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bstract

The aim of this paper was to investigate the efficiency of different sorbent materials for oil removal from wastewater. Two types of sorbents
ere investigated: organic (loose natural wool fibers (NWF) and recycled wool based nonwoven material (RWNM)) and inorganic (sepiolite).
orption was carried out in continuous tubular contractor (initial oil concentration of 1511 mg/dm3) and batch tank (initial oil concentration of

3
066 mg/dm ). Wool-based sorbents showed higher sorption capacity (5.56 g/g for NWF and 5.48 g/g for RWNM) compared to sepiolite (0.19 g/g)
n case of sorption in batch tank. The study on sorption in continuous tubular contractor suggested that volume of oily wastewater strongly affected
il removal. The results indicated that the combination of extractive-gravimetric and FTIR spectrophotometric methods can be recommended for
recise determination of oil concentration, being suitable as a controlling tool for oil detection.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Once oil comes in contact with water, it forms emulsion
hat needs to be treated before it is disposed, because of toxic
nd hazardous properties of its components. Current methods
or treatment of oily wastewater before their disposal remain
nsatisfactory. Even very low oil concentrations are toxic for
icroorganisms responsible for biodegradation in conventional

ewage processes and therefore, removal of the oil phase is
ssential before effluent disposal. The oil removal process usu-
lly involves emulsion destabilization, which is not simple stage
ue to the presence of emulsifying agents that facilitate their sta-
ilization [1–4]. Numerous techniques have been proposed for
emoval of oil so far [5–8].

In this paper, two types of unconventional, natural and envi-
onmentally friendly sorbents for oil removal from wastewater

ere investigated: organic sorbents based on wool (loose natural
ool fibers (NWF) and recycled wool-based nonwoven mate-

ial (RWNM)) and inorganic sorbent sepiolite [9–11]. The aim
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f this study was to analyze and compare their performance and
fficiency. It is well established that some natural fibers (cot-
on, milkweed, kenaf, wool) have higher oil sorption capacities
han most of the commercially available synthetic fibers, this
eing reason to choose wool-based sorbent materials for the
esearch [7,12,13]. Excellent oil sorption properties and high
iodegradability of natural fibers make them particularly attrac-
ive as a possible alternative to synthetic fibers [12,13]. On the
ther hand, clay minerals are considered to be very efficient and
heap sorbents due to their chemical and mechanical stability,
igh surface area and structural properties. Sepiolite is a natu-
al hydrated magnesium silicate clay mineral, showing a unique
brous morphology with anisotropic structure and pronounced
arrow channels of specified width on the fiber surface [14]. It
as the highest surface area of all the clay minerals [15]. High
orosity and peculiar characteristics make them very efficient
orbents for different odours and vapours as well as for removal
f metal ions, dyes and various organic compounds from water
14,16–19].
Previous studies on oil sorption properties of RWNM indi-
ated that this material exhibited high sorption capacity for
ifferent types of oil (crude oil, diesel fuel, base oil SN150) and
dequate reusability [10,12]. Thus, the research was extended to
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Table 1
Physico-chemical characteristics of real oily wastewater sample

Parameter Obtained value

Ambient temperature (◦C) 30.3
Turbidity (NTU) 32
Water temperature (◦C) 22.6
pH-value 6.70
Conductivity (�S/cm) 765
Nitrates (N2O5) (mg/dm3) 15.900
Nitrites (N2O3) (mg/dm3) 0.090
COD (mg/dm3) 4175
BOD5 (mg/dm3) 480
Residue (mg/dm3) 2406
Suspended matter (mg/dm3) 1598
Sediment (ml/dm3) 10.5
Oil and grease (mg/dm3) 5066
Lead (Pb) (mg/dm3) 0.150
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Table 2
Physical and mechanical properties of RWNM [12]

Weight (g/m2) 235
Breaking strengtha (N) 19.23
Bursting strength (N) 21.97
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admium (Cd) (mg/dm3) 0.005
hromium (Cr) (mg/dm3) 0.020

eal oily wastewater, which was supplied by wastewater station
akis (Belgrade, Serbia) where the wastewater after washing

nd maintenance of locomotives and wagons is collected. This
pecific oily wastewater was chosen as it is a potential pollutant
or surrounding environment in case of accidental spillage and
ts proper treatment must be taken into consideration. Sorption
xperiments were carried out in continuous tubular contractor
nd batch tank.

. Experimental

.1. Chemicals

The following chemicals were used in experimental work:
2SO4 (p.a., Aldrich); CCl4 (p.a., Aldrich); n-hexane (p.a.,
iedel de Haen); anhydrate Na2SO4 (p.a., Aldrich); methyl-tert-
utyl-ether (Merck); HCl (1:1, Merck); HNO3 (1:1, Merck).

.2. Real oily wastewater

Physico-chemical characteristics of real oily wastewater col-
ected at wastewater station Makis (Belgrade, Serbia) are shown
n Table 1. Oily wastewater mainly contained motor oils SAE-
0 and SAE-40 (Oil refinery Belgrade, Serbia) and acidophylic
hosphate-free surfactants.
.3. Sorbents

NWF originated from domestic sheep. Wool fibers were
ashed with 0.2% of commercial detergent (Meril, Merima-

s
(
i
p

able 3
omparative analysis of direct methods used for determination of oil concentration

ethod Instrument

xtractive-gravimetric [20] Distillation apparatus
efractometry index detection [20] Abbe’s refractometer
TIR spectrophotometry [23] FTIR spectrophotometer
hickness (mm) 1.56

a Machine direction.

rusevac, Serbia) at 30 ◦C, for 1 h. After several iterations of
insing with warm and cold water, fibers were dried at room
emperature. Subsequently, fibers were carded. Sorption behav-
or of loose fibers was studied.

RWNM (78% wool/22% polyester) was produced from
econd-hand knitted military pullovers of the same quality and
haracteristics. The pullovers were torn off, washed, decolorized
ith reducing agent, dried and garneted in industrial conditions.
eedle-punch process was chosen for the production of RWNM.
ome physical and mechanical properties of the RWNM are
iven in Table 2 [12].

Particle granulation of sepiolite samples (Kosovo, Serbia)
anged from 0.5 to 3 mm.

.4. Analytical methods for determination of oil
oncentration

Direct analytical methods used for determination of oil con-
entration were: extractive-gravimetric method and instrumental
ethods (refractive index determination and FTIR spectropho-

ometry). Extractive-gravimetric method and FTIR spectropho-
ometry were considered to be optimum methods particularly
ecause of the concentration of oil in real oily wastewater sample
hat was less than 1%. In addition, both methods provide superior
recision and reliability. FTIR spectrophotometry is based on
he detection and indirect determination of hydrocarbon groups
ontent (naphtenic, aliphatic or aromatic oil compounds) since
il can consist of different types of hydrocarbons. All direct
ethods for oil determination in water are very sensitive, with

ery good reproducibility [20–23]. Comparative analysis of dif-
erent direct methods for determination of oil in water is shown
n Table 3.

Extractive-gravimetric method was carried out with n-hexane
s a solvent. The real oily wastewater sample was adjusted to pH
with HCl or H2SO4. The oily water samples and solvent were
oured in the separating funnel and shaked for 2 min. After the
eparation, the solvent phase was filtered through the filter paper

blue ribbon) which contained anhydrated Na2SO4 (1.00 g) and
t was placed in round flask (150 cm3). Each wastewater sam-
le was extracted twice. Oil concentration (Coil, mg/dm3) was

Detection limit (mg/dm3) Precision Duration time

1 ±0.1 Minimum 48 h
0.1 ±0.01 10 min
0.04 ±0.004 10 min



4 zardo

c

C

w
d
w

w
m
C
s
t
N
O
a
h
a

C

w
(
t
(

2

t
t
4
w
s
t
c
m
t

w
p
w
6
a
d
t
e
e
i

q

w
c
t

3

3

r
5
b
s
R
d
c
i
o
t
s
i
o
s

3

i
e
o
N
s

a
a
l
f

The percentage of oil removal for all investigated sorbents in
continuous tubular contractor is presented in Table 4, whereas
the dependence of oil concentration on the effluent volume is
shown in Fig. 4.
96 V. Rajakovic et al. / Journal of Ha

alculated according to equation:

oil = (m1 − m2) × 10−3

Vsample
(1)

here m1 is the mass of round flask with oil (g), m2 the mass of
ry and empty round flask (g) and Vsample is volume of analyzed
astewater sample (dm3).
Each oily wastewater sample (prepared standards of real oily

astewater sample) was adjusted to pH 2 for FTIR measure-
ents. Wastewater sample was placed in separating funnel, with
Cl4 as a solvent, where it was shaked for 10 min in laboratory

haker. After the separation, solvent phase was filtered through
he filter-paper (blue ribbon) that contained 1.00 g of anhydrate
a2SO4. IR spectra were scanned from 3200 to 2700 cm−1.
il concentration was determined from sum of the heights of

bsorption peaks that appeared at characteristic values typical for
ydrocarbons (CH3-groups appear at 2959 cm−1, CH2-groups
ppear at 2954 cm−1 and CH-groups appear at 3030 cm−1).

Oil concentration (Coil, mg/dm3) was determined as:

oil = CVsol

Vsample
, (2)

here C is the concentration of oil read on calibration curve
mg/dm3), Vsol the volume of solvent (CCl4) used for extrac-
ion (cm3), and Vsample is the volume of oily wastewater sample
cm3).

.5. Experimental set-up

Oil sorption was investigated in the continuous tubular con-
ractor and batch reactor. Sorption in continuous tubular con-
ractor was carried out with 5.00 g of wool-based sorbents and
0.00 g of sepiolite. Three sorption columns (2 cm in diameter)
ere formed for experiments. After the removal of free oil by

eparation, the oil concentration was reduced from 5066 mg/dm3

o 1511 mg/dm3. Flow rate of wastewater was 2 cm3/min and
ontact time between sorbent and water was 25 min. Experi-
ents were conducted at room temperature. The oil concentra-

ion in water was determined by FTIR spectrophotometry.
Sorption in batch tank was carried out with 0.2500 g of

ool-based sorbents and 10.0000 g of sepiolite. Sorbents were
laced in Erlenmeyer flask (500 cm3) with 400.0 cm3 of oily
astewater, with oil concentration of 5066 mg/dm3 and pH
.70. Sample was then shaked in laboratory shaker for 24 h
t 22 ◦C. Wool-based sorbents were taken out of flask and
rained for 1 min, while sepiolite was removed after decanta-
ion. Sorbent efficiency was determined by the application of
xtractive-gravimetric method.Oil sorption capacity (q, g/g) for
xperiments in batch tank was determined according to follow-
ng equation:

Ci − Cf
=
m

(3)

here Ci is the initial oil concentration (g/dm3), Cf the final oil
oncentration (g/dm3), m the mass of sorbent (g) and Vsample is
he volume of analyzed wastewater sample (dm3).

F
N
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. Results and discussion

.1. Sorption of oil in batch tank

Sorption capacities of NWF, RWNM and sepiolite for
eal oily wastewater (Coil = 5066 mg/dm3) in batch tank were:
.56 g/g, 5.48 g/g and 0.19 g/g, respectively. Apparently, wool-
ased sorbents showed higher sorption capacity compared to
epiolite. However, obtained sorption capacities for NWF and
WNM are significantly lower in comparison with literature
ata [7,10,12]. Lower sorption efficiency for real oily wastewater
ould be due to the form of oil present in water. The experiments
n previous studies were conducted in the water baths with an
il, which was floated freely on the water surface [7,10,12]. On
he contrary, real oily wastewater occurred mainly in the form of
table emulsion that was stabilized by surfactants used for wash-
ng of wagons and locomotives. Thus, it is likely that removal of
il was inhibited because of the complex interactions between
urfactants, oil and wool fibers.

.2. Sorption of oil in continuous tubular contractor

Keeping in mind the results obtained in batch system, the
dea was to highlight the efficiency of investigated sorbents for
mulsified oil in continuous tubular contractor. IR spectra of
il extracts of real oily wastewater samples after the sorption on
WF, RWNM and sepiolite in continuous tubular contractor are

hown in Figs. 1–3, respectively.
The increase of oil concentration showed increase in

bsorbance, suggesting the linear correlation in case of wastew-
ter treatment with NWF or sepiolite. However, no exact corre-
ation between oil concentration and absorbance was established
or RWNM.
ig. 1. IR spectra obtained for different oil concentrations after the sorption on
WF in continuous tubular contractor.
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Fig. 2. IR spectra obtained for different oil concentrations after the sorption on
RWNM in continuous tubular contractor.

Fig. 3. IR spectra obtained for different oil concentrations after the sorption on
sepiolite in continuous tubular contractor.

Table 4
The percentage of oil removal for all investigated sorbents in continuous tubular
contractor

Effluent volume (cm3) Percentage of oil removal (%)

NWF RWNM Sepiolite

100 74 78 86
200 72 75 82
300 72 74 81
400 70 71 79
500 68 71 76
600 67 70 75
700 66 70 72
800 64 63 70
900 59 62 70

1000 55 42 67

Wastewater flow rate: 2 cm3/min, t: 20 ◦C, and τcontact: 25 min, Coil =
1511 mg/dm3.
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ig. 4. The efficiency of oil removal (wastewater flow rate: 2 cm3/min, t: 20 ◦C,

contact: 25 min, and Coil = 1511 mg/dm3).

The results in Table 4 and Fig. 4 indicated that sorp-
ion efficiency increased in the following order: sepio-
ite > NWF > RWNM. The increase in effluent volume of
astewater up to 1000 cm3, led to a decrease in sorption effi-

iency. The efficiency decreased for 26%, 46% and 22% in case
f NWF, RWNM and sepiolite, respectively.

At the beginning of sorption process the primary sorption
one was formed in the upper part of column. As the sorption
rocess continues the upper part of column was saturated with
il and sorption zone was moved to lower parts of column. The
hift of sorption zone caused passing of oil through the column
nd concentration of oil in the treated water increased, as shown
n Fig. 5. The break-through curve for each sorbent is presented

n Fig. 5, where the relation between the inlet and the outlet
oncentration of oil and effluent volume is presented. Break-
hrough point presents the moment after which oil removal does
ot occur any more. Break-through point was reached after the

Fig. 5. Break-through curves.
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[
by sorption capacity measurement and environmental scanning electron
ig. 6. The dependence of sorption capacity of NWF, RWNM and sepiolite on
ffluent volume in continuous tubular contractor.

fth, the eighth and ninth pass in case of sepiolite, RWNM and
WF, respectively. As the break-through point is reached, the

egeneration of sorbents is necessary.
The dependence of sorption capacity of NWF, RWNM and

epiolite on volume of effluent in continuous tubular contrac-
or is shown in Fig. 6. Evidently, sorption capacities drastically
ecreased compared to results achieved in batch system. This
ecrease was likely due to absence of free oil in influent, which
as partially present in real oily wastewater. In addition, the

ontact time in continuous tubular contractor was considerably
hortened and the interactions between emulsified oil and sor-
ents were weak.

The sorption ability of sepiolite is mainly ascribed to its high
urface area [24]. The numerous micropores and channels as
ell as elongated nature of the particles contribute to its high

urface area and therefore, adsorptivity [16–19,24]. However,
epiolite showed poor sorption behavior for real oily wastewater,
ndicating that high surface area is only one factor influencing the
orption of oil. The hydrophobicity of sorbent must be taken into
onsideration and therefore, some further adequate modification
f sepiolite in order to obtain hydrophobic surface should be
arried out.

Better sorption behavior of NWF compared to RWNM could
e attributed to oleophylic surface of raw wool fibers arising
rom the presence of grease (lanolin) and waxes [7,13]. However,
roperties of recycled wool fibers are supposed to be different
rom raw wool fibers as they underwent different mechanical
nd chemical changes. It can be assumed that recycled wool
bers do not possess (or possess in small amounts) waxes. Thus,
dsorption by van der Waals forces and hydrophobic interactions
etween the fiber surface and oil is not expected to be the domi-
ant mechanism of oil sorption in case of recycled wool fibers. In
ddition, previous studies pointed out that oil sorption on wool is
ost likely governed by an adsorption process due to scale-like
urface of the fiber which facilitates the formation of capillary
ridges of oil between neighboring fibers [10,13]. The fact that
oose raw wool fibers were used in experiments should not be

[

us Materials 143 (2007) 494–499

eglected as the loose structure provided more space between
he fibers making the formation of oil bridges easier and accord-
ngly, higher sorption capacity compared to RWNM [12].

. Conclusion

Wool-based sorbents showed higher sorption capacity
5.56 g/g for NWF and 5.48 g/g for RWNM) compared to sepi-
lite (0.19 g/g) in case of batch tank. The experiments in con-
inuous tubular contractor indicated that the oil removal was
trongly affected by volume of oily wastewater. The increase
n volume of effluent up to 1000 cm3 brought about decrease
n efficiency for 26%, 46% and 22% for NWF, RWNM and
epiolite, respectively. The decrease in sorption capacity of all
nvestigated sorbents in continuous tubular contractor was likely
ue to absence of free oil in influent, which was partially present
n real oily wastewater used for study in batch system as well as
ecause of the much shorter contact time.

The results indicated that wool-based sorbents could be used
or treatment of water and removal of oil. Combination of direct
nalytical methods, such as extractive-gravimetric and FTIR
pectrophotometric method, are recommended for precise oil
oncentration determination. These analytical methods can be
sed as a controlling tool for oil detection.
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