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a b s t r a c t

Treatment of waste emulsions generated in the cable factory from copper wire drawing was investigated
using the integrated membrane processes: ultrafiltration (UF) and nanofiltration (NF). The application
of UF tubular membranes (MWCO 100 kDa) resulted in 98% retention of oil and lubricants, whereas the
degree of passage of copper ions (the major component of effluents from cable factory) was 99%. The
average permeate flux amounted to 45 l/m2 h for the transmembrane pressure of 3.5 bar during the UF
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pretreatment of waste emulsions. The Silt Density Index (SDI) values of UF permeates were appropriate for
the application of spiral wound membranes in the NF process. The complete removal of oil and lubricants
was achieved in NF process and the content of TOC was reduced by more than 90%. The rejection of copper
ions in the NF process was 90% and 98% for NF270 and NF90 membranes (FILMTEC), respectively. The
quality of NF permeates allows a direct reuse of treated water for the preparation of fresh emulsion.
mulsion
opper ions

. Introduction

Emulsions with special formulations are used in copper wire
rawing operations in the cable factory to control friction between
he workpiece and drawing die, to dissipate heat generated dur-
ng the drawing procedure, and to improve the surface quality of
he workpiece [1]. These fluids are generally oil-in-water (O/W)
mulsions that contain additives such as surfactants, antimicrobial
gents, and antifoaming agents to exhibit a low reactivity in the
resence of copper and a consistence performance. After a period
f time, these emulsions become less effective because of their
hermal degradation and a gradual contamination by suspended
olid, therefore, they must be replaced periodically. These emul-
ions must be treated before their disposal, due to the detrimental
ffects on aquatic life and their interference with conventional
astewater treatment processes. Because of their diverse compo-

ition, concentration of oil and the content of copper ions, it is

ifficult to find an effective method of their treatment [2,3]. Oil
nd grease can exist in such wastewaters in several forms: free,
ispersed or emulsified. The differences are based primarily on
he droplet size. In an oil–water mixture, free oil is characterized
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with droplet sizes greater than 150 �m in size, dispersed oil has
the droplet sizes in the range from 20 �m to 150 �m, whereas
emulsified oil has droplets typically less than 20 �m [4]. Waste
emulsions are treated using a number of different techniques. Tech-
nologies such as dissolved air floatation, acid, salt or heat cracking,
and gravity separation are commonly used for the treatment of
waste emulsions [4,5]. The application of cross-flow membrane
separation techniques such as microfiltration, ultrafiltration and
nanofiltration enables to maintain an acceptable permeate flux due
to tangential fluid flow in the module which induces the hydraulic
turbulence necessary to scour the membrane surface of accumu-
lated solute molecules [6]. Concerns on the occurrence of metal
ions in the aquatic environment have been a subject of importance
because of their toxicity and accumulation may pose various haz-
ards for human health and environment. Therefore, the removal
of metal ions from numerous industrial wastewaters has stimu-
lated vigorous research activities in the development of advanced
treatment technologies [2]. The membrane separation processes
have been determined to be a feasible option for the removal of
heavy metal from aqueous solution because of its relative ease of
construction and control, and the feasible recovery of valuable met-
als. Nanofiltration is a relatively new membrane process which is
considered to be intermediate between ultrafiltration and reverse

osmosis. NF membranes are mainly utilized for softening surface
water and brackish water. They are usually polyamide based thin
film composite (TFC), which are relatively close to RO membranes
in chemical structure. However, RO membranes are characterized
by higher rejection to monovalent and divalent ions while NF mem-
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Fig. 1. Flow diagram UF/NF integrated membrane sy

ranes are characterized by lower rejection to monovalent ions and
igher rejection to divalent ions as well as higher flux than RO [7].
he NF process is carried out under lower operating pressures than
everse osmosis (RO), and with lower molecular weight cut-offs
MWCO) than ultrafiltration [8]. Therefore, this process would be
deal when integrated with either RO or UF membrane products as
ither a primary or secondary treatment for these types of applica-
ions. Fouling is a major problem in operation of membrane plants
nd can have several negative effects: reduced membrane flux,
ncreased differential pressure, and decreased salt rejection neces-
itating periodical cleaning. Pretreatment of feed solution is usually
eeded to prevent a significant membrane fouling. Current research
rojects in membrane fouling are focussing on fouling control, pre-
reatment technologies and anti-fouling membranes and modules
9,10].

The application of UF process as a pretreatment step for indus-
rial effluents replaces the conventional methods of pretreatment
or NF, results in a longer membrane life, and the ability to operate
he NF system at higher flux rates [11]. The objective of these stud-
es was to investigate the possibility of purification of complex oily

astewater generated in the copper wire drawing factory utiliz-
ng the integrated membrane systems based on ultrafiltration and
anofiltration processes to recover process water.

. Experimental procedure

The studies on the treatment of waste emulsions from cable fac-
ory and model emulsion were carried out with the application of
ilot plants for UF and NF processes with the utilization of com-
ercially available modules for UF process (tubular membranes)

nd two types of spiral elements for NF process.

.1. Composition of waste emulsions

The industrial effluents for the treatment by UF/NF integrated
embrane system were obtained from cable factory located in
he northern part of Poland. These effluents comprise a complex
astewater containing suspended solids, oil and lubricants and

opper ions as the major components with various distributions
f oil droplets size (Table 1).

able 1
haracteristics of original waste emulsions from cable factory.

Parameter Waste emulsions

DRAWLUB WIROL 5000

Content of oil and lubricants (mg/dm3) 257 147
Concentration of Cu2+ ions (mg/dm3) 988 1587
TOC (mg/dm3) 1832 1173
TDS (mg/dm3) 2123 2874
Electrical conductivity (�S/cm) 3076 3987
NTU 5145 8108
Suspended solids (mg/dm3) 64 57
Average oil droplets size (�m) 0.4 0.1
pH 7.35 7.65
or treatment of waste emulsions from cable factory.

2.2. UF and NF pilot plants

The UF process was carried out with tubular module B1 (PCI
Membrane Systems) equipped with PVDF membrane (FP100),
whereas the NF process was carried out with the spiral modules
equipped with NF-270-2540 and NF-90-2540 membrane elements
(FILMTEC). The performance of UF membranes during the pretreat-
ment was studied in terms of flux, removal efficiency in relation to
membrane characteristics, and the SDI values determined for the
UF permeates. Two modes of emulsions treatment with ultrafiltra-
tion process were performed. Tests for the determination of flux as
a function of the transmembrane pressure and the operation time
were carried out at constant feed concentration (the streams of both
retentate and permeate were returned to the feed tank). The other
tests were performed with permeate further purified by nanofil-
tration. After accomplishing the UF process with spent emulsions
originated from copper cable factory, the tubular membranes were
subjected to cleaning in order to determine the degree of flux recov-
ery. The cleaning procedure of UF membranes consisted in a first
rinsing step with tap water (30 min), then a cleaning step with a
0.5 wt.% solution of cleaning agent (Impurex) prepared in deion-
ized water (2 h) and finally, the UF membranes were rinsed with
tap water (40 min). Every cleaning step was performed at a tem-
perature of 45 ◦C, transmembrane pressure of 1 bar and a crossflow
velocity of 3 m/s. After cleaning the flux of UF membranes was
restored in 95%. Because the flux was stable in the NF experiments
(operation time for NF modules was 16 h), the spiral membrane
elements were only rinsed with deionized water after accomplish-
ing the NF process carried out with the UF permeates. A combined
UF/NF system for the treatment of waste emulsions from copper
cable factory is shown in Fig. 1.

2.3. Analytical procedure

The waste emulsions from cable factory and model emul-
sion (400 mg/dm3 of oil with the content of copper ions of
1000 mg/dm3) and the resulting UF and NF permeates were anal-
ysed for their ionic content (emission mass spectroscopy AES-ICP
Ultrace 238JY, Jobin Yvon; TDS and conductivity (Ultrameter 6P
MYRON L), oil and lubricant (OCMA 310 Horiba analyser), total
organic carbon (TOC Analyzer multi N/C Analytic Jena) and turbid-
ity (Hach Model 2100AN IS Laboratory Turbidimeter). The content
of suspended solids was determined according to the procedure
outlined in standard methods. The Silt Density Index (SDI) was
determined according to an ASTM method out using the equip-
ment purchased from Millipore. The distribution of size of the oil
droplets in waste emulsions from the cable factory was determined
using a Malvern Instrument Mastersizer 2000MU. The reduction of
different pollutants was calculated by comparison of the pollutant
concentration in the permeate and in the feed. The rejection (Ri) for

species i was calculated as:

Ri =
[

1 − Cip

Cif

]
(1)
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Fig. 2. The size distribution of oil droplets in waste emulsion WIROL 5000.

here Cip is the permeate concentration and Cif is the concentration
f species i in the feed.

. Results and discussion

.1. Determination of oil droplets size for waste emulsions from
able factory

The distribution of size of the oil droplets in spent emulsions
rom the cable factory was determined using a Malvern Instru-

ent Mastersizer 2000MU. The results of the size distribution of
il droplets in the form presented by the software of Malvern Mas-
ersizer 2000MU are shown in Figs. 2 and 3. The spent emulsions
rom cable factory (WIROL 5000 and DRAWLUB) exhibit a differ-
nt character of oil droplet size distribution, namely, the emulsion
IROL 5000 has a bimodal distribution of oil droplets: the main

raction of droplets having the average size of 0.1 �m and a small
raction of oil droplets having the average size of 1 �m (Fig. 2),
hereas the emulsion DRAWLUB exhibits a monomodal distribu-

ion of oil droplets size (Fig. 3), but the average size of oil droplets
s four times larger than that for emulsion WIROL 5000.
.2. Pretreatment of model and waste emulsions by UF process

A membrane-based pretreatment of the feed for NF process
hould allow to maintain a high permeate flux, an appropriate

0

2

4

6

8

10

12

10000,001000,00100,0010,001,000,100,01

Particle Size (μm)

S
ur

fa
ce

 A
re

a 
(%

)

Fig. 3. The size distribution of oil droplets in waste emulsion DRAWLUB.
Fig. 4. SDI values of UF permeates obtained from model emulsion and waste emul-
sions from cable factory.

retention characteristics with regard to the components responsi-
ble for the membrane fouling and SDI values appropriate for spiral
wound modules. Therefore, all UF experiments were performed
using the tubular membranes taking into account the composition
of waste emulsions from cable factory (Table 1). One of the major
benefits of tubular membrane design is its ability to cope with high
levels of suspended solids, without the need for any prefiltration.
The UF pretreatment with the application of the PVDF membranes
with MWCO of 100 kDa effectively reduced the content of colloids,
oil and lubricants in the treated emulsions and allowed to com-
pletely remove suspended solids, hence, the obtained UF permeates
had the values of SDI below 5 (Fig. 4) which is recommended by the
manufacturers of the spiral wound membrane elements.

3.3. Effect of operation parameters on performance of UF
membrane

The effect of transmembrane pressure on the permeate flux dur-
ing the UF process carried out with tap water, model emulsion and
waste emulsions DRAWLUB and WIROL 5000 used as the feed was
presented in Fig. 5. The permeate flux increases linearly with an
increase of the transmembrane pressure up to 3 bar, subsequently,
a deviation from a linear dependence was observed for studied
emulsions, which indicated that the permeate flux is affected by the
concentration polarization. The highest flux at the transmembrane

3 2
pressure of 3 bar was obtained for model emulsion (60 m /m h)
whereas in the case of waste emulsions from cable factory the
obtained flux amounted to 52 and 44 dm3/m2 h) for DRAWLUB and
WIROL 5000, respectively. The differences in the permeate flux
were mainly associated with the differences in the composition
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Fig. 5. The effect of transmembrane pressure on the permeate flux in UF process
of model emulsion and waste emulsions DRAWLUB and WIROL 5000 (v = 2 m/s,
T = 30 ◦C).
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ig. 6. The changes of permeate flux as a function of operation time for model
mulsion and waste emulsions DRAWLUB and WIROL 5000 (P = 3 bar, v = 2.5 m/s,
= 30 ◦C).

f waste emulsions DRAWLUB and WIROL 5000 (different oil con-
ents – Table 1 and oil droplets size distribution – Figs. 2 and 3).

oreover, the permeate fluxes obtained during the pretreatment of
aste emulsions from cable factory were significantly lower than

hat for the model emulsion although the model emulsion had a
igher content of oil and lubricants. The application of UF mem-
ranes with MWCO of 100 kDa results in the complete rejection of
uspended solids and the retention of oil and lubricants was at a
evel of 99%. The UF membranes employed exhibit a 99% passage
f copper ions, which is the major component of spent emulsion.

The performance of UF membranes was evaluated by the
hanges of the permeate flux during a continuous operation of
F process for 90 h at the transmembrane pressure of 3 bar and
constant concentration of the feed (the permeate was recycled

o the feed tank) using the model emulsion and waste emulsions
riginated from the cable factory. It was observed that the flux
emonstrated an exponential decrease with time over a period of
0 h, than the flux was practically stable during the course of the
xperiment lasting 90 h (Fig. 6). An initial decline in the permeate
ux was associated with the formation of a layer of the rejected
atter on the membrane surface which acts as a secondary filtra-

ion element. This layer undergoes the compaction with increasing
perating time, so the flux drop was caused by the increased resis-
ance offered by the compressed secondary layer.

The changes of the permeate flux as a function of volume con-
entration ratio (VCR) were determined at the transmembrane
ressure of 3.5 bar and a constant temperature of 35 ◦C using the
odel emulsion and waste emulsions originated from the cable
actory. VCR was calculated as the ratio of the initial volume of
eed solution to the volume of the retentate. The results presented
n Fig. 7 indicated that the permeate flux was gradually decreas-
ng along with an increase in the value of VCR which is a typical
elationship for the course of ultrafiltration process during the con-
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ig. 7. The changes of permeate flux during the concentration of model emulsion
nd waste emulsions DRAWLUB and WIROL 5000 (P = 3.5 bar, v = 2 m/s, T = 35 ◦C).
Fig. 8. Reduction of pollution parameters in the permeates UF and NF after treat-
ments of waste emulsion DRAWLUB by UF/NF integrated membrane systems (spiral
modules NF270 and NF90, transmembrane pressure 15 bar, T = 25 ◦C).

centration of treated wastewater. The degree of water removal from
concentrated emulsions was 90% for the value of VCR = 10 and the
content of oil and lubricants in the feed was enhanced 10 times,
whereas the content of oil and lubricants in the UF permeates was
maintained at the same level (below 10 mg/dm3). The permeate
flux decreased by 30% for VCR = 10, which indicates that the UF
process of emulsions concentration can be run to higher values of
VCR determined by acceptable flux decline which is in industrial
practice assumed to be at a level of 50%.

3.4. Treatment of waste emulsions from cable factory by UF/NF
integrated membrane system.

The application of UF process as pretreatment of the feed for the
NF process allowed to achieve the values of SDI appropriate for the
spiral modules (Fig. 4). The spiral wound modules were equipped
with NF-270-2540 and NF-90-2540 membrane elements (FILMTEC)
in order to evaluate their performance in the preparation of pro-
cess water from obtained UF permeates. The primary objective of
NF process was to achieve the complete retention of oil and lubri-
cants and to reduce the content of copper ions and total organic
carbon (TOC) to a level corresponding to the specification of pro-
cess water used for the preparation of fresh emulsions DRAWLUB
and WIROL 5000. The performance of the NF membranes using the
effluent pretreated by UF was shown in Figs. 8 and 9. The increase
of transmembrane pressure in the NF process results in higher flux,
but the retention of solute (copper ions) was at the same level for
the pressure range used in NF process. The rejection of copper ions

obtained with NF270 membrane was at a level of 90%, whereas the
application of NF90 membrane resulted in 99% rejection of cop-
per ions. The latter membrane also exhibited a very high degree of
removal of TOC (99%) in a comparison with the NF270 membrane
element which had the rejection of TOC at a level of 90%.

Fig. 9. Reduction of pollution parameters in the permeates UF and NF after treat-
ment of waste emulsion WIROL 5000 by UF/NF integrated membrane systems (spiral
modules NF270 and NF90, transmembrane pressure 15 bar, T = 25 ◦C).
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Table 2
Typical parameters of NF permeates (process water) after treatment of waste emul-
sion WIROL 5000 by UF/NF integrated membrane systems.

Parameter of NF permeate FILMTEC nanofiltration elements
for commercial systems

NF270-2540 NF90-2540

Concentration of Cu2+ (mg/dm3) 147 27
TOC (mg/dm3) 73 14
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TDS (mg/dm ) 671 137
Electrical conductivity (�S/cm) 987 223
Turbidity (NTU) 0.63 0.54

The treatment of UF permeates obtained from waste emulsion
IROL 5000 with NF90 membrane element resulted in process
ater with the parameters shown in Table 2. The quality of the
ermeate obtained by the application of UF/NF integrated mem-
rane system for industrial effluent from cable factory allows the
irect reuse of treated wastewater for fresh emulsion top up.

. Conclusions

The treated waste emulsions from cable factory are character-
zed by a very small size of oil droplets (0.1 �m, and 0.4 �m for

IROOL 5000 and DRAWLUB, respectively) being approximately
ne order of magnitude smaller than typical oil-in-water emul-
ions. The application of UF membranes made from PVDF with
WCO of 100 kDa results in the rejection of oil and lubricant at
level of 99% and the complete reduction of suspended solids.

he UF membranes demonstrate good flux stability during the
retreatment of spent copper wire drawing emulsion. These mem-

ranes allow to produce the permeate with the SDI value (below
) recommended by manufacturers of spiral wound modules. An
utstanding advantage of the proposed combination of the mem-
rane processes is the complete rejection of suspended solids, oil
nd lubricants. The content of organic compounds determined as

[

[

rdous Materials 186 (2011) 1667–1671 1671

TOC in the NF permeate was below 100 mg/dm3, and the rejection
of copper ions obtained with NF90 membrane was at a level of 99%,
whereas for the NF270 membrane the rejection of copper ions was
at a level of 90%. Purification of UF permeate in the NF process with
the application of NF90 membrane elements results in the recovery
of process water which can be directly reused for fresh emulsion
top up.
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