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Introduction
The pollution of water has been a serious problem in last decades 

[1] due to the presence of organic and inorganic pollutants from various 
industries such as plastics, textile, food and cosmetics. Removal of 
textile dyes from wastewater sources is important in water purification 
process. Recently, several techniques such as adsorption [2], biosorption 
[3], photocatalysis [4], chemical oxidation [5], anaerobic treatment [6] 
and membrane filtration [7] have been performed for the removal of 
textile dyes from wastewater. Adsorption has several advantages such 
as convenience, high removal efficiency and is straightforward to use of 
textile dyes containing wastewater [8]. Researchers have investigated 
various low-cost adsorbents such as clays [9], colemanite waste [10], 
fly ash [11], agricultural waste [12], bottom ash [13], bagasse pith 
[14], hen feathers [15], blast furnaces lag [16], fertilizer waste [17], 
red mud [18] and silkworm pupa [19]. In addition to adsorption 
technique, photocatalysis has also been an encouraging wastewater 
treatment technology. Because of the self-regenerated and reusable 
properties, photocatalysts such as WO3, TiO2, ZnS etc. has major 
advantages and a wide range of use than other treatment materials 
[20]. Among these photocatalysts, TiO2 has been one of the most 
investigated photocatalysts over the last few decades, due to its high 
photocatalytic activity, redox properties, thermal and photochemical 
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stability, commercially availability and non-toxicity in nature [21-24]. 
TiO2 is also a conventional photocatalyst for the effective degradation 
of dyes [25, 26]. During the process, electrons can be stimulated from a 
photocatalyst for adsorbed dye decomposition. An ideal photocatalyst 
should be highly photoactive, stable and non-toxic and meet primary 
criteria for a higher H2O/OH couple (OH-→.OH + e-, E0 = -2.8 V) [27]. 

The boron ores are important natural resources in Turkey. During 
boron enrichment process, a large amount of colemanite ore waste 
(CW) is discharged into waste dams from the boron plants. The 
waste dams containing boron minerals can cause a big environmental 
problem. Colemanite ore waste contains colemanite, ulexite, zeolite, 
calcite and some clays. Colemanite is a boron mineral most found in 
Turkey with a basic formula “CaB3O4(OH)3•H2O” and it contains lots 
of BO2(OH) and BO3(OH). Previously, it has been demonstrated in 
many applications as a boron waste [8].

In this study, synthesis of TiO2NPs with CW was performed 
without a reducing agent and their photocatalytic performance and 
adsorptive behaviour were investigated in the removal of RY86 in dye 
solutions with or without UV– vis irradiation. The results in our study 
have showed that the combination of adsorption and photocatalysis on 
TiO2-CW is quite efficient technique for dye such as RY86 removal.
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Materials and methods
Apparatus and reagents

CW was obtained from Etibor (Emet- Kütahya, Turkey). The 
chemical compositions of CW and TiO2-CW were determined by 
inductively coupled plasma spectrophotometer (Perkin-Elmer Optima 
4300 DW ICPOES). The absorption spectra of dye solutions were 
determined by a Shimadzu UV/Visible spectrophotometer (UV2550, 
Japan). TEM images were obtained on a JEOL 2100 HRTEM instrument 
(JEOL Ltd., Tokyo, Japan). XPS measurements were performed on 
a PHI 5000 Versa Probe (U ULVAC-PHI, Inc., Japan/USA) model 
spectrometer with a pressure of 10-7 Pa. X-ray diffraction (XRD) 
measurement of TiO2-CW was performed with a Rikagu Miniflex 
X-ray diffractometer using mono-chromatic Cu Kα radiation. The BET 
surface areas of CW and TiO2-CW were measured by N2 adsorption–
desorption (Quantachrome Corporation, NOVA-2000, USA). A diffuse 
reflectance spectrum (DRS) of TiO2-CW was monitored on a UV-2550 
Shimadzu UV– vis spectrophotometer equipped with ISR-2200 DRS 
accessory.

All chemicals were reagent grade and included the following: 
titanium isopropoxide (Ti(OCH(CH3)2)4), (purity = 97%, d = 0.96 g 
mL-1, Sigma-Aldrich), RY86 (Sigma-Aldrich). The aqueous solutions 
were prepared using ultra-pure quality of water with a resistance of 
18.3 MΩ cm.

Preparation of TiO2-CWphotocatalyst
The CW was firstly dried at 90 ºC for 48 h. After the CW dried, about 

5 g of CW was added to 500 mL of ultra-pure water. This mixture was 
stirred for 1 h. 50 ml of 0.1 M Ti(OCH(CH3)2)4 solution was prepared 
with ultra-pure water. The Ti(OCH(CH3)2)4 solution was added to CW 
solution and kept with powerful stirring for 2 h. The mixture solution 
was centrifuged, washed with ultra-pure water, and dried in vacuum. 
Dried sample was calcined at 400 ºC for 4 h, under nitrogen flow. The 
TiO2content of TiO2-CW was nearly 14.1wt%.

Batch studies for adsorption
Stock RY86 dye solution at concentration of 1000 mg L-1 was 

prepared and it was diluted to obtain the experimental solutions. Batch 
experiments were performed in 50 mL flasks at 25 ºC in an isothermal 
shaker with a mixing speed of 200 rpm. The pH experiments were 
studied by shaking for 60 min at 25oC, with 50 mg of TiO2-CW in 
50 mL of dye solution at different pH values. The solution pH was 
adjusted between 3.0-9.0 using 0.1 M HCl or NaOH and measured by 
a pH meter (Metler Toledo MA 235). Isothermal and kinetic studies 
were performed at 25oC. In each run, 50 mg of TiO2-CW was in 
contact with 50 mL of dye solution (25-200 mg L-1) at different time 
intervals (10-110 min) at pH 3.0. The concentration of dye solution was 
analysed using a UV-Vis spectrophotometer at certain time intervals. 
The wavelength value for maximum absorbance (λmax) of RY86 was 
observed at 416 nm, respectively. The concentrations of dye solution 
were calculated using the linear regression equations.

Photocatalytic oxidation of dyes
Photocatalytic degradation of RY86 was performed in a thermo 

static batch with a UV- vis lamp (400 W, λ = 250-570 nm) and quartz 
glass. The nitrogen gas was passed during degradation of the RY86. 
The photodegradation experiments were carried out in the above 
similar processes of adsorption.

Reusability experiments of TiO2-CW for the adsorptive and 
photocatalytic removal of the reactive dyes

A serious of experiments was carried out to investigate the 

reusability of TiO2-CWon the adsorptive and photocatalytic removal 
of the RY86. TiO2-CW was reused five times and totally five 
experiments were performed with or without UV irradiation under 
similar conditions. Before next cycle of experiment, the catalyst was 
centrifuged at 12000 rpm for 8 min to separate it from the treated ultra-
pure water. It is then washed five times with ethanol. Then, TiO2-CW 
was dried at 100 ºC for 2h. Then next cycle of batch and photocatalytic 
degradation experiments was done and similar experimental conditions 
were used for all the five cycles.

Results and Discussion
Characterization of TiO2-CW

The morphology of TiO2-CWphotocatalyst was characterized 
using transmission electron microscopy with an accelerating voltage of 
200 keV. The TEM image of TiO2-CW is shown in Figure 1. Spherical 
shapedTiO2NPs in the darker nucleus are uniformly extended on CW. 
The diameters of the spherical shaped TiO2NPswere observed to be 
around 5-25 nm.

Figure 2 shows the XRD patterns of TiO2-CW containing 
colemanite, zeolite, calcite phases of CW and anatase and rutile phases 
of TiO2NPs. The peak at 21.07º is corresponded to zeolite, the peak at 
30.08º is corresponded to calcite and the peaks at 24.62º, 27.53º, 35.81º 
and 48.16ºare corresponded to colemanite phases of CW, respectively. 
Also, the peak at 32.06º is corresponded to the rutile and the peaks 
at 25.31º, 38.12º, 47.36ºand 55.13º are corresponded to the anatase 
phases of TiO2NPs, respectively [28].

In Figure 3, XPS characterization was performed to verify the 
formation of TiO2 particles on CW. The XPS narrow region spectra and 
XPS survey have shown in Fig. 3. Peak signals for B1s, Ca2p, Ti2p, and 
O1swere observed in the survey spectrum of the CW have given as inset 
in Figure 3. O1s peaks detected at around 510 eV were corresponded to 
O2− of OH groups of boron minerals in CW. The Ti2p peaks for TiO2-
CW were detected with a doublet 2p3/2 and 2p1/2 signals at 462.5 eV and 
467.6 eV respectively [29]. These results indicate to the presence of 
TiO2 in TiO2-CW. The XPS spectra suggest the formation of TiO2-CW 
by the reduction of Ti4+ ions using CW.

Figure 4 shows the DRS spectrum of TiO2-CWthatobtained from 
subtracting the DRS spectrum of CW from the DRS spectrum of TiO2-
CW by using OriginPro8 software. The TiO2-CW shows maximum 
visible light absorption at 570 nm. The visible light absorption of 
TiO2-CW is due to the surface plasmon resonance of TiO2NPs and it is 
strongly influenced by the metal oxides in CW.

Figure 1. TEM image of TiO2NPs formed on CW
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Table 1 presents the chemical composition of TiO2-CW. The 
chemical composition of the TiO2-CW is including boron oxide, 
magnesium oxide, sulfate, calcium oxide, iron oxide, aluminium oxide 
and silicon dioxide as seen in Table 1.

Batch studies of dye adsorption
The effect of pH on the removal of RY86 from aqueous solution 

was examined without UV irradiation. Figure 5 shows the removal of 
RY86 using TiO2-CWfrom aqueous solution. The uptake of RY86was 
reduced remarkably with increasing pH from 3.0 to 9.0 for adsorption. 
The maximum removal efficiency of the RY86 was observed at pH 3.0. 
The surface charge of TiO2-CW has become more positive when the 
solution pH was decreased. 

The effect of adsorbent dosage on the RY86uptakefrom aqueous 
solution was investigated in the range of 0.4– 2.0 g L-1, at the initial 
RY86 concentration (150 mg L-1), pH = 3 and contact time of 100 min. 
The uptake of RY86 using TiO2-CWwas observed not to be increased 
after TiO2-CW dosage of 1.0 g L-1thus TiO2-CWdosage of 1.0 g L-1was 
chosen for all experiments (Figure not shown).

A series of experiments were performed at various time with 
a stable adsorbent amount of 1.0 g L-1, pH of 3.0 and initial RY86 
concentration of 150 mg L-1 to investigate the effect of contact time 
on the removal of RY86 from aqueous solution using TiO2-CW. When 
the contact time was increased, the uptake levels of the RY86 were 
increased up to 100 min (Figure not shown). The initial adsorption rate 
for the RY86 was very rapid, because a large number of active sites 
are available for the adsorption. Two kinetic models were applied to 
the experimental data in this study. The Lagergren pseudo-first order 
model is shown by the equation [30];

tkqqq ete )303.2/(log)log( 1−=− 			 
					     (1)

where k1is the pseudo-first order rate constant (min-1), eq is the 
adsorption equilibrium capacity  (mgg-1), tq is the amount of dye 
adsorbed (mgg-1) at various time (t). 

The equation stands for the integral form of the pseudo-second 
order model [31];

t
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2
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where 2q is the maximum adsorption capacity (mgg-1); tq  is the 
amount of dye adsorbed per unit mass of the adsorbent  (mgg-1); 2k is 
the rate constant of the pseudo-second order equation (gmg-1min-1). The 
equation means the non-linear form of equation (2);
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Table 2 shows the kinetic parameters. The correlation coefficient 
of the pseudo-first order model is lower than that of the pseudo-
second order kinetic model for two systems. The results showed that 
the adsorption data of RY86 on TiO2-CW were well fitted by the 
pseudo-second-order kinetic model. The pseudo-second order kinetic 
model is based on the rate limiting step which is chemical sorption or 
chemisorption involving valency forces [32].

Isotherm studies for the adsorption were carried out at various 
initial RY86 concentrations (10-200 mg L-1) with a constant adsorbent 
dosage of 1.0 g L-1, pH of 3.0 and contact time of 100 min.  The 
Langmuir and Freundlich models are generally used to represent the 
adsorption process[33, 34].

The Langmuir isotherm means the monolayer coverage and the 
uniform energies of adsorption. The Langmuir equation is as follows 

Figure 2. XRD spectra of synthesized TiO2-CW

Figure 3. The narrow region XPS spectra of the TiO2-CW (Inset is the XPS survey 
of the CW and TiO2-CW)

Figure 4. DRS spectrum of TiO2-CW
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where eq  is the equilibrium dye concentration on the adsorbent 
(mgg-1); KF, the Freundlich constant; Ce, the equilibrium dye 
concentration in solution (mgL-1).In this model, the sorbent has a 
surface with a heterogeneous distribution of sorption heat.

Table 3 shows the adsorption isotherm parameters. The adsorption 
isotherms were L-curve in both systems (Figure not shown). The L-type 
curve shows the higher affinity of the adsorbate for the adsorbent [37]. 
The equilibrium data were well fitted to the Langmuir isotherm model 
(Table 3).

Thermodynamic parameters show applicability of adsorption 
process. Free energy change (ΔG), entropy change (ΔS) and enthalpy 
change (ΔH) were investigated. The adsorption equilibrium constant 
(Kc) is obtained by the equation;

eq

ad
c C

C
K = 							     

				    (8)

adC is the amount of dye (mg L-1) adsorbed on the adsorbent and 
eqC is the equilibrium concentration (mgL-1) of the dye in the solution. 

ΔG is given as follow;

cKRTG ln−=∆ 						    
				    (9)

The relationship between Kc and temperature (T) is shown by the 
Van`t Hoff equation;

TR
H

R
SKc

1ln 





 ∆−

∆
= 					   

				    (10)

Adsorption enthalpy (ΔH) and entropy (ΔS) values were obtained 
by the linear plot, ln Kc versus 1/T (Figure not shown). Table 4 shows 
the adsorption parameters of RY86 from aqueous solution. The negative 
values of ΔG are corresponded to spontaneous adsorption. The negative 
value of ΔH indicates the adsorption process is an exothermic process. 
The negative value of ΔS is corresponded to the decreased randomness 
at the solid–liquid interface during the adsorption.

Photocatalytic degradation of dyes

Photocatalytic degradation experiments of the RY86 were performed 
under UV light. In order to examine whether the degradation of RY86 
was caused by photocatalysis, a series of experiments were also carried 
out without the catalyst in the presence of UV– vis radiation. The dye 
solution showed to be stable under UV–vis light and no degradation was 
observed without a photocatalyst as seen in Figure 5. Under UV– vis 
irradiation with TiO2-CW, the higher RY86 degradation was observed 
and the removal efficiencies of the dye increased when the solution 
pH decreased (Figure 5), similar to that in adsorption. Compared with 
removal efficiencies in adsorption, photocatalytic removal efficiencies 
of RY86 are higher, suggesting the photocatalytic effectiveness of 
TiO2-CW. The active sites of hydroxyl radicals of TiO2-CW increase 
at lower pH values. Therefore, the catalyst has higher photocatalytic 
activity at lower pH values. The removal efficiencies (%) of RY86 were 
performed at various times (Figure not shown). The removal efficiency 
(%) of RY86 increased up to 100 min and reached to 99.70%. The 
reaction kinetic of the photocatalytic degradation of RY86 on TiO2-
CWwas evaluated using the first order kinetic model as follows [38]:

lnCt = lnC0 – kt					    (11)

where Co and Ct are initial dye concentration and dye concentration 
at t time, respectively. The first order rate constant (k) for the 

[35]:
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where eq  is the equilibrium dye concentration (mgg-1); ,maxq
the monolayer capacity of the adsorbent (mgg-1); KL, the Langmuir 
constant and Ce, the equilibrium dye concentration in solution (mg L-1).

The Freundlich isotherm is as follows [36]:
n

eFe CKq /1= 						    

Figure 5. Effect of pH on the removal of RY86 from aqueous solution using TiO2-CW

Component Chemical analysis (wt%)
CaO 17.64
SO3 3.21

Fe2O3 1.87
Al2O3 3.12
B2O3 11.24
Na2O 5.19
SiO2 19.72
K2O 2.08
MgO 8.31

Loss on ignition 27.62

Table 1.Chemical composition of CW

Dye solution Pseudo-first order kinetic model Pseudo-second order kinetic model
qe (mg g-1) k1(min-1) r2

2 qe(mg g-1) k2(g mg-1 min-1) r2
2

RY86 (with UV) 55.16 18.91 0.987 71.05 3.85×10-2 0.998
RY86 (without UV) 44.39 14.06 0.953 59.88 1.67×10-2 0.997

Table 2. Kinetic parameters of the removal of the RY86 from aqueous solution

Dye solution Langmuir isotherm Freundlich isotherm
qmax

(mg g-1)
KL

(L mg-1) rL
2 KF

(mg g-1) 1/n rF
2

RY86 (with UV) 69.54 2.41×10-2 0.996 53.05 0.39 0.894
RY86 (without UV) 51.06 1.51×10-2 0.997 39.18 0.74 0.951

Table 3. Isotherm parameters of the removal of the RY86 from aqueous solution

ΔGo (kj/mol) ΔHo (kj/mol) ΔSo (J/mol 
K) r2

293 K 303 K 313 K 323 K
RY86 -5.63 -5.42 -4.75 -3.82 -20.75 -68.09 0.992

Table 4. Thermodynamic parameters
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photocatalytic degradation of RY86 was found to be 0.239 min-1. 
Scheme 1 shows the photochemical mechanism. The band-gap value of 
TiO2-CW was calculated using Tauc’s approach [39] and it was found 
to be 3.08 eV.

The photocatalytic removal efficiencies (%) of RY86 are higher 
than the adsorptive removal efficiencies (%). The photocatalytic 
degradation efficiencies of RY86 occurred up to 99.70% within 100 
min in the presence of UV– vis irradiation. But, the adsorptive removal 
efficiencies (%) of the RY86 occurred up to 64.51% within 100 min 
for adsorption without light. The reuse performance of TiO2-CW for 
the adsorptive and photocatalytic removal of the RY86 from aqueous 
solutions was performed (Figure not shown). TiO2-CW can be recycled 
and reused five times without much decline in removal efficiency. The 
good reusability of TiO2-CW in the cyclic removal experiments shows 
that the adsorptive and photocatalytic property of TiO2-CW is stable 
and practically important.

A comparison of the maximum photocatalytic activity of TiO2-
CW with other catalysts is shown in Table 5. The results show that 
TiO2-CW presented higher dye removal efficiency than TiO2-based 
photocatalysts. The TiO2-CW material can be used as the alternative 
photocatalyst or adsorbent for the removal of reactive dyes from 
wastewater.

Conclusions
A novel photocatalyst containing TiO2NPs and CW was synthesized 

and investigated in adsorption and photocatalysis to remove RY86 

from aqueous solution. The photocatalyst was characterized by TEM, 
XRD and XPS. The removal of RY86 from aqueous solution using 
TiO2-CW was found to be significantly dependent on solution pH 
(3.0), initial dye concentration (150 mg L-1), contact time (80 min) 
and adsorbent dosage (1.0 g L-1). The pseudo second-order kinetic 
model and the Langmuir isotherm were obtained to fit the adsorption 
experimental data. Thermodynamic parameters indicated exothermic 
and spontaneous reactions of the adsorption. The photocatalytic studies 
indicated TiO2-CW shows high photocatalytic activity for degradation 
of the RY86from aqueous solution. The adsorption and photocatalysis 
experiments showed that TiO2-CW can be efficiently, good reusability 
and economically used as an adsorbent or photocatalyst for the removal 
of the RY86 from aqueous solution.
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