permeate and
concentrate, respectively, begin to differ more
pronounced, probably due to the appearance of larger
pressure differences.

After the coagulation of the respective water sample,
it is observed, from the graph shown in Figure 8, an
increase of the permeate flux to a certain maximum
value after which it starts to decrease continuously,
whereas the concentrate flux undergoes a decrease to a
certain minimum value after which it starts to fluctuate
slightly. Figure 8 is eloguent regarding the effect of
coagulation on the flux through the porous membrane.
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Figure 8. Variation of the permeate and concentrate fluxes in

time for the industrial wastewater sample taken from Liberty
Galati (after coagulation)

On the other hand, the volume of permeate through
the membrane has now become higher after coagulation,
indicating that there has been a decrease in the degree of
pollution and the amount of impurities, compared to the
water sample before coagulation. The increase of J, to a
certain maximum value followed by its continuous
decrease leads to the idea that, after coagulation, the
respective water sample being partially cleaned of the
suspended substances, registered after the separation
through the membrane an increase of the permeate
volume. After the membrane pores began to become
partially clogged with the remaining impurities,
probably remaining in the sample after coagulation, this
permeate volume began to decrease continuously. The
flux decreases because it is proportional to the value of
the driving force of the separation (pressure difference)
and inversely proportional to the sum of all the
resistance forces that oppose the mass transfer.

The comparative study of the variation in time of the
permeate flux in the case of the five types of water
samples subjected to the UF process by the cellulosic
porous membrane M110 is presented in Figure 9.

Jp (Lim2s) x 10*

O —=MNWbHb OO~ ©

T, min

O Distilled water @ Water from Siret River

0O Water from Liberty Galali (i) m Water from Liberty Galati (f)

0 Water from Catusa Lake

Figure 9. Dynamics of the permeate flux for the studied
water samples

Overall, it can be observed that the permeate fluxes
emerged from UF correspond to the porometric date, as
well as the membrane morphology identified through
SEM analysis.

4. Conclusions

The comparative analysis of the three water samples
subjected to the UF operation through semipermeable
technical membranes led to the conclusion that, from the
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point of view of the presence of colloidal substances, the
industrial wastewater from the steel factory Liberty
Galati is significantly more impure than the water from
Catusa Lake, which in turn is more impure than the
water from Siret River. This analysis was evident
against the distilled water taken as a standard for which
the volume of permeate through the membrane is the
highest. The decrease of the permeate flux at the studied
membrane is accentuated in the first moments due to the
clogging of the surface pores that present an uneven
distribution, aspect confirmed by the experiments
related to the reference water.

Colloidal  matter  separation  of industrial
wastewaters, by the process of UF through technical
membranes can be considered more advantageous and
more rigorous compared to conventional filtration,
because semipermeable membranes, through their very
small pores, have the ability to retain as much impure
substances in suspension. Membrane separation is
optimal when it can more easily transfer one component
to another. The UF operation will stop after the
pronounced decrease of J, and the membrane porosity
will be restored.

The fact that the volume of permeate for the water
sample from Liberty Galati after coagulation increased
compared to the other water samples analyzed, finally
leads to the idea that the UF operation through
semipermeable technical membranes can be used as an
alternative in the separation processes and purification
of wastewater with a high degree of pollution and
contamination. The results of the present study show
that the cellulosic membrane used has pore diameters
which correspond to the values recommended for the
retention of colloidal matter.
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