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Abstract In this work ultrafiltration (UF) was coupled
with suitable minerals and dried activated sludge for the
pre-treatment of several industrial wastewater streams.
The aim was to decrease heavy metal concentrations to
low levels so that wastewater can be safely discharged
into municipal sewers or biological wastewater treatment
can take place without biomass inhibition problems. In-
dustrial wastewater originating frommetal plating, chem-
ical and textile industries was employed. The
experiments were conducted in a reactor where the UF
membrane module was immersed. UF reduced the
amount of heavy metals, but the performance was vari-
able with removal efficiencies ranging from 20 to 99.7%,
depending on the metal type and on the wastewater initial
characteristics. The prevailing wastewater characteristics

were the pH, the presence of certain anions, the sus-
pended solids concentration and the presence of compet-
ing cations. The addition of activated sludge and/or
minerals could further increase heavy metal removal
through the process of sorption. UF assisted by minerals
could achieve variable colour and COD removal ranging
from 22 to 94 % and 58 to > 99.9 % respectively.
Minerals resulted in membrane fouling mitigation, while
sludge adversely impacted on fouling.
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1 Introduction

Wastewater from several industrial activities includ-
ing metal plating, chemical and dyeing can contain
significant amounts of heavy metals. The negative
impact of these wastewater streams upon the envi-
ronment gives rise to increasingly strict regulations.
The US EPA (2005) has set standards for industrial
wastewater discharge into the municipal sewers,
depending on the industrial sector. Recently, the
Greek State has set limit values for the industrial
effluents that are discharged in the Asopos river
basin for the priority substances and other pollu-
tants, as well as for other substances (KYA 20488/
2010).

Direct biological treatment is usually problematic
since high levels of heavy metals can inhibit the growth
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ofmicroorganisms (Hammes et al. 2003; Patidar and Tare
2004; Gikas 2007, 2008). A loss in activated sludge
viability, changes in sludge community structure, loss of
floc structure (Harrison et al. 2007; Lock et al. 2007) and/
or decrease in treatment efficiency may occur due to the
accumulation of heavy metals inside the biological reac-
tor (Kelly et al. 2004).

The quantity and composition of wastewater origi-
nating from metal plating industry depends on various
factors including the industrial processes that are car-
ried out, the size and shape of treated surfaces and the
applied rinsing system (Bodzek et al. 1999). In addi-
tion to metal ions, counter anions, surfactants, dyes,
brighteners, organic and sometimes inorganic agents
are also present in metal plating effluents. Wastewater
from the chemical industry contains a variety of pol-
lutants, depending on the raw materials used in the
production process, and exhibits high variability both
in terms of quantity and composition. Wastewater of
textile dyeing and finishing industries contains various
pollutants such as heavy metals, colourants, reaction
products, dye impurities, auxiliaries and surfactants.
These effluents can be toxic to microorganisms and
exhibit slow degradation kinetics (Baban et al. 2010).
Due to the potential toxicity of the aforementioned
industrial wastewater streams, direct biological treat-
ment is not usually feasible, and suitable pre-treatment
is required.

Several treatment processes are available for the re-
moval and/or recovery of heavy metals from industrial
wastewater in order to improve the treated effluent qual-
ity. These processes include adsorption, chemical precip-
itation, coagulation–flocculation, liquid–liquid
extraction, flotation, ion exchange and membrane filtra-
tion. Ultrafiltration (UF) has been applied for the treat-
ment of metal-contaminated wastewater. UF membranes
act as the barrier to pollutants and dictate which substan-
ces are removed and which penetrate into the final efflu-
ent. UF membrane modules are able to retain suspended
solids (SS) and the majority of colloidal matter. Thus,
metal forms attached to SS are effectively removed by the
UF membranes. Barakat and Schmidt (2010) applied a
polymer-enhanced UF process to remove Cu(II), Ni(II)
and Cr(III) from synthetic wastewater achieving rejection
of 98.5 %, 76.4 % and 97.1 %, respectively, at pH 7.
Borbély and Nagy (2009) also examined a polymer-
enhanced UF process in order to remove nickel and zinc
from wastewater accomplishing rejection of 93.2 % and
99.9 %, respectively, at pH greater than 8. Juang and

Shiau (2000) investigated the removal of Cu(II) and
Zn(II) from synthetic wastewater using chitosan-
enhanced membrane filtration, achieving almost 100 %
and 95 % rejection, respectively, at pH ranging from 8.5
to 9.5. The results indicated that chitosan enhanced metal
removal by six to ten times compared to the use of
membrane alone. Malamis et al. (2010) found that UF
membranes combined with activated sludge resulted in
Cu(II) removal ranging from 59 to 78 %, while the
addition of bentonite further increased copper removal
up to 99 %. When UF membranes were employed to
filter sludge with mixed liquor suspended solids (MLSS)
above 4.5 g/l at pH higher than 7, the Cr(III) removal was
greater than 95 % (Malamis et al. 2009). Katsou et al.
(2010) investigated the removal of nickel from wastewa-
ter by employing UF together with activated sludge and
vermiculite and achieved 80 % metal removal at pH 6.
Molinari et al. (2006) employed a polymer-assisted UF
process to remove copper from aqueous solutions pro-
ducing a final effluent having very low copper concen-
tration. Petrov and Nenov (2004) removed copper, lead,
nickel and zinc by 97.1 %, 95.4 %, 92.1 % and 72.3 %,
respectively, from synthetic wastewater by applying
complexation and membrane separation. Yang and Tsai
(2006) evaluated the performance of a simultaneous
electrocoagulation and electrofiltration module achieving
92.9 % Cu(II) removal from industrial wastewater.
Zamboulis et al. (2004) combined sorption using synthet-
ic zeolite and flotation for the removal of copper and zinc
accomplishing in certain cases almost complete metal
removal. Blöcher et al. (2003) examined a combined
system of flotation, membrane separation and adsorption
to remove nickel, copper and zinc from industrial waste-
water from electronic industries, producing a final efflu-
ent with metal concentrations lower than 0.05 mg/l.
Mavrov et al. (2003) found that the use of adsorption,
microfiltration (MF) and flotation resulted in removal
efficiencies higher than 97 % for zinc and copper and
84 % for nickel. Lazaridis et al. (2004) employed a two-
stage process of sorption and dispersed-air flotation with
MF for zinc removal from aqueous solutions, which was
found to be very effective, resulting in almost complete
Zn(II) removal. A polymer-enhanced UF process was
employed to remove copper from wastewater and lead
from high calcium content feed water, achieving removal
efficiencies higher than 97 % and 99 %, respectively
(Llanos et al. 2008; Canizares et al. 2007). Rivas et al.
(2005) adopted a polyelectrolyte-assisted UF process for
heavy metal removal obtaining very high removal at
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neutral pH. Camarillo et al. (2010) examined a batch
polymer-enhanced UF process at bench-scale and
achieved 99.5 % removal of copper from synthetic sol-
utions. Channarong et al. (2010) investigated the removal
of Ni(II) and Zn(II) from aqueous solutions using a
micellar-enhanced UF and an activated carbon fibre hy-
brid process resulting in removal of 99.3 % and 99.9 %,
respectively, while Landaburu-Aguirre et al. (2010) used
micellar-enhanced UF accomplishing 98 % and 99 %
retention of Zn(II) and Cd(II), respectively.Mbareck et al.
(2009) achieved almost complete rejection of Pb(II), Cd
(II) and Cr(III) from water by employing polysulfone/
polyacrylic acid UF membranes.

Fatin-Rouge et al. (2006) found that membrane
filtration combined with alginate effectively removed
Pb(II), Cu(II) and Zn(II), while the performance was
not satisfactory for Ni(II) removal. Saffaj et al. (2004)
accomplished rejection efficiencies of 93 %, 93 % and
96 % for Pb(II), Cd(II) and Cr(III), respectively, by
employing ceramic UF membranes deposited on sup-
port made of clay. Zou et al. (2009) removed 94 % of
Pb(II), 92 % of Zn(II), > 99 % of Cr(III), 94 % of Cd
(II) and 93 % of Cu(II), using a zeolite membrane.
Bessbousse et al. (2008) accomplished removal effi-
ciencies of 96 %, 99 % and 99.5 % for lead, copper
and cadmium, respectively, using a complexing
membrane.

The present work investigated the use of the UF
process for the pre-treatment of wastewater from metal
plating, chemical and textile industries to decrease
heavy metals and colour to low levels so that biolog-
ical wastewater treatment can effectively take place or
the treated wastewater can be safely discharged into
municipal sewers. This way the industries can install
UF at their premises with no other treatment require-
ments. UF was combined with natural minerals and/or
activated sludge to enhance the capability of the pro-
cess to remove pollutants.

2 Experimental

2.1 Industrial Wastewater Sample Collection
and Preparation

Industrial wastewater samples were collected from (a)
five metal plating (EP1–EP5), (b) three chemical
(CH1–CH3) and (c) three textile (TEX1–TEX3) in-
dustries located in the wider region of Oinofita–

Schimatari of Viotia in Greece. Several industries are
located in this zone, which faces immense environ-
mental problems due to the discharge of poorly treated
industrial wastewater in the Asopos river. The waste-
water samples had received little or no treatment. The
samples were collected in plastic 10-l bottles pre-
served at 4 °C before analysis and were analyzed
within 1–2 days.

The heavy metal concentration (i.e. Zn, Cr, Cu, Ni,
Pb and Cd) of the wastewater samples was usually
kept constant at 50 mg/l or 200 mg/l for each metal by
adding suitable amount of these metals in the samples.
This way it is possible to compare the removal effi-
ciency of the UF system for the treatment of various
industrial wastewater streams. The metal salts that
were added were the following: Zn(NO3)2·6H2O,
Cu(NO3)2·3H2O, Pb(NO3)2, Ni(NO3)2·6H2O,
Cr(NO3)3·9H2O and Cd(NO3)2·H2O and were sup-
plied by Merck and Sigma-Aldrich.

2.2 Sorbents and Membranes

Zeolite (Z), bentonite (B) and vermiculite (V) were the
minerals employed as adsorbents. These minerals ex-
hibit high ion exchange and adsorption capacity. Ver-
miculite was supplied by Mathios Refractories S.A.,
while natural zeolite (clinoptilolite) and bentonite were
supplied by S&B Industrial Minerals S.A. The minerals
were washed and dried at 80 °C for at least 24 h and
were placed in desiccators prior to their use. They were
used in powder form (<0.18 mm) without chemical
modification. This grain size was selected in order to
have a large specific surface area and thus more active
sites available for the adsorption process. Furthermore,
powder minerals can remain in suspension more easily
with adequate aeration than the granular minerals. The
mineral dosage was kept constant at 10 g/l, since previ-
ous studies have shown that this was an adequate con-
centration for the effective removal of heavy metals
(Malamis et al. 2010; Katsou et al. 2010). Scanning
electron microscopy (SEM) was applied to examine
the structure of all sorbents (i.e. zeolite, bentonite, ver-
miculite and dried activated sludge).

The sludge sorbent employed was activated sludge
(S) collected from the aeration tank of a membrane
bioreactor (MBR) treating municipal wastewater. The
sludge was dried for several days at 60 °C, was sieved
through a 0.18-mm sieve and was subsequently used
as a sorbent for the removal of heavy metals at a
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constant concentration of 5.2 g/l. Fourier transform in-
frared (FTIR) analysis was used to determine the func-
tional groups of dried activated sludge which are
responsible for metal binding. Sludge pH, total solids
(TS), total suspended solids (TSS) and volatile sus-
pended solids (VSS) were determined. In addition, the
activated sludge was analyzed with respect to heavy
metals to ensure that their concentration was negligible
compared to the heavy metal content of wastewater.

The amount of metals sorbed on minerals and on
dried activated sludge q (milligrams per gram) at time
t is given by the equation:

q ¼ V
C0 � Ctð Þ

m
ð1Þ

whereC0 andCt (milligrams per litre) are the liquid phase
metal concentrations initially and at time t, respectively,
m (grams) is the sorbent mass, andV (litres) is the volume
of the solution.

The crystalline structure of the unused, clean mem-
brane and of the used membrane was established by X-
ray diffraction (XRD). XRD was also employed to
characterize the metal precipitates that were formed in
wastewater. Membrane fibres and precipitates were
dried in an oven at 105 °C and were placed in a desic-
cator. The precipitate samples were additionally crushed
to fine powder in an agate mortar before the diffraction
data collection in order to avoid preferential orientation
of the crystallites.

2.3 Treatment Processes

The treatment processes applied were: (a) UF of waste-
water, (b) UF assisted by adsorption using low-cost
minerals at a constant mineral (i.e. zeolite, bentonite,
vermiculite) concentration of 10 g/l, (c) UF combined
with dried activated sludge for sorption and (d) UF
coupled with dried activated sludge and minerals.
Wastewater from EP1–EP3 and CH1–CH3 was treated
using processes (a) and (b) while wastewater from EP4–
EP6 and TEX1–TEX3 was treated using processes (a)–
(d). The experiments were conducted in a plexiglas
reactor where the UF membrane module was immersed.

The membrane module consisted of hollow fibre
UF membranes (ZeeWeed-1, GE Water and Process
Technologies). The membranes were made of polyvi-
nylidene fluoride (PVDF), having a filtration area of
0.047 m2, a nominal pore size of 0.04 μm and an
absolute pore size of 0.1 μm. The filtration

experiments were conducted for 60 min under con-
stant transmembrane pressure of 30 kPa using a suit-
able vacuum pump. Constant fine bubble aeration of
8 l/min was provided to maintain the wastewater under
suspension, and coarse bubble aeration of 6 l/min was
provided to the membrane module to minimize foul-
ing. The Ni, Zn, Cr, Cu, Cd, Pb, COD and colour
content of the permeate was determined to assess the
system performance. In the cases where mineral and/
or sludge addition took place, the mixture was agitated
for 2 h at 800 rpm. The pH of wastewater samples was
not adjusted in order to evaluate the process perfor-
mance without any modification of the initial indus-
trial wastewater characteristics. After each filtration
experiment, the membrane module was chemically
cleaned as it was immersed into a solution of 2000
mg/l (as Cl2) NaOCl for 2 h and into 4000 mg/l of citric
acid solution for 1 h.

Membrane permeability reduction was used to eval-
uate membrane fouling during the 60-min filtration
experiment. During filtration, the decrease in permeate
flux was determined by measuring the filtrate volume,
and thus the membrane permeability was calculated.
The permeability reduction (percent) due to the 60-
min filtration experiment Kdrop was determined using
the following formula:

Kdropð%Þ ¼ K0 � K60

K0
� 100 ð2Þ

where K0 (litres per meter2-hour-bar) is the clean
membrane permeability determined in water and K60

(litres per meter2-hour-bar) is the membrane perme-
ability at the termination of the filtration experiment.
The membrane permeability was always corrected to
the reference temperature of 20 °C (Fan et al. 2006).

2.4 Analytical Methods

The parameters of pH, total solids (TS), total sus-
pended solids (TSS) and volatile suspended solids
(VSS) were determined using standard methods of
analysis (APHA, AWWA, WEF, 1998). Colour was
measured photometrically according to ASTM D 1209
(ASTM, 2000). Lead, copper, zinc, nickel, cadmium,
chromium, sodium, potassium, calcium and magne-
sium were determined using the fast sequential atomic
absorption spectrometry (model AA240FS of Varian).
Heavy metal measurements were conducted according
to standard methods of analysis 3111 (APHA,
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AWWA, WEF, 1998). Dissolved organic carbon
(DOC) was determined using the TOC analyzer
TOC-VCSH of Shimadzu. DOC was determined in
the filtrate collected after filtration through Whatman
membranes with a pore size of 0.45 μm. Chemical
oxygen demand (COD), total phosphorous (Ptotal),
ortho-phosphates (PO4-P), sulphates (SO4

2−), ammo-
nium nitrogen (NH4-N), nitrate nitrogen (NO3-N), to-
tal nitrogen (Ntotal) and chlorides (Cl−) were
determined using the Merck Spectroquant Nova 60
photometer and Spectroquant Merck kits. All the
aforementioned parameters were determined in the
industrial wastewater samples.

FTIR analysis was used to determine the functional
groups of dried activated sludge, which are responsi-
ble for metal binding. The Jasco 4200 spectrophotom-
eter was employed. The FTIR spectra were recorded
for wave numbers ranging from 700 to 5000 cm−1

with a resolution of 8 cm−1 using the ATR method
with a PRO410-S. SEM was employed to examine the
sorbents using an FEI Quanta 200 scanning electron
microscope (resolution 6 nm). The instrument was
operated in low vacuum mode at a chamber pressure
of 80 Pa. The accelerating voltage varied from 20 to
25 kV, depending on the sample (i.e. mineral and dried

activated sludge). No pre-treatment or coating was
applied to the samples, which were secured to the
specimen holder with adhesive conductive double-
sided carbon tape.

XRD analysis was used to depict the structure of the
clean and used membranes and of the metal precipitates.
The samples were scanned with CuKα radiation (1.5406
Å) from 5°≤2θ≤60° at a scanning speed of 0.01°/0.5 s,
using a Siemens D5000 powder X-ray diffraction unit,
operating at 30 mA and 40 kVat room temperature.

3 Results and Discussion

The applied processes were examined for their ability to
remove heavy metals, organics and colour. Furthermore,
the fouling potential of UFmembranes was investigated.

3.1 Industrial Wastewater Characteristics

Table 1 summarizes the activities of each industry as
well as the origin of the produced wastewater, and
Table 2 shows the characteristics of each type of
wastewater. It is observed that even wastewater from
the same industrial sector had significant differences

Table 1 Sources of industrial wastewater

Industry Activity Processes producing wastewater

EP1 Metal surface treatment Decolourization, rinsing, discharge of metal plating baths, brine from RO

EP2 Metal casting, production of
galvanized metal products

Discharge of hydrochloric acid and zinc baths, metal surface rinsing activities

EP3 Ferrous and non-ferrous metals Cooling water during the heating and cleaning of billets, water produced during
electrostatic dyeing, water from panel production, core cleaning of plating-up, rinsing
of deoxidation baths, discharges from regeneration of softening unit

EP4 Cutlery and tools Laboratory wastewater, material rectification, discharges from regeneration of
softening unit

EP5 Ferrous and non-ferrous metals Cooling water during the heating and cleaning of billets, electrostatic dyeing, cooling,
starching and cutting of metal profile, production of metal profile, cooling water

EP6 Ferrous and non-ferrous metals Discharges from regeneration of softening unit, metal surface treatment, hot rolling

CH1 Recycling of polypropylene and
polyethylene

Filter flushing, rinsing of crushed and shredded polyethylene

CH2 Soap, detergent and cleaning
products

Rinsing tanks containing chemicals, solvents and other compounds, rinsing of auxiliary
equipment

CH3 Chemical products Discharges from regeneration of softening unit, cleaning of equipment and production
units

TEX1 Dyeing and finishing of textile
products

Rinsing, bleaching, dyeing, finishing, mercerizing, floor and equipment rinsing

TEX2 Dyeing and finishing of
textile products

Rinsing, bleaching, dyeing, finishing, floor and equipment rinsing

TEX3 Dyeing and finishing of textile
products

Dyeing, finishing, rinsing, bleaching, discharges from regeneration of softening unit
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depending on the production process, the production
line and the raw materials that were used.

3.2 Sorbent Characteristics

Zeolite (clinoptilolite), bentonite and vermiculite were
the aluminosilicate minerals that were employed for the
adsorption process. Themajor mineral constituents were
silica (SiO2) and alumina (Al2O3). The ratio of Si/Al
was 6.67 for clinoptilolite, 3.10 for vermiculite and 3.38
for bentonite giving rise to significant cation exchange
capacities of the minerals with decreasing Si/Al values.
Zeolite was characterized by high calcium and potassi-
um content and low sodium and magnesium content.
Vermiculite had very high magnesium content, high
potassium and low calcium and sodium content, while
bentonite had higher sodium and calcium and lower
potassium content. These mobile ions can be exchanged

with heavy metals found in wastewater. The character-
ization of these minerals has been given in previous
work (Katsou et al. 2010). Dried activated sludge was
used for the sorption process, and its initial character-
istics are given in Table 3. The sludge TS and TSS are
the most important sludge properties, as they signifi-
cantly impact on the sorption process.

SEMmicrographs in Fig. 1 illustrate the morphology
of minerals. Large number of pores, layers and sheets
were evident ensuring high surface area for easy adsorp-
tion. The characteristic platy crystals with perfect cleav-
age in one direction of monoclinic clinoptilolite are
shown on a micrograph (Fig. 1a) of the zeolite sample.
As it is revealed from Fig. 1b, c, large layer crystals of
vermiculite and bentonite crystal agglomerates were
detected.

The FTIR analysis of dried activated sludge showed
that the predominant functional groups (carboxylic,

Table 2 Industrial wastewater characteristics

Parameter EP1 EP2 EP3 EP4 EP5 EP6 CH1 CH2 CH3 TEX1 TEX2 TEX3

pH 7.51 3.09 4.5 6.04 2.54 2.53 6.75 5.18 4.56 6.81 7.54 8.12

Colour (mg Pt/l) 7 3152 n.d. 1413 10 11 377 59 n.d. 29 251 112

COD (mg/l) 156 6090 290 – 99 109 – 670 22 774 660 583

DOC (mg/l) 22.9 51.8 7.0 311.0 27.2 39.2 57.8 188.8 4.8 56.8 98.4 212.7

SO4
2− (mg/l) 44 159 120 1280 11 1360 10 16 70 92 370 620

Cl− (mg/l) 12 8100 560 6200 19 167 302 473 340 1040 560 126

TSS (mg/l) 16 6628 276 139 21 37 42467 2688 38 200 138 59

VSS (mg/l) 12 3721 41 100 10 26 7760 2187 35 184 63 41

Pb (mg/l) 50 50 50 50 50 50 50 50 50 200 200 200

Cu (mg/l) 50 50 50 50 50 50 50 50 50 200 200 200

Zn (mg/l) 50 50 50 50 50 50 50 50 50 200 200 200

Ni (mg/l) 50 50 50 50 50 50 50 50 50 200 200 200

Cd (mg/l) 3.4 n.d. 50 1.2 1.8 2.9 n.d. 0.3 50 n.d. n.d. n.d.

Cr (mg/l) 50 50 n.d. n.d. 50 n.d. 50 50 50 n.d. n.d. n.d.

NH4-N (mg/l)a 0.2 136 1.5 n.d. 46.6 0.1 27 2.8 0.6 0.4 1.4 1.5

NO3-N (mg/l)a 0.06 n.d. 13 4.3 n.d. 2.1 1.0 n.d. 11 5.0 21 5.4

Ntotal (mg/l)a 0.6 250 14.6 949 58 4.0 31.3 4.2 15.8 9.0 34.7 30.1

PO4-P (mg/l) 3.4 4.5 n.d. 1.2 3.8 0.08 4.7 0.2 3.8 0.2 0.1 2.4

Ptotal (mg/l) 24.6 8.6 n.d. 3.3 7.9 0.7 39.9 0.9 8.1 1.0 2.9 6.9

K (mg/l) 5 16 45 227 3 56 10 6 48 33 273 28

Na (mg/l) 115 78 920 618 61 483 81 388 226 337 1039 935

Ca (mg/l) 56 1109 30 52 25 555 34 48 790 558 247 172

Mg (mg/l) 8 63 130 235 6 179 7 89 434 326 101 65

n.d. not detected
a The given values are prior to the enrichment of metal nitrate salts

5524 Water Air Soil Pollut (2012) 223:5519–5534



amine, hydroxyl and phenolic groups) have for origin
proteins, polysaccharides, organic acids and humic sub-
stances. In particular, the broad peak at 3284 cm−1 can
be attributed to the O–H stretching vibrations. The peaks
at 2919 and 2852 cm−1 are due to C–H stretching
vibrations of CH, CH2 and CH3 groups. The peak at
1641 cm−1 is attributed to stretching vibration of −C0O
and −N−H groups characteristic for peptic bond in
proteins (amides I). Two peaks at 1556 and 1535 cm−1

were attributed to stretching vibration of −C−N and
−N−H (amides II), respectively. The vibrations of
−CH2 carboxylates are presented at 1423 cm−1 and at
1243 cm−1 −C−O vibrations of carboxylic acids. The
intense 1043 cm−1 band is vibration of C−O−C and
−OH of polysaccharides. Some bands observed in the
“finger print” zone (<1000 cm−1) could be attributed to
the phosphate and sulphur functional groups. These
substances have also been identified by other research-
ers in activated sludge (Hong et al. 1995; Guibaud et al.
2003; Yee et al. 2004; Gulnaz et al. 2005; Nasir et al.
2007; Pagnanelli et al. 2009; Silva et al. 2012).

3.3 Heavy Metal Removal

The use of UF membranes was examined as a direct
filtration technique for the pre-treatment of industrial
wastewater. Heavy metal removal was variable even

for wastewater of the same industrial sector, as it
depended on initial wastewater characteristics (Fig. 2).
For example, the nickel removal accomplished using
UF varied from 26 to 79% for metal plating wastewater,
from 20 to 96 % for textile wastewater and from 22 to
95% for chemical industry wastewater. The lead remov-
al obtained for UF ranged from 39 to 90 %, 96 to 99 %
and 36 to 99.7 % for metal plating, textile and chemical
industry wastewater, respectively.

By examining the UF performance for the treatment
of various industrial wastewater samples, the follow-
ing were observed: direct UF of EP1 resulted in sig-
nificant heavy metal removal (73–97 %) due to the
rejection of metal precipitates (alkaline environment).
For EP2, despite the low pH, metal removal was
comparable to that of EP1 due to formation of particu-
late metal forms and metal complexes that were retained
by the UF membranes. The above results showed that
pHwas not always the controlling parameter as opposed
to aqueous solutions where low pH values (<3) always
result in very low heavy metal removal. EP3 had a low
pH value which resulted in limited metal removal when
UF was applied. High Pb, Cd and Zn removal efficien-
cies were obtained through the UF of EP4. In this case,
the permeate SO4

2− and Cl− concentrations were 24 %
and 33 % respectively lower than those of the untreated
wastewater, showing that part of these anions had been
retained. Also, the presence of organic substances in
wastewater could favour the complexation with metals
(Malandrino et al. 2006; Abollino et al. 2003). The
formation of bulky metal complexes could enhance
metal retention by the UF membranes.

In EP5 and EP6 the relatively low heavy metal
removal is attributed to its highly acidic nature. UF
of CH1 resulted in very high removal efficiencies for
all metals (> 94 %) due to the extremely high TSS
content that favoured the adsorption of metals on
solids and due to its almost neutral pH. UF of CH3

Table 3 Initial sludge characteristics

Parameter Mean value Variation

pH 7.35 7.02–7.64

TS (g/l) 6.0 5.6–6.3

TSS (g/l) 5.3 5.0–5.5

VSS (g/l) 4.5 4.1–4.8

NO3-N (mg/l) 55.8 48–62

NH4-N (mg/l) <0.5

Fig. 1 SEM images of a clinoptilolite, b bentonite and c vermiculite surfaces (×5000) and of d dried activated sludge (×1600)
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produced a permeate with high metal concentrations
mainly due to the acidic nature of the sample. UF of
CH2 achieved lower metal removal than CH1 due to
its lower pH and TSS concentration, but higher than
CH3 due to its higher pH, COD and TSS content.

In TEX1 Ni and Zn removal was limited, while Cu
and Pb were effectively removed as these metals main-
ly formed precipitates. Similar behaviour was ob-
served in TEX2, due to the relatively high pH. The
alkaline nature of TEX3 resulted in very high removal
of all metals (> 95 %). The removal order of metals
varied even for wastewater samples of the same in-
dustrial sector, depending on initial wastewater char-
acteristics. For example, for EP2 the removal order
was Zn > Cu > Ni > Pb, while for EP3 the sequence
became Cu > Pb > Ni > Zn. These wastewater samples
were characterized by acidic pH, but different COD,
DOC and organic nitrogen concentrations. In most
cases, the low removal efficiency of certain metals
was accompanied by high removal of other metals that
coexisted in wastewater. This showed that some met-
als are found at higher percentage in particulate and
colloidal forms than other metals, depending on the
pH and potentially the concentration of other substan-
ces present in wastewater. In wastewater samples with
significant TSS concentration, adsorption of heavy
metals on the solids is an important removal
mechanism.

In summary, the pH, the TSS concentration as well
as the presence of anions and other cations in waste-
water can have a significant effect on the removal of
the metals under examination. At an alkaline environ-
ment, significant metal precipitation can take place
depending mainly on the metal type, which results in
increased retention of metals by the UF membranes.

At an acidic environment, heavy metal removal was
lower mainly due to the higher solubility of metals.
Another influential wastewater characteristic was or-
ganic matter, since certain organic ligands could form
complexes with metal ions. The formation of com-
plexes between heavy metals and organic substances
has been documented in previous studies (Malandrino
et al. 2006; Abollino et al. 2003) and affects metal
retention. The presence of different anions at different
concentrations also affects the removal of heavy met-
als by UF. The adoption of UF membranes is essential
since they retain particulate metal forms that either
precipitate or are in suspension in the solution, as well
as bulky metal complexes. Apart from direct UF,
wastewater samples EP1–EP3 and CH1–CH3 were
also treated by employing the integrated mineral–UF
system.

The mineral and activated sludge concentrations in
wastewater were always kept constant at 10 g/l and
5.2 g/l, respectively. The addition of 10 g/l mineral
enhanced metal removal due to the ion exchange and
adsorption of metal ions on minerals. Zeolite, benton-
ite and vermiculite have exchangeable cations in their
structure (i.e. Na+, Ca2+, Mg2+, K+) which are ex-
changed with the heavy metals contained in wastewa-
ter, thus decreasing significantly the concentration of
heavy metals in the liquid phase. For example, the
addition of 10 g/l bentonite in EP2 increased Pb re-
moval from 59 to 89 % and Cr removal from 78 to
97 %. Also, in CH3 the addition of 10 g/l vermiculite
increased Ni removal from 22 to 82 %, Zn from 54 to
71 %, Cu from 61 to 93 %, Pb from 36 to > 99.9 %
and Cr from 82 to > 99.9 %. In most cases, the mineral
selectivity order was vermiculite > bentonite > zeolite
for Ni and Cd, bentonite > vermiculite > zeolite for Zn

Fig. 2 Metal removal efficiencies obtained for the treatment of a metal plating, b chemical and c textile industrial wastewater with the
adoption of UF membranes and sorbents. V vermiculite, B bentonite, Z zeolite, S dried activated sludge
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and Cr and bentonite > zeolite > vermiculite for Cu
and Pb. Significant amount of metals was removed by
UF, indicating that the initial wastewater character-
istics resulted in the formation of particulate metal
forms. This also depended on the type of metal. The
presence of competing cations also affects the process
performance, particularly if the mineral is less selec-
tive to the metal under investigation compared to other
cations. For example, in the case of EP2, the addition
of sorbents was not very effective for the removal of
lead, nickel and copper. This is probably attributed to
the very high ammonium concentration. Ammonium
acts as a competing cation reducing the sorbent per-
formance for heavy metal uptake.

In Fig. 3 the heavy metal concentration in the perme-
ate is given for the treatment processes of mineral–UF as
well as UF alone. Direct filtration significantly reduced
the final effluent metal concentration, while minerals
further enhanced the metal removal, resulting in an
effluent that in certain cases could attain for specific
metals the discharge limits of industrial wastewater in
the Asopos river basin. For example, the treatment of

wastewater EP1 and CH1 with bentonite–UF and ver-
miculite–UF resulted in low heavy metal concentrations
in the final effluent. In certain samples pH adjustment to
alkaline values is required to ensure low metal concen-
trations in the permeate. The pH value of wastewater
can be adjusted to > 8, resulting in higher precipitation
and in the production of a final effluent with very low
metal concentrations.

Wastewater samples EP4–EP6 and TEX1–TEX3
were treated using the treatment schemes of (a) UF,
(b) minerals–UF, (c) dried activated sludge–UF and
(d) dried activated sludge–minerals–UF. The addition
of activated sludge as sorbent at a concentration of
5.2 g/l enhanced metal removal due to biosorption.
The heavy metal concentration for the permeate is
given in Fig. 4 for the aforementioned treatment pro-
cesses. The treatment scheme of sludge–mineral–UF
resulted in the highest metal removal. The adoption of
sludge–bentonite–UF and sludge–vermiculite–UF
process for the treatment of wastewater sample
TEX3 resulted in a final effluent with low Ni, Zn,
Cu and Pb concentrations that could meet the US

Fig. 3 Concentration of a Ni, b Zn, c Cu, d Pb, e Cr and f Cd in
the permeate produced from the treatment of wastewater from
metal plating (EP1–EP3) and chemical (CH1–CH3) industries

using the treatment schemes of UF and minerals–UF. V vermic-
ulite, B bentonite, Z zeolite
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EPA standards for discharge of industrial wastewater
into municipal sewers, despite the high initial metal
concentration of 200 mg/l for each metal.

Table 4 shows the heavy metal limit values which
have been specified by the Greek State for the

discharge of industrial wastewater in the Asopos river
basin. Comparing these limit values with the heavy
metal concentrations in the permeate, the following
are concluded: (a) The nickel limit cannot be attained
by the examined treatment schemes. (b) The cadmium

Fig. 4 Concentration of a Ni, b Zn, c Cu, d Pb, e Cr and f Cd in the permeate produced from the treatment of metal plating (EP4–EP6)
and textile (TEX1–TEX3) wastewater. V vermiculite, B bentonite, Z zeolite, S dried activated sludge

Table 4 Heavy metal limit values for the discharge of industrial wastewater in Asopos river basin (KYA, 20488/2011) and industrial
wastewater streams for which the applied treatment schemes satisfied the limits

Heavy
metal

Limit (mg/l) Industrial wastewater samples for which the limit
is met by applying at least one treatment scheme

Industrial wastewater for which the limit is not
met by any of the examined treatment schemes

Cadmium 0.004 CH1a, EP4a, EP5a, EP6a EP1a, EP3b, CH3b

Copper 0.2 EP1, EP5, EP6, CH1, TEX3 EP2, EP3, EP4, CH2, CH3, TEX1, TEX2

Total chromium 0.2 CH1, CH3 EP1, EP2, EP5, CH2,

Zinc 2 EP1, EP2, EP4, CH1, CH2, TEX3 EP3, EP5, EP6, CH3, TEX1, TEX2

Lead 0.1 EP1, EP4, EP5, EP6, CH1, CH3, TEX2, TEX3 EP2, EP3, CH2, TEX1

Nickel 0.2 – All

a Initial cadmium concentration was 0.32–3.39 mg/l (see Figs. 3 and 4)
b Initial cadmium concentration was 50 mg/l
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limit was only attained in the cases where its initial
concentration was lower than 3 mg/l and vermiculite
alone and in combination with activated sludge were
used. (c) The use of bentonite alone and in combina-
tion with activated sludge resulted in the attainment of
the limit value for lead for most of the wastewater
samples (i.e. EP1, EP4, EP5, EP6, CH1, CH3, TEX2,
TEX3). (d) The chromium limit could be attained by
all the examined treatment schemes for CH1 and CH3;
however, no treatment scheme could obtain the re-
quired limit for EP1, EP2, EP5 and CH2. (e) Bentonite
alone and in combination with activated sludge and in
some cases the combined use of zeolite and sludge
resulted in a treated effluent that satisfied the copper
limit for EP1, EP5, EP6, CH1 and TEX3. However, for
some industrial wastewater samples the applied treat-
ment schemes were not effective. (f) The limit value
specified for zinc is met by the use of several treatment
schemes using minerals alone or in combination with
sludge. In the cases where the limits are not respected,
an increase of pH value and/or higher adsorbent con-
centration are recommended. However, it must be noted
that in this work high initial metal concentrations were
usually applied (i.e. 50 and 200 mg/l).

Figure 5 shows the sorption capacity of minerals
and activated sludge for the selected wastewater

stream of EP5. Dried activated sludge (5.2 g/l)
exhibited the highest sorption capacity and is recom-
mended as a suitable sorbent material, while minerals
(10 g/l) exhibited variable adsorption capacities
depending on the type of metal adsorbed. Mineral
adsorption capacity was different (usually lower)
when sludge was added as sorbent. It must also be
mentioned that sorption capacity of each mineral or of
sludge varied depending on the metal concentration
that was initially available in wastewater for the sorp-
tion process. Vermiculite was found to be very effec-
tive for nickel removal and bentonite for chromium
removal. The type of mineral impacted on the removal
process, while its performance also depended on the
type of heavy metal.

The minerals and sludge remaining after the treat-
ment process contained high heavy metal concentra-
tions. This is a disadvantage that can limit the full
scale application of this sorbent-assisted UF system for
the removal of heavy metals from industrial wastewater.
Sorbent recycling is necessary to make the sorption
process more cost effective. Sorbent regeneration will
enable the metal recovery and the reuse of the sorbent
for the removal of heavy metals from wastewater. Sor-
bent regeneration could be performed by employing
various desorbing solutions (i.e. KCl, NaCl, NH4Cl,
HNO3, HCl). The results of several studies reported in
literature are promising, since high regeneration effi-
ciencies have been obtained in many cases for the re-
generation of minerals using acids or salt solutions as
desorbing agents (Anirudhan and Suchithra 2010;
Argun 2008; Turan et al. 2005; Otero et al. 2009).

3.4 Membrane Characterization

Figure 6a shows the XRD obtained for a new mem-
brane and Fig. 6b the XRD of a membrane used
several times for filtering industrial wastewater. Inten-
sities and positions of Bragg peaks of crystalline
phases were identified by comparing with those listed
in the Joint Committee on Powder Diffraction Standards
(JCPDS) data files for monoclinic PVDF No. 42–1650
and for base-centred orthorhombic PVDF No. 42–1649.
According to the literature, the X-ray reflections are in
accordance with those of α- and β-phase PVDF (Gre-
gorio and Cestari 1994; Park et al. 2011; Satapathy et al.
2011). The peaks at 2θ017.9°, 18.4°, 20.1° and 26.7°
refer to (100), (020), (110) and (021) reflections (blue
colour) in α-phase crystal. Presence of peaks at 20.7°

Fig. 5 Adsorption capacity of dried activated sludge (S), ver-
miculite (V), bentonite (B) and zeolite (Z) for heavy metals
uptake for EP5
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(200) and 20.8° (110) in the XRD pattern confirm the
existence of β-phase in PVDF membrane (red colour)
along with α-phase. Also, a broad peak near 41° is in
accordance with those of the combined (201, 111)
reflections of β-PVDF spherulites.

The used UF membrane did not have any signifi-
cant structural changes compared to the new one.
Comparing the pattern of the blank to that of the used
membrane, it can be observed that the intensities of all
diffraction peaks decrease, probably due to the mem-
brane surface covering by amorphous or crystallized
compounds after filtration. Due to the overlapping of
the diffraction peaks of the membrane material and the

various foulants and precipitates on the membrane
surface, their presence on the membrane surface could
not be completely included or excluded. Also, the
mass percentage of these compounds is very low to
identify them by XRD. X-ray diffractogram of precip-
itates is shown in Fig. 6c. Few crystalline compounds
could be presented, namely hydroxides of copper,
lead, chromium and nickel.

3.5 Organic Matter and Colour Removal

UF resulted in significant COD removal ranging from
45 to 93 %, depending on wastewater characteristics.
High COD decrease was observed in wastewater sam-
ples where most of the organic matter was in particu-
late form (e.g. CH1), while lower COD removal was
obtained in samples characterized by high soluble
organic matter (e.g. EP4), since the latter can penetrate
the membranes. UF treatment resulted in higher COD
removal for wastewater from chemical and textile
industries than for metal plating wastewater. Minerals
enhanced organic removal as COD removal ranged
from 58 to 95 % for vermiculite, from 60 to > 99 %
for bentonite and from 60 to 94 % for zeolite (Fig. 7a).
The adsorption of organic matter on natural minerals
has been investigated in recent literature with promis-
ing results (Santi et al. 2008). In several cases the
examined treatment processes were not sufficient for
the effective removal of organic matter, and thus they
can be applied only as a pre-treatment step.

The examined processes were also investigated
with respect to colour removal (Fig. 7b). UF resulted
in colour removal ranging from 18 to 57 % for metal
plating, from 51 to 92 % for the chemical industry and
from 15 to 55 % for textile wastewater. Mineral addi-
tion resulted in higher colour removal which ranged
from 32 to 85 % for metal plating, 54 to 94 % for the

Fig. 6 XRD diagrams of a the new membrane, b the membrane
after filtration and c the metal precipitates

Fig. 7 a COD and b colour
removal for the various
treatment processes
employed
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chemical industry and 22 to 72 % for textile wastewa-
ter. In most cases zeolite and bentonite exhibited
higher colour removal than vermiculite.

3.6 Membrane Fouling

UF membrane fouling was assessed through the
calculation of permeability reduction with time
occurring due to the 60-min filtration experiment.
This time interval is considered sufficient to evalu-
ate membrane fouling and to directly compare the
membrane performance for the filtration of different
types of industrial wastewater. Longer filtration
experiments (e.g. 2–3 h) would not change signifi-
cantly the obtained results since in all cases, after
the first 20–30 min the rate of membrane permeabil-
ity reduction was relatively constant. Figure 8 shows
the permeability reduction (Kdrop) for the examined
cases. It was observed that fouling depended on
wastewater characteristics. Direct UF of metal plat-
ing wastewater resulted in permeability reduction
ranging from 5 to 16 % with the exception of EP4
where the reduction was 64 % probably owing to the
high dissolved organic content that accelerated foul-
ing. The majority of organic matter of EP4 was in
soluble form and penetrated the UF membranes,
while the TSS concentration was low. Therefore,
the organic fouling observed is more likely to occur
at the interior of the membranes rather than on the
surface. When industrial wastewater samples from
the chemical industries were filtered, Kdrop ranged
from 6 to 20 % with the exception of CH1 where the
Kdrop was 55 % due to the extremely high TSS that
hindered filtration (TSS>40 g/l) and created

clogging problems. In textile wastewater samples,
significant fouling occurred (38–53 %) partly due
to the much higher initial heavy metal concentra-
tions which increased inorganic fouling. Mineral
addition mitigated membrane fouling with zeolite
exhibiting the best performance. Minerals favoured
the adsorption of organic compounds on their sur-
face. The organic compounds which were present in
industrial wastewater would otherwise remain in
suspension, and could be deposited on the mem-
brane surface or interior or penetrate into the final
effluent. As a result, the addition of minerals in
wastewater reduced the amount of organic substan-
ces that fouled the membranes. On the contrary, the
use of sludge as additive deteriorated the membrane
performance probably due to the presence of extra-
cellular polymeric substances (EPS) that are consid-
ered as major fouling substances (Malamis and
Andreadakis 2009). The combined use of minerals
and sludge in wastewater lowered to some extent the
beneficial effect of minerals with respect to fouling
mitigation.

3.7 Application of Treatment Scheme

UF membranes can effectively retain particulate metal
forms and partly colloidal metal forms. The addition
of sludge and/or minerals resulted in enhanced metal
removal through sorption. The results of this work
showed that such combined processes can remove
heavy metals, resulting in certain cases in a treated
effluent characterized by low heavy metal levels that
can be treated biologically or discharged into munici-
pal sewers. Industries facing space limitations may
choose to adopt such pre-treatment schemes.

Fig. 8 Permeability reduc-
tion due to the filtration of
a wastewater EP1–EP3 and
CH1–CH3 for the processes
of UF and mineral–UF and
of b wastewater EP4–EP6
and TEX1–TEX3 for the
processes of UF, mineral–
UF, sludge–UF and sludge–
mineral–UF
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4 Conclusions

This work showed that UF combined with minerals
and/or sludge is a viable pre-treatment option for the
decrease of heavy metals, colour and organic matter
from industrial wastewater. The performance of these
combined processes with respect to heavy metal re-
moval was variable, as it depended on the type of
sorbent employed and on the wastewater character-
istics. The addition of activated sludge and/or minerals
enhanced the system performance with respect to met-
al removal. The most important wastewater character-
istics affecting the removal of metals were the pH, the
organic content, the TSS concentration and the pres-
ence of competing cations. COD removal by UF
ranged from 45 to 93 %, while mineral addition further
increased the removal efficiency to 58– > 99 %. The
UF process resulted in colour removal ranging from
18 to 92 %, while mineral addition increased the
efficiency to 22–94 %. Finally, it was found that
mineral addition mitigated membrane fouling, while
sludge adversely impacted on fouling.
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