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ABSTRACT

Innovative textiles have been concern of emerging risk of nanoparticles (NPs) to human and
environment. This study aimed to investigate the aggregation, removal and biological, and
ecotoxicological effects of sol–gel-based TiO2 NPs while the treatment of textile wastewater.
Fe(II) and alum coagulants were applied for the removal of spiked TiO2 NPs from textile
wastewater. Particle size distribution, absorbance values (UV–vis range), and residual TiO2

NPs were followed to define aggregation mechanism, including pH variation during treat-
ment of wastewater. The effect of TiO2 on activated sludge treatment was followed by mon-
itoring of oxygen uptake rate (OUR). Ecotoxicity of sol–gel and coagulated samples was
observed by Ceriodaphnia magna immobilization test. Adjustment of pH to 8 enlarged mean
particle size distribution of sol–gel-based TiO2 NPs from 30 to 450 nm. After alum and Fe
(II) coagulations, average particle size distributions were observed to be 650 and 960 nm,
respectively. Coagulation with alum and Fe(II) resulted over >95% removal of TiO2 from
biologically treated textile wastewater (BTTWW). The value for residual TiO2 concentration
in BTTWW was reduced from 120 μg/L to around 8 μg/L TiO2 NPs exhibited slight/no tox-
icity on the OUR while toxicity to Ceriodaphnia dubia increased in some coagulated samples,
most probably due to higher residual coagulant concentrations.
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1. Introduction

The textile industry uses various toxic chemicals
such as wettings, softening finishing agents, oils,
wax, phenols, pesticides, surfactants, dyes, benzenes,
and many other additives. As a result, textile pro-
cesses produce highly toxic wastewater [1,2]. Many
researchers found that textile wastewaters were toxic
even after biological, chemical, and advanced
treatment [1–3].

The application of nanotechnology to textile prod-
ucts is still in its infancy, but it is already proving to
be a useful tool in improving the performance of
textiles. The purpose of nanofinishing in the textile
industry is to create new functions on textile surfaces
without corrupting the basic performance properties
required of textile structures. The use of nanotechnol-
ogy allows new features of textiles, such as oil resis-
tance, wrinkle resistance, water repellency, anti-
bacteria, anti-allergic, anti-static, self-cleaning, flame
retardation, energy storing, and so on [4,5]. On the
other hand, development of nanotechnology in textile
industry faces with environmental impact risk because
the nanoparticles (NPs) are likely to release into the
air or water [6]. There has been increasing number of
scientific literature indicating negative effects of NPs
on human health and the environment [7–15]. Cerio-
daphnia dubia [13] for the case of their insufficient
entrapment in the wastewater treatment plants [16,17].

TiO2 is the superior photocatalyst used for the treat-
ment of water and wastewater [18–21]. Nanosized TiO2

particles in both crystalline and noncrystalline forms are
the most common NPs used in textile processes as
dyeing, bleaching, flame retarding, self-cleaning, and
UV blocking agents [4,5,22–30]. Windler et al. [6]
showed that TiO2 in the range of 60–350 nm might be
released from textile surfaces into washing waters, but
the amounts are relatively low and mostly not in the
nanosized range. To the best of our knowledge, there is
a lack of information available on the aggregation,
removal and effect of TiO2 NPs to biological treatment,
and to aquatic organisms in textile wastewater.

In this study, morphologically well-defined sol–
gel-based TiO2 NPs were introduced to textile waste-
water. Then, coagulation and bench-scale biological
treatment were carried out to remove the TiO2 NPs as
biological treatment and chemical coagulation are the
most common processes for the treatment of textile
wastewater, wastewater containing TiO2 NPs were
introduced to the lab-scale reactor activated sludge to
evaluate the inhibitory effect on respiration rate. Fur-
thermore, the ecotoxicity of TiO2 NPs waste tested to
Ceriodaphnia magna exposed to coagulated and biologi-
cal treated samples.

2. Material and methods

2.1. Samples collection and conservation

Wastewater samples were collected from a cotton
textile finishing factory located in the Denizli Organized
District, Turkey. The mixed wastewater originated from
the sources of washing, scouring, peroxide bleaching,
dyeing, and finishing processes is treated in biological
treatment plant. Biologically treated textile wastewater
(BTTWW) samples were transported to the laboratory
and kept refrigerated (+4˚C) during experiments.

2.2. Preparation of NPs

Titanium (IV) isopropoxide (Aldrich CAS #: 546-68-
9) was used as a precursor for preparing sol–gel deriva-
tive TiO2 colloidal suspensions. Twenty milliliters of
Titanium (IV) isopropoxide was added to a nitric acid
solution to keep the ratio of H2O/H+/Ti at 200/0.5/1.
The solution was continuously stirred to form a stable
colloidal suspension. This suspension was dialyzed
against Milli-Q water to pH 2.8 by using a Micropore
3,500 MW cut-off membrane. The resulting sol–gel solu-
tion contained approximately 30 g/L TiO2. An appro-
priate amount of sol–gel derivative TiO2 was
introduced to ultrasonication for 15 min and settling for
1 h to prepare nanosized particles. Finally, the superna-
tant, was removed to be used in further experiments.

2.3. Aggregation and removal of NPs

To investigate the effect of pH on the aggregation
of TiO2, 1 g of sol–gel derivative TiO2 was added to
distilled water and its pH was adjusted to 4, 6, 7, 8,
and 10. After 1 h settling time, the supernatant was
removed and the residual TiO2 concentration was
measured as titanium.

To find out the aggregation and removal of TiO2

NPs from BTTWW, a nanoscale TiO2 suspension was
prepared by adding 1 gr of sol–gel derivative TiO2

into 1 L BTTWW sample. After 15 min of ultrasonica-
tion and 1 h precipitation, the supernatant was taken
from the sample to measure residual TiO2.

2.4. Coagulation and flocculation

Further to BTTWW, the effect of coagulation–floc-
culation process on aggregation and removal of TiO2

NP, alum and Fe(II) coagulations were applied at dif-
ferent concentrations after adjusting the pH value of
the supernatant to 8.0. Fe(II) (FeSO4·7H2O) and alum
(Al2(SO4)3·18H2O) of commercial grade (Merck) were
utilized for the experiments. Jar test experiments were
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carried out at the original pH values of BTTWW
applying 2 min rapid mixing at 100 rpm, 20 min slow
mixing at 30 rpm and 1 h for settling in accordance
with the literature [1,2]. All experiments were per-
formed at room temperature (20 ± 2˚C) using 500 mL
sample.

2.5. Inhibition of activated sludge respiration

The adverse effect of TiO2 NPs on activated sludge
by means of oxygen uptake rate (OUR) inhibition was
investigated according to standard ISO method [31].
Two 2-L lab-scale fill-and-draw reactors (F&DRs) were
seeded with activated sludge obtained from an urban
wastewater treatment plant in Denizli city of Turkey.
The reactors were operated at a hydraulic retention
time of 1 d by feeding with synthetic sewage (as
described in ISO method [31]) at fixed F/M ratio of 0–3.
The acclimation of biomass was observed up to a
steady state removal of chemical oxygen demand
(COD) parameter. Hach nitrification inhibitor (Formula
2533™) was added to the reactors at a concentration of
0.16 g for 300 mL volume according to the standard
method. Initial dissolved oxygen concentration in
50 mL airtight vessels (DO), measured by oxygen meter
(WTW OXI 740 model, Inolab), was kept about
7–8 mg/L and pH was adjusted to between 6.5 and 7.5.
OUR and soluble COD concentration were calculated to
determine the toxicity effects of TiO2 NPs on the acti-
vated sludge system [31,32].

2.6. C. magna immobilization test

The potential toxicity of wastewaters was mea-
sured using 24 h C. magna without and with 50% dilu-
tion according to the standard method given for
Daphnia magna [33]. Toxicity tests were performed in
quadruplicate using five daphnids in each test beaker
with 100 mL effective volume as the details are given
elsewhere [1]. The total number of immobile organ-
isms was divided by the total number of test organ-
isms (20) to report percent immobilization after 24 and
48-h exposure times.

2.7. Analysis

TiO2 has very low solubility. For the quantification
of residual TiO2 in supernatant aqueous solutions,
TiO2 was transformed into ionic forms by HNO3/
H2SO4 digestion, as described by Standard Methods
[34]. The digested samples were analyzed by induc-
tively coupled plasma optical emission spectroscopy
(ICP-OES) (Perkin Elmer ICP-OES Optima 2100DV).

Residual Aluminum and Fe(II) concentrations in jar
test experiments were monitored using the same
ICP-OES.

The zeta potential of TiO2 NPs and their hydrody-
namic size distributions were measured by dynamic
light scattering (Nano/Zetasizer, ZS90, Malvern
Instruments Ltd.). TiO2 NPs were suspended in a
1 mM NaCl solution and the solution pH was
adjusted by adding either NaOH (0.1–1 mol/L) or HCl
(0.1–1 mol/L) solutions (Aldrich, USA). Before mea-
surements, all TiO2 samples were dispersed by ultra-
sonication for 15 min. Wastewater characterization of
textile wastewater was conducted according to
Standard Methods [34].

3. Results and discussion

3.1. Characterization of textile wastewaters

Table 1 shows the characterization of the inflow
and BTTWW in the textile industry. According to
Table 1, the raw wastewater displayed a typical char-
acter of cotton finishing textile wastewater [1–3].

3.2. Aggregation of TiO2 NPs

The pH value of sol–gel-based TiO2 solution was
around 3.0. Above that pH, titanium particles turn
into gel form and precipitate in the solution. pH is
one of the most important parameters for the aggrega-
tion and precipitation of NPs in aqueous solution
[35–37]. The average hydrodynamic diameter of TiO2

NPs depends on its zeta potential, and thus on pH

Table 1
Physico-chemicals characteristics of textile wastewater
treatment plant

Parameter Raw wastewater BTTWW

pH 8.5 8.5
COD (mg/L) 1,050 –
SCOD (mg/L) 550 170
BOD5 (mg/L) 165 –
TSS (mg/L) 390 65
VSS (mg/L) 245 50
TKN (mg/L) 55 5
NH3–N (mg/L) 40 2
Total hardness (mgCaCO3/L) 280 275
Conductivity (μS/cm) 9,900 7,200
Chloride (mg/L) 1,710 –
Sulphate (mg/L) 600 –

Note: BTTWW: Biologically treated textile wastewater.
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values and solution ionic strength. Instability of parti-
cles, and thus aggregation, are generally expected at
the point of zero charge pH value. Due to the repel-
lence between negatively- or positively-charged TiO2

NPs, the mean particle size of TiO2 in aqueous
solution decreases sharply at the higher or lower pH
values, respectively [35,36]. As it can be seen from
Fig. 1, the minimum TiO2 concentration (28 μg/L) was
observed at pH 7.0. Thus, the highest TiO2 removal at
pH 7.0 was attributed to the point of zero charge of
TiO2, which was pH 6.3 in this study. When the initial
TiO2 load varied from 05 to 10 g/L, residual TiO2

concentration fluctuated between 28 and 68 μg/L
independently of initial TiO2 dose at pH 8.0.

The separation of commercial TiO2 NPs from aque-
ous solution is difficult [21]. TiO2 photocatalysts NPs
are in crystalline form and super hydrophilic [38],
whereas TiO2 NPs prepared by sol–gel method are in
amorphous phase and exhibit no hydrophilic effect
[39]. Thus, it seems that sol–gel derivative TiO2 NPs
can be efficiently removed from textile wastewater
simply by self-precipitation. Therefore, simple pH
adjustment and subsequent precipitation may be an
effective means of transferring 98% of sol–gel-origi-
nated TiO2 NPs from sol–gel solution to sludge.

3.3. TiO2 NPs in textile wastewater and application of
coagulation treatment

One can figure out to deposit sol–gel TiO2 NPs
onto textiles before the washing–scouring steps.
Hence, the concentration of TiO2 NPs in segregated or
mixed wastewater in textile industry can vary accord-
ing to the sequence of applied processes. The sample
was taken from the mixed water treating BTTWW
effluent. After adding TiO2 to BTTWW, its absorbance
value increased in the range of 310–600 nm (Fig. 2).

This was attributed to the light scattering and absor-
bance properties of TiO2 NPs at 300–380 nm wave-
lengths [21,35,36]. Conversely, the absorbance value in
the 310–230 nm range decreased in the coagulated
wastewater, probably due to the adsorption of organ-
ics on the precipitated TiO2 NPs too. The concentra-
tion of TiO2 NPs in the BTTWW was found to be
twice of distilled water (Fig. 3).

TiO2 NPs were removed efficiently from the sam-
ples after both alum and Fe(II) coagulations (Table 2).
The effect of coagulants doses on the removal of TiO2

from distilled water was investigated at pH 8 using
0–300 mg/L coagulants. More than 98% of TiO2 was
removed from distilled water by the addition of
50 mg/L of alum and Fe(II). The optimum doses for
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Fig. 1. Effect of pH on the precipitation of sol–gel based
TiO2 NPs in distilled water.

Fig. 2. UV–vis spectra of TiO2 containing wastewaters
before and after coagulation–flocculation treatment; (a),
biologically treated textile wastewater (BTTWW), (b)
BTTWW after mixing TiO2 sol–gel, (c) 100 mg/L alum
added treatment, (d) 100 mg/L Fe(II) added treatment.
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Fig. 3. Removal of residual TiO2 after alum and FeSO4

coagulation (Sample 1: TiO2 containing distilled water;
Sample 2: TiO2 containing textile wastewater).
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the removal of TiO2 from BTTWW were found to be
50 mg/L for alum and 100 mg/L for Fe(II).

Fig. 4 presents particle size distributions of TiO2

NPs. Mean particle size distribution of sol–gel-based
TiO2 NPs was 30 nm. After adjusting pH 8.0, it
increased from 30 to 450 nm. After coagulation, using
alum and Fe(II), average particle size distributions
were measured as 650 and 960 nm, respectively, due

to the promoting effects of divalent ions on the
aggregation of TiO2 NPs [37].

3.4. Effect of TiO2 NPs on activated sludge respiration rate

Raw wastewater taken from the influent of
biological treatment plant in textile industry was
spiked with appropriate amount of sol–gel TiO2 and

Table 2
Toxicity evolution of raw and coagulated textile wastewaters to C. dubia (error bars are not displayed since standard deviations
were found to be less than 5%)

Samples
Concentration
(mg/L)

Wastewater
concentration
(%)

Immobilization
(%)

Residual
coagulant
(mg/L)

24
(h)

48
(h)

Raw textile wastewater – 100 100 100
50 10 70 –

TiO2 sol–gel – 100 100 100
50 100 100 –

Raw textile wastewater
spiked with TiO2 sol–gel

– 100 100 100
50 10 70 –

BTTWW – 100 80 100
50 20 40 –

BTTWW* – 100 60 90
50 20 30 –

Alum 50 100 100 100 1.900
50 60 100 0.850

100 100% 100 100 0.261
50% 0 0 0.130

FeSO4 50 100% 100 100 0.24
50% 10 50 0.012

100 100% 100 100 0.022
50% 10 90 0.011

*Supernatant of biologically treated textile wastewater (BTWW) spiked with TiO2 sol–gel, ultrasonicated for 20 min, precipitated for 60 min.

Fig. 4. Particle size distribution of TiO2 containing solutions; (a) TiO2 sol–gel, (b) after pH adjustment of BTTWW spiked
with TiO2 NPs to 8.0, (c) after alum treatment of BTTWW spiked with TiO2 NPs, (d) after Fe(II) coagulation of BTTWW
spiked with TiO2 NPs.
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then ultrasonicated for 20 min, later settled for 1 h.
Residual TiO2 in the raw textile wastewater was found
to be 180 μg/L.

After introducing 1 g/L sol–gel TiO2 spiked raw
wastewater to 2 L lab-scale (F&DR) in parallel to TiO2

non added blank reactor [32], the changes in soluble
COD in both reactors were observed over 240 min
reaction period. As shown in Fig. 6, insignificant fluctu-
ations were observed in biological reactors. Levels of
SCOD degradation in both blank and TiO2 NPs reactors
were almost same over 60 min, but over prolonged peri-
ods, remaining SCOD was approximately 5% less in the
reactors containing TiO2 NPs (Fig. 5). The results indi-
cated that TiO2 NPs has no inhibitory effect on SCOD
removal. The OUR profiles of the activated sludge
reactors are plotted in Fig. 6. The OUR concentrations in
both reactors fluctuated, but the trend in OUR

concentrations at 240 min was similar in both reactors.
The concentration of residual TiO2 was almost stable
(20 μg/L) over prolonged time periods. Thus, residual
TiO2 decreased from 180 to 20 μg/L after biological
treatment. As reported by Kiser et al. [16], the results of
the present study showed that activated sludge flocs in
the biological treatment system enhanced coagulation
and adsorption of sol–gel-based TiO2 NPs.

3.5. Ecotoxicity of TiO2 NPs to C. magna

Many researchers have reported that textile waste-
waters were toxic even after biological and chemical
treatments [1–3]. Similarly, in this study, raw and
BTTWW samples were found to be 100% toxic to C.
dubia (Table 2). Higher immobilization percentage
indicates greater toxicity of a sample. High toxicity of
raw wastewater tested at 50% dilution ratio, to C.
magna was attributed to high ammonia and organic
contents [1]. Low biodegradability (low BOD/COD
ratio) is also an indicator to assess toxic this sample
[1–3]. The lower toxicity of BTTWW sample is in a
way of conformity of above-mentioned issues.

When the supernatant of TiO2 sol–gel sample was
tested and added to distilled water, it resulted in
100% toxic event at 50% dilution of testing volume.
Low concentration (180 μg/L) of NPs did not exhibit
additive toxicity to raw wastewater sample. While
addition of TiO2 NPs to BTTWW resulted in lesser
toxicity with respect to no NPs added BTTWW sample
in parallel to the decrease in residual TiO2 NPs (20–
30 μg/L). This may be due to: (i) TiO2 may alter (coag-
ulate organics and other NPs) the sample content [39]
including removing ammonia content [40]; (ii)
increased particle size while absorbance was influ-
enced by the presence of NPs [13,35,36]; or (iii) simply
ultrasonication perhaps altered the toxicity of NPs
[13,35,36].

The toxicity effect of coagulation on the textile
wastewater was studied in a previous studies [1,2],
which reported that coagulated wastewaters may be
more toxic, probably due to the residual coagulant
concentration and its interaction with organic com-
pounds in the textile wastewater. To evaluate the eco-
toxicological effect of TiO2 during chemical treatment,
alum and Fe(II) coagulation experiments were carried
out for the treatment of TiO2 containing BTTWW.
Higher Fe(II) dose increased toxicity from 50 to 90%
in the BTTWW sample spiked with TiO2 (50%
diluted). Unlike Fe(II), increasing alum dose (from 50
to 100 mg/L) posed no toxicity in parallel to lower
residual aluminum concentration in accordance with
the literature [2].
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4. Conclusions

In this study, TiO2 NPs prepared by the sol–gel
method was used to investigate the fate and transport
pathways of TiO2 NPs in the textile industry wastewater
cycle. The main results of the study can be outlined as
follows:

� The pH of the solution (or point of zero charge)
was found to be important for the separation of
sol–gel derivative TiO2 NPs from aqueous solu-
tion.

� At pH 8, the 30 nm mean particle size distribu-
tion of sol–gel-based TiO2 NPs enlarged after
neutralization and coagulation. Any increase or
decrease in the pH level caused the remaining
TiO2 concentration to increase in the
supernatant.

� After 1 h self-precipitation of distilled water con-
taining 1 g/L TiO2, the residual TiO2 concentra-
tion in the descended distilled water was 28 μg/L
at pH 7.

� More than 98% of TiO2 or similar NPs in textile
wastewater may be removed in the activated
sludge biological treatment process.

� TiO2 NPs exhibited no toxicity or inhibitory
effects on the activated sludge biological treat-
ment process.

� Alum or Fe(II) coagulation (with or without bio-
logical pre-treatment) enables residual TiO2 NPs
to be entirely removed from textile wastewater
containing TiO2.

� The toxicity following coagulation experiments
using Alum and Fe(II) fluctuated and coagulant
dose–detoxification response was not observed.
Furthermore, residual TiO2 concentration was
insignificant (8 μg/L) in the coagulated samples.

� Addition of 1 g/L TiO2 did not change the
toxicity level of biologically treated textile
wastewater.

� Further studies should be undertaken, not only
to identify toxic interactions of TiO2 NPs in
textile wastewater, but also to address aggrega-
tion and removal of NPs in the effluent and
sludge of both biological and chemical
treatments.
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Rivera, K. Hristovski, Titanium nanomaterial removal

4972 B. Yuzer et al. / Desalination and Water Treatment 57 (2016) 4966–4973



and release from wastewater treatment plants, Envi-
ron. Sci. Technol. 43 (2009) 6757–6763.

[17] L. Duester, M. Burkhardt, A.C. Gutleb, R. Kaegi, A.
Macken, B. Meermann, F. von der Kammer, Toward a
comprehensive and realistic risk evaluation of engi-
neered nanomaterials in the urban water system,
Front. Chem. 2 (2014) 39–44, doi: 10.3389/
fchem.2014.00039.

[18] P.S.M. Dunlop, J.A. Byrne, N. Manga, B.R. Eggins,
The photocatalytic removal of bacterial pollutants
from drinking water, J. Photochem. Photobiol. A 148
(2002) 355–363.

[19] H. Selcuk, J.J. Sene, M.V.B. Zanoni, H.Z. Sarikaya,
Behavior of bromide in the photoelectrocatalytic pro-
cess and bromine generation using nanoporous tita-
nium dioxide thin-film electrodes, Chemosphere 54
(2004) 969–974.

[20] P.K.J. Robertson, J.M.C. Robertson, D.W. Bahnemann,
Removal of microorganisms and their chemical metab-
olites from water using semiconductor photocatalysis,
J. Hazard. Mater. 211–212 (2012) 161–171.

[21] M. Pelaez, N.T. Nolan, S.C. Pillai, M.K. Seery, P. Falaras,
A.G. Kontos, P.S.M. Dunlop, J.W.IJ. Hamilton, J.A.
Byrne, K. O’Shea, M.H. Entezari, D.D. Dionysiou, A
review on the visible light active titanium dioxide
photocatalysts for environmental applications, Appl.
Catal. B. 125 (2012) 331–349.

[22] W.A. Daoud, J.H. Xin, Low temperature sol–gel pro-
cessed photocatalytic titania coating, J. Sol-Gel Sci.
Technol. 29 (2004) 25–29.

[23] A. Bozzi, T. Yuranova, I. Guasaquillo, D. Laub, J.
Kiwi, Self-cleaning of modified cotton textiles by TiO2

at low temperatures under daylight irradiation, J. Pho-
tochem. Photobiol. A 174 (2005) 156–164.

[24] K.K. Grupta, M. Jassal, A.K. Agrawal, Functional fin-
ishing of cotton using titanium dioxide and zinc oxide
nanoparticles, Res. J. Text. Apparel 11 (2007) 1–10.

[25] K. Qi, J.H. Xin, W.A. Daoud, Functionalizing polyester
fiber with a self-cleaning property using anatase TiO2

and low-temperature plasma treatment, Int. J. Appl.
Ceram. Technol. 4 (2007) 554–563.

[26] S. Kathirvelu, L. D’Souza, B. Dhurai, A comparative
study of multifunctional finishing of cotton and P/C
blended fabrics treated with titanium dioxide/zinc
oxide nanoparticles, Indian J. Sci. Technol. 1 (2008) 1–12.

[27] S.J. Ledakowicz, J. Lewartowska, M. Kudzin,
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