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This special issue contains original research articles on solar
energy use for green applications. In particular, the use of
solar thermal energy for low environmental impact processes
or the use of the light (with or without heterogeneous
photocatalysts) for environmental remediation or synthesis
was considered. The topic is highly challenging and the
subject would be important, timely, and of great interest.
Among the submittedmanuscripts, 5 were selected as suitable
for publication through the strict experts’ peer reviews.

The papers to be published in this special issue are
“Design and Performance Evaluation of a Solar Assisted
Heat Pump Dryer Integrated with Biomass Furnace for Red
Chilli” for the direct solar light/thermal applications; “Sor-
bents Coupled to Solar Light TiO

2
-Based Photocatalysts for

OliveMillWastewater Treatment,” “Photodegradation of 2,4-
Dichlorophenol in Aqueous Systems under Simulated and
Natural Sunlight,” and “Flexible Bench-Scale Recirculating
FlowCPC Photoreactor for Solar Photocatalytic Degradation
of Methylene Blue Using Removable TiO

2
Immobilized on

PET Sheets” for the photodegradation topic; and “Noble
Metal Decoration and Presulfation on TiO

2
: Increased Pho-

tocatalytic Activity and Efficient Esterification of n-Butanol
with Citric Acid” for synthetic photochemistry.

We believe that this special issue can be interesting and
inspiring for the readers of the journal since this advanced

interdisciplinary technology involves a wide range of sub-
jects.

Daniele Dondi
Sandra Babić
Irene Michael

Giovanni Palmisano
Andrea Speltini
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The aim of this work was to couple physical-chemical approaches with photocatalysis to reduce by a simple, inexpensive way the
organic load of olive mill wastewater (OMW), mandatorily prior to the final discharge. Before irradiation, different sorbents were
tested to remove part of the organic fraction, monitored by measuring chemical oxygen demand (COD) and polyphenols (PP).
Different low-cost, safe materials were tested, that is, Y zeolite (ZY), montmorillonite, and sepiolite. Considerable decrease of
organic load was obtained, with the highest abatement (40%) provided by ZY (10 g L−1 in 1 : 10 OMW). Use of the three sorbents, in
particular ZY, was convenient compared to commercial activated carbons. UV light photocatalytic tests, performed using P25 TiO

2

on ZY-treated OMW, yielded quantitative remediation (ca. 90%). Also solar light provided significative results, PP being lowered by
74% and COD by 56%. Sol-gel anatase TiO

2
and N-doped anatase TiO

2
were also tested, obtaining good results, around −80% PP

and −40% COD. Finally, an integrated approach was experimented by ZY-supported anatase TiO
2
(TiO
2
@ZY). This photoreactive

sorbent allowed one-pot treatment of OMW significative abatements of PP (−77%) and COD (−39%) with only 1 g L−1 material,
under solar light.

1. Introduction

Olive mill wastewater (OMW) is a highly toxic effluent
obtained from the extraction process of the olive oil industry
and is considered an undesired waste. OMW represents a
serious problem in the Mediterranean basin [1], as over
95% of the world production, estimated at more than 30
millionm3 [2], occurs in Mediterranean countries and about
80% in the European Union, mainly Spain, Italy, and Greece
[3]. It has been calculated that the volume of OMW coming
from milling activity ranges from 0.5 to 1.5m3 per ton of
olives [3].

TheOMWis a blackish liquid containing 80–83%ofwater
(pH around 4.5), organic compounds ranging from 40 to
220 g L−1 [2]. As expectable, the composition is variable and
depends on many factors, namely, olive cultivar, extraction
process, and climatic conditions, but always includes oil and
grease, sugars, polyalcohols, pectins, lipids, and polyphenols

(PP) [4, 5]. Specifically, it has been reported that more than
30 phenolic compounds are present in OMW [6]. Beside
lignin and tannins, the high content of phenolic species in
a wide range of molecular weights is responsible for the
typical black-brownish colour [4]. The dark colour of the
OMW disturbs the sunlight absorption by photosynthetical
organisms whereas the surface oil film prevents the oxygen
absorption from air releasing an intense smell.

OMW is indeed considered a source of environmental
pollution, due to the high levels of PP, persistent phytotoxic
and antibacterial compounds that inhibit biodegradation.
Due to the high content of phenols and long-chain fatty
acids, high values of chemical oxygen demand (COD), up to
200 g L−1, and biochemical oxygen demand (up to 100 g L−1)
are expected [3, 5]. Since these values may be found as
hundreds of times higher than those of typical municipal
sewage [7], it is clear that a direct discharge in receiving
waters or soils is not possible because it would involve severe
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effects, that is, ecotoxicity and eutrophication for natural
water bodies.

Although the complex organic composition of OMW
has been recently exploited to obtain “clean energy,” such
as hydrogen gas [1, 3, 8], the actual major issue is the
development of efficient, simple, and low environmental
impact treatments for OMW before the final discharge.

Among the methods used for OMW treatment, physico-
chemical treatments (i.e., settling, centrifugation, and filtra-
tion) coupled with adsorption on activated carbon have been
practiced [9]. On the other side, the biological treatments,
mainly consisting of anaerobic digestion [10], require large
dilution factors or mandatory dephenolization procedures
[11]. Advanced oxidation processes (AOPs) by ozonization
[12] or photo-Fenton [5, 13–16] have been experimented, and
integrated approaches involving flocculation/coagulation
and/or adsorption, enzymatic, and biological treatments and
photocatalysis have been proposed [5, 13–15, 17]. However,
an environmentally safe and cost-effective solution to OMW
treatment is still lacking [18].

Heterogeneous photocatalysis, requiring just a semicon-
ductor and a light source, is a very promising, environmen-
tally benign way to reduce the toxic organic load of OMW,
as reported in some recent studies [14, 15, 17, 19, 20]. As
for photo-Fenton applied to OMW [5], it seems convenient
to design a sequential procedure combining pretreatment
of the raw OMW, by adsorption onto high surface area
sorbents, with a photocatalytic treatment and/or a biological
step before the final discharge. As amatter of fact, photocatal-
ysis is becoming increasingly attractive for environmental
remediation [21], for instance, for abatement of emerging
organic pollutants [22] or toxic metals [23], but also for
OMWremediation [14, 15, 17, 19].Owing to chemical stability,
efficiency, low cost, and nontoxicity, titanium dioxide (TiO

2
)

is the most used photocatalyst, recently applied also for
OMW remediation, after immobilization onto sepiolite [19].
However, to the authors’ best knowledge, the application of
N-doped TiO

2
or ZY-supported TiO

2
has not been reported

in the literature for OMW treatment.
Based on this background, the aim of this work was to

find out a simple and efficient procedure for the abatement
of the organic load of OMW, in particular COD and PP
levels. These were the two key parameters for evaluating the
efficiency of the various treatments tested, that is, floccu-
lation/coagulation, adsorption, and photocatalysis. Different
high surface area materials were employed in the adsorption
step, namely, Y zeolite (ZY), sepiolite (SEP), and montmo-
rillonite (MMT), in addition to two commercially available
activated carbons. After adsorption, OMW was submitted
to photocatalytic treatment, under both UV and solar light.
Different semiconductors were investigated, namely, anatase
TiO
2
and N-doped anatase TiO

2
prepared by sol-gel method

and characterized before use and commercial P25 TiO
2
.

Finally, a hybrid material consisting of ZY-supported anatase
TiO
2
combining sorption capacity and photocatalytic activity

was prepared, characterized, and tested as photoreactive
sorbent for the one-pot treatment of OMW, under solar
light.

2. Experimental Procedure

2.1. Chemicals. AlCl
3
⋅6H
2
O (99%), Ca(OH)

2
(≥95%),

cetylpyridinium bromide (CPB, 98%), Folin-Ciocalteau’s
phenol reagent (2N), gallic acid (98%) and Y zeolite
(ZY), titanium (IV) tetraisopropoxide (97% v/v), and 2-
propanol (99.5% v/v) were obtained from Sigma-Aldrich
(Milan, Italy). Na

2
CO
3
⋅10H
2
O (99.5%) was purchased

from Carlo Erba Reagents (Milan, Italy) and Superfloc C
1598, a cationic emulsion polyacrylamide, from Kemira.
AC20G (0.6–2.4mm) and F-300 (0.8–1mm) activated
carbons were acquired from Purolite (Llantrisant, UK)
and Chemviron Carbon Ltd. (Ashton-in-Makerfield, UK),
respectively. SP-1 sepiolite (SEP, 50 grm/unit), Valdemoro,
Spain (Miocene age, containing minor calcite), and Ca-
montmorillonite STx-1 (MMT) were obtained from Clay
Mineral Society; physical-chemical properties can be found
at http://www.clays.org/Sourceclays.html. Evonik P25 TiO

2

(80% anatase, 20% rutile, particle size 30 nm, and surface
area 50 ± 15m2 g−1) was purchased from Evonik Industries
AG (Hanau, Germany). Distilled water was produced in
laboratory.

2.2. Olive Mill Wastewater. OMWwas collected at the outlet
of an olivemill located in Recco, near Genova (Italy). Samples
were taken using PET containers and stored in the dark
(−20∘C). Before use, aliquots of each sample were mixed
to obtain a homogeneous representative sample, submitted
to centrifugation (3 × 10min at 4500 rpm, Sigma 2-16P
Celbio Spa centrifuge) to remove suspended solids and oil
residues [5]. The resulting matrix was then characterized
having pH5.1, conductivity at 20∘C8.21mS cm−1, COD52500
(1530)mg L−1 O

2
, and total PP content 3444 (114)mg L−1.

These values, the mean of three replicates, are typical of
OMW [5, 8, 14, 24]. The OMW sample was stored in the
dark (4∘C) and successively used to test the various chemical-
physical and photocatalytic treatments.

2.3. Analytical Determinations. COD was determined before
and after treatment according to the ISO 15705 protocol. The
commercialized Hach Lange kit was used, working in the
concentration interval 0–1000mg L−1 O

2
. After incubation

of the sample (2 h, 148∘C, LT200 thermostat), COD quan-
tification was performed by the standardized Hach Lange
spectrophotometer (DR3900).

Total PP were determined according to the Folin-
Ciocalteau method. A proper sample aliquot was placed in
a 10mL volumetric flask, and 0.5mL of the Folin-Ciocalteau
reagent was added, followed by 1mL of Na

2
CO
3
(20%, w/v),

andmade up to 10mLwith distilledwater.The control sample
(no OMW) was prepared separately. The flasks were allowed
to stand for 1 h; then, spectrophotometricmeasurementswere
performed at 700 nm (UVmini-1240 ShimadzuCorporation).
Quantification was carried out by external calibration ana-
lyzing gallic acid standard solutions in the concentration
range 2–8mg L−1 (linearity 𝑟2 > 0.9975, three independent
calibration curves).
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(a) (b)

Figure 1: SEM images collected on anatase TiO
2
(a) and N-doped anatase TiO

2
(b).

2.4. Pretreatment by Chemical Reagents. To test the potential
effect of coagulant/flocculant agents, 30mL of centrifuged
OMW was spiked with 30 𝜇L of 1%w/v AlCl

3
solution

and then the sample was basified (pH 8) by addition of
5%w/v Ca(OH)

2
solution. Alternatively, the OMW sample

was enriched with 0.5 g L−1 cationic organic polyelectrolyte.
In both cases, the sample was maintained under magnetic
stirring overnight and then centrifuged (20min, 4500 rpm)
and filtered (nylon membrane, 0.45𝜇m) before COD and PP
determination.

2.5. In-Batch Sorption Pretreatment. In the case of com-
mercial granular activated carbons, batch sorption experi-
ments were conducted on 30mL OMW in the presence of
10/100 g L−1 of each sorbent. The suspensions were shaken
on a rotating plate (150 rpm) in polypropylene tubes, at
room temperature for 24 h.The same procedure was followed
in the case of ZY (10–40 g L−1), SEP, and MMT (10 g L−1),
using OMW (1 : 10). SEP was also tested after derivatization
with CPB [25]. After equilibration, the suspensions were
centrifuged (10min, 4500 rpm) and then filtered by a nylon
membrane (0.45 𝜇m) before COD and PP determination.

2.6. Photocatalysts: Synthesis and Characterization. Beside
the commercial P25 TiO

2
, other TiO

2
-based photocatalysts

were tested. TiO
2
and N-doped TiO

2
have been synthesized

by sol-gel process. According to previous work [26], titanium
isopropoxide, isopropanol, and water have been used as
precursors with the same concentrations reported changing
the different solution to H

2
O for TiO

2
and H

2
O-NH

3
for

TiO
2
doped nanoparticles.

TiO
2
@ZY has been synthesized according to Maraschi

et al. [27]. The sample was obtained by magnetically stirring
the resultant suspension of amorphous TiO

2
mixed with H+

zeolite (2 : 1 w/w) in water. Powder was filtered, washed, and
finally dried. Nominally, 1.5 g of the hybrid sample contains
1 g of nanometric TiO

2
.

The synthesized samples have been finally treated in a
muffle furnace (Carbolite RHF1400) at 350∘C for 1 hour to
promote amorphous to anatase phase conversion.

The samples have been analyzed by X-ray powder diffrac-
tion (XRPD), scanning electron microscopy (SEM), diffuse

reflectance spectroscopy (DRS), and Brunauer-Emmett-
Teller analysis (BET). Phase identification was performed
by XRPD analysis using a Philips PW1830 diffractometer
(Bragg-Brentano geometry; Cu K𝛼; Ni filtered; range 20–80
2𝜃; step 0.025 2𝜃; sampling time 10 s). SEM was performed
using a Tescan Vega 3 XMV microscope on powders coated
with gold in low vacuum. DRS was performed using a Perkin
Elmer UV-Vis spectrophotometer LAMBDA 35 equipped
with an integrating sphere. BET analysis was carried out
using an ASAP 2010 physisorption analyzer (Micromeritics
Instrument Corp). Before measurements, the samples were
pretreated at 200∘C in vacuum. Ar was used for ZY, while N

2

was used for all other materials.

2.7. Photocatalytic Irradiation. All the photocatalytic exper-
iments were performed on 10mL ZY-treated OMW (see
Section 2.5) in the presence of 1 g L−1 of P25 TiO

2
, anatase

TiO
2,

and anatase N-TiO
2
. For ZY-supported TiO

2,
any

previous adsorption was done. Suspensions were irradiated
(8 h) under UV light or simulated solar light. For UV
irradiation, samples were placed in quartz tubes and treated
under continuous air insufflation at 254 nm (4 × 15W lamps)
or 310 nm (10× 15W lamps). In the case of solar light, samples
were placed in Pyrex glass containers and irradiated under
magnetic stirring. A solar Box 1500e (CO.FO.ME.GRA S.r.l.,
Milan, Italy) set at a power factor of 500Wm−2 and equipped
with aUVoutdoor filter of soda lime glass IR treatedwas used
as the solar light simulator. After photocatalysis, each sample
was filtered and COD and PP concentrations were checked.

3. Results and Discussion

3.1. Characterization of the Prepared Photocatalysts. XRD
spectra of TiO

2
, N-doped TiO

2
, and TiO

2
@ZY con-

firm the presence of anatase crystalline structure (Fig-
ure S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/8793841). The SEM analysis
shows the morphology of the samples. Undoped TiO

2

grains have rounded shape and form sponge-like aggregates
(Figure 1(a)), while the N-doped ones form lamellar iso-
lated aggregates (Figure 1(b)), in accordance with literature
[26].
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Figure 2: SEM image collected on the photoreactive sorbent anatase
TiO
2
@ZY.

Table 1: Values of absorption wavelength, energy gap, and BET
surface area determined for each material.

Sample
Absorption
wavelength

(nm)

Energy gap
(eV)

Surface area
(m2 g−1)

Anatase TiO
2 384 3.2 120

N-doped anatase TiO
2 413 3.0 67

TiO
2
@ZY 384 3.2 216

ZY 188 3.7 175

The TiO
2
nanoparticles supported by the zeolite are

round shaped (Figure 2) and the sample is homogenous,
as previously reported by Maraschi et al. [27]. The values
of absorption wavelength, energy gap, and surface area of
each material are reported in Table 1. It is apparent that
N-doping yields a narrower band gap compared to anatase
TiO
2
, although the latter shows a twofold higher surface

area. The DRS spectra of doped and undoped TiO
2
are

shown in the supplementary information (Figure S2). The
𝐸gap calculationwasmade according to literature [26, 28].The
compositematerial, TiO

2
@ZY, shows the highest surface area

(>200m2 g−1); the smaller energy gap and higher surface area
compared to pristine ZY confirm the successful immobiliza-
tion of the photocatalyst onto the zeolitic structure.

BET analyses are in agreement with the literature data
[27].

3.2. OMW Treatment: Adsorption Coupled to Photocatalysis.
A first series of experiments was carried out to further reduce
the suspended particles of the centrifuged OMW prior to the
photocatalytic step, which is more efficient in limpid solution
due to higher light penetration and lower scattering phenom-
ena [14]. Since use of chitosan (0.4 g L−1) before Fenton and
photo-Fenton oxidation was reported [15], some experiments
were performed in the presence of less expensive agents,
either AlCl

3
(0.001%, v/v) under alkaline conditions (pH 8)

or cationic organic polyelectrolyte (0.5 g L−1), in order to test
the potential effects of coagulation/flocculation in removing
colloids (<1𝜇m). Results showed that both treatments yielded
a COD abatement lower than 10%, whereas a 36% decrease
of PP was observed using AlCl

3
, indicating that the sole

centrifugation is convenient for removing suspended organic
matter.

To reduce the organic load of OMW, in-batch sorption
was therefore exploited as a possible more efficient approach,
investigated in the recent years for OMW treatment [5,
24, 29]. ZY, MMT, and SEP, largely available and low-cost
materials characterized by high surface area, were selected as
in principle they can operate in very complex matrices like
OMW [5, 24, 29].

ZY (surface area 175m2 g−1) was tested in the concentra-
tion range 10–40 g L−1, working at the sample native pH, and
results are shown in Table 2.

COD and PP levels were substantially lowered after
contact with ZY, indicating a strong affinity for the organic
constituents of OMW. This is in accordance with literature
data reporting on the use of zeolites for wastewater treatment
[4, 29]. No significative improvement was seen in going from
the lowest to the highest ZY concentration; thus, 10 g L−1
seemed convenient.

Despite the good results obtained, 1 : 10 dilutedOMWwas
used for further experiments (see Table 3), in order to dispose
of a final solution suitable for the photocatalytic treatment
[15, 20]. Indeed, photocatalysis cannot operate satisfactorily
in not diluted OMW, as later described and in agreement
with literature [14]. The efficiency of ZY was then compared
to clay powders, namely, SEP (surface area 213m2 g−1) and
MMT (surface area 84m2 g−1), under the above reported
conditions. These were tested because clays proved to be
effective for purification of urban and industrial wastewater
and have been recently employed also in the case of OMW
[5, 29, 30].

As reported in Table 3, PP level dropped down by ca. 40%
after adsorption onto SEP and MMT, similar to the case of
ZY, and COD by ca. 30%.

With the aim of further improving ZY efficiency, the
crude powder was derivatized with CPB, a cationic surfactant
that could favour sorption of polyphenolic species [25].
However, no significative improvement in PP removal was
observed using the CPB-derivatized material; thus, it was
preferred to use the raw ZY.

Since activated carbon is the most used sorbent for
water and wastewater purification, two types of granular
activated carbon, specifically AC20G and F-300, were tested
for comparison. Due to the large surface area (>1000m2 g−1)
and strong binding affinity of these materials for organic
compounds, experiments were performed on not diluted
OMW, using 100 g L−1 sorbent, and on 1 : 10 OMW with
10 g L−1 sorbent obtaining comparable results (see Tables 2
and 3).

Nevertheless, considering the results obtained by using
the alternative sorbents (10 g L−1, 1 : 10 OMW, Table 3) and
their low cost compared to activated carbon, ZY proved to
be a valid sorbent for OMW remediation and was therefore
selected as the convenient adsorbent phase to treat OMW
prior to the photocatalytic irradiation. Indeed, after ZY-
contact, a biological step followed by an AOP treatment
would be required to reach remediation of OMW, or as in
this case, the treated OMW can be directly submitted to
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Table 2: PP and COD values in OMW before and after adsorption onto ZY and activated carbons (𝑛 = 3).

Sample PP (mg L−1) Abatement (%) COD (mg L−1O
2
) Abatement (%)

OMW 3444 (114) — 52500 (1530) —
OMW + ZY (10 g L−1) 2431 (170) 30 (5) 35900 (1424) 32 (3)
OMW + ZY (20 g L−1) 2189 (152) 37 (4) 32846 (1462) 37 (4)
OMW + ZY (40 g L−1) 1877 (150) 46 (4) 29300 (1568) 44 (3)
OMW + AC20G (100 g L−1) 617 (76) 82 (2) 18800 (1945) 64 (4)
OMW + F-300 (100 g L−1) 1130 (114) 67 (3) 22200 (2054) 58 (4)

Table 3: PP and COD values in 1 : 10 OMW before and after adsorption onto 10 g L−1 ZY, CPB/ZY, SEP, MMT, and activated carbons (𝑛 = 3).

Sample PP (mg L−1) Abatement (%) COD (mg L−1O
2
) Abatement (%)

1 : 10 OMW 335 (25) — 5226 (330) —
1 : 10 OMW + ZY (10 g L−1) 186 (21) 44 (6) 2640 (258) 36 (3)
1 : 10 OMW + CPB/ZY (10 g L−1) 194 (19) 42 (5) 2637 (247) 49 (4)
1 : 10 OMW + SEP (10 g L−1) 210 (17) 37 (5) 3685 (147) 29 (3)
1 : 10 OMW +MMT (10 g L−1) 209 (13) 38 (4) 3220 (161) 38 (3)
1 : 10 OMW + F-300 (10 g L−1) 111 (9) 77 (6) 2561 (237) 51 (5)
1 : 10 OMW + AC20G (10 g L−1) 121 (11) 74 (6) 2770 (232) 47 (4)

Table 4: PP and COD values in 1 : 10 OMW before and after photocatalytic treatment under UV and solar simulated light using P25 TiO
2

(𝑛 = 3).

Sample PP (mg L−1) Abatement (%) COD (mg L−1O
2
) Abatement (%)

1 : 10 OMW 335 (25) — 5226 (330) —
1 : 10 OMW + ZY (10 g L−1) 186 (21) 44 (6) 2640 (258) 36 (3)
1 : 10 OMW + ZY (10 g L−1) + P25 TiO

2
(254 nm)a 21 (3) 94 (1) 490 (39) 91 (1)

1 : 10 OMW + ZY (10 g L−1) + P25 TiO
2
(310 nm)a 31 (4) 91 (1) 775 (54) 85 (1)

1 : 10 OMW + ZY (10 g L−1) + P25 TiO
2
(solar box)a 87 (7) 74 (5) 1585 (127) 56 (2)

a1 g L−1 photocatalyst, 8 h irradiation.

photocatalysis. This was investigated under either UV or
solar simulated light, using commercial P25 TiO

2
and sol-gel

anatase TiO
2
and N-doped anatase TiO

2
, the two latter not

being previously investigated for OMW.
Irradiation in presence of the former semiconductor led

to quantitative abatements, around 90%, working under UV
light. Interesting data were found also under solar simulated
irradiation, with COD and PP decrease of 56% and 74%,
correspondingly (see Table 4).

Notice that the adsorption step prior to photocatalysis is
of great importance in allowing a successful remediation of
OMW. Indeed, direct photocatalytic treatment on 1:10 OMW
(not contacted with ZY) led to a COD abatement of just
20% even under drastic conditions (254 nm, 8 h radiation).
On the other hand, irradiation of not diluted OMW after
ZY-adsorption was as well unsuccessful. As shown in UV-
Vis spectra of OMW samples (see Figure S3, Supplementary
Materials), the sorption step on ZY is convenient not only for
PP/COD abatement, but also to favour light penetration by
decreasing the sample absorbance (ca. 20%).

These findings support the actual reports on TiO
2
pho-

tocatalytic treatment of OMW, requiring a diluted sample
[14, 15, 17]. Nevertheless, dilution can be avoided in the case
of photo-Fenton, but the additional costs due to the use of

oxidizing reagents and necessity to adjust pH have to be
taken into account [13, 14, 16]. Besides, since photo-Fenton
was shown to preserve or even increase the OMW effluent
toxicity, a successive biotreatment that would be required to
further reduce COD and phenols could be hampered [16].

The adsorption-photocatalysis combined treatment on
1 : 10 OMW presented here is convenient and efficient, as
the PP content was reduced to ca. 20mg L−1, and COD
was lowered below the limit (500mg L−1) indicated by the
actual Italian legislation for wastewater discharge. The above
results were substantiated by control experiments performed
to evaluate the role of direct photolysis that is in the absence of
catalyst, under the same conditions. COD and PP reduction
being lower than 10%, except in the case of 254 nm for PP
(−29%), these findings absolutely attest the great contribution
of the photocatalyst in degrading OMW organics.

In the framework of the photochemical step, a part of the
work was undertaken to strengthen the possibility of working
under solar light and, with this aim, N-doped anatase TiO

2

was tested, compared to anatase TiO
2
as the control sample.

Indeed, the absorption edge of P25 TiO
2
is around 390 nm,

in relation to its band gap of 3–3.2 eV; thus, just the 5% of
the solar light spectrum can be exploited for the activation of
the semiconductor. Differently, a red-shift absorption of TiO

2
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Table 5: PP and COD values in 1 : 10 OMW before and after photocatalytic treatment under solar simulated light using different TiO
2
-based

photocatalysts (𝑛 = 3).

Sample PP (mg L−1) Abatement (%) COD (mg L−1O
2
) Abatement (%)

1 : 10 OMW 335 (25) — 5226 (330) —
1 : 10 OMW + ZY (10 g L−1) 186 (21) 44 (6) 2640 (258) 36 (3)
1 : 10 OMW + ZY (10 g L−1) + P25 TiO

2

a 87 (7) 74 (5) 1585 (127) 56 (2)
1 : 10 OMW + ZY (10 g L−1) + anatase TiO

2

a 54 (5) 84 (6) 3031 42 (3)
1 : 10 OMW + ZY (10 g L−1) + N-doped anatase TiO

2

a 74 (6) 78 (4) 3188 39 (3)
1 : 10 OMW + TiO

2
@ZYa 77 (6) 77 (3) 3170 (224) 39 (3)

a1 g L−1 photocatalyst, 8 h irradiation.

can be achieved after derivatization or doping [31]. Despite
the narrower band gap obtained after N-doping (3.0 eV), the
efficiency in degrading OMW organics was comparable to
anatase TiO

2
(band gap 3.2 eV), as shown in Table 5.

This is reasonably attributable to the lower surface area of
the N-doped particles that could be improved with further
optimization of the synthesis. Anyway, as apparent from
Table 5, both sol-gel semiconductors are attractive under
solar light compared to commercial P25 TiO

2
.

Further experiments were planned using a hybrid mate-
rial able to join sorption capability and photocatalytic activity,
that is, TiO

2
@ZY.As shown inTable 5, TiO

2
@ZYproved to be

greatly advantageous because it allowed the same efficiency
in terms of PP/COD abatement, compared to the sequential
treatment entailing adsorption on ZY and photocatalytic
steps. Use of this sorbent/photoreactive material provides
those similar satisfying results by one-pot treatment and
tenfold lower amount of material.

The overall abatement is indeed due to the sorption
capacity of this composite (49%PP and 29%COD) combined
with the photocatalytic properties (further abatement 28%PP
and 10% COD). This behavior can be certainly explained by
considering the physical-chemical properties of the compos-
ite. Indeed, among the many factors that may influence the
photocatalytic activity, namely, crystal structure, energy gap,
and surface area, TiO

2
@ZY presents as well greater surface

area with respect to pristine zeolite, anatase TiO
2
, and N-

doped TiO
2
, due to the smaller regular dimension of grains

combined with the high surface area of ZY.

4. Conclusions

A simple, working procedure for OMW treatment prior to
final discharge, entailing adsorption onto Y zeolite followed
by TiO

2
photocatalysis, is described here. The first step

allowed relevant abatement of the organic load of OMW
due to adsorption onto ZY, a largely available and costless
material, providing an intermediated sample suitable to be
submitted to photocatalytic treatment. This was studied
under both UV and simulated solar light, in presence of vari-
ous TiO

2
-based photocatalysts, namely, commercial P25, sol-

gel anatase, and sol-gel N-doped anatase TiO
2
. Photocatalysis

proved to degrade substantially OMW organic constituents,
leading to a COD < 500mg L−1 and PP around 20mg L−1
in the final water. Considerable remediation was gained

also under simulated sunlight. As a remarkable advantage,
a hybrid material made of ZY-supported anatase TiO

2
was

for the first time applied for the one-pot treatment of OMW,
under solar light. This material, combining solar light photo-
catalytic activity with sorption capacity, proved to be greatly
advantageous in terms of efficiency, cost, ease of separation
after use, and time-consumption.
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The work presents results of studies on 2,4-dichlorophenol (2,4-DCP) degradation in aqueous solutions using photochemically
initiated processes by simulated and natural sunlight. A number of possible substrate photodegradation routes were investigated,
by both direct photolysis and photosensitized oxidation process. The major role of singlet oxygen in 2,4-DCP photodegradation
was proved. Rose Bengal and derivatives of porphine and phthalocyanine were used as sensitizers. The influences of various
process parameters on the reaction rate were investigated. On the basis of experimental data reaction rate constants of 2,4-DCP
photosensitized oxidation were determined. The possibility of using natural sunlight to degrade 2,4-DCP in water in the middle
latitudes was stated. The acute toxicity bioassay was conducted with the marine bacterium Vibrio fischeri as a bioluminescent
indicator. The obtained results encourage further research on this process.

1. Introduction

The pollution of aquatic environment by trace amounts of
anthropogenic chemical substances has a hazardous impact
on the regular development of plants and animals as well as
on the human health [1]. Dichlorophenols are widely used
in organic synthesis for the production of pharmaceuti-
cals, disinfectants, preservatives, insecticides, fungicides, and
herbicides [2]. They are attractive initial substrates which
are used in industry, for example, for the production of
higher chlorophenols [3]. 2,4-Dichlorophenol (2,4-DCP) is a
compound characterized by high toxicity to living organisms
so even the small amount released into the environment
can pose serious consequences [4, 5]. It is well known that
very low levels of chlorophenols in water cause significant
deterioration of its taste and smell. Contamination by 2,4-
DCP in environment may occur as a result of degradation
of herbicides, for example, 2,4-dichlorophenyl-p-nitrophenyl
ether, from chlorination of drinking water and industrial and
municipal waste water by water disinfection plants or from
agricultural runoff or industrial waste discharges [2, 6, 7].

2,4-DCP has also been reported to be an endocrine disruptor
[8]. Thus, it is important to protect the environment from
the harmful effects of its presence. Unfortunately, the con-
ventional treatment methods are not able to degrade these
xenobiotics efficiently.

Recently the use of advanced oxidation processes using
different chemical and photochemical processes for the
purification of wastewater or water treatment has become
very popular. The main mechanism of compound degrada-
tion by these methods is the hydroxyl radical generation and
utilization. Thus, they are very effective in removing microp-
ollutants (also microorganisms) present in the wastewater,
especially when these are found in low concentrations [9, 10].
Moreover, among the photochemical routes of many xenobi-
otics degradation themost popular one is solar photocatalytic
irradiation of the substrate in the presence of TiO

2
as a

catalyst [11]. There are reports in this topic concerning 2,4-
DCP degradation [12, 13]. However, in many cases, advanced
oxidation processes have limited practical applications due to
high cost and energy consumption and so forth.
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An alternative process seems to be the photosensi-
tized oxidation process, particularly using molecular oxy-
gen. It involves the absorption of the visible light energy
by the photosensitizer to bring it to a reactive excitation
state, transferring its excitation energy to the surrounding
molecules. It can occur according to two different pho-
tochemical mechanisms: type I (as electron or hydrogen
atom transfer), type II photooxidation (as energy transfer to
the oxygen molecule and generating reactive singlet oxygen
form), or a combination of both. The domination of any of
these mechanisms is dependent on many factors including
the nature of the substrate and of the sensitizer and the
properties of their microenvironment. Thus, the sensitizer
acts here, in principle, as a specific kind of catalyst which
enables the reaction to occur while remaining unchanged
itself.

It is important to note that in this process the photo-
sensitizer may be used in homogeneous solution or may be
immobilized on various kinds of carriers [14, 15]. The use
of a soluble form of the sensitizer is faster, simpler, and
cheaper. However, it is associated with the introduction of a
new component to the solution. It is, in fact, an additional
“pollution” introduced into the water which may have itself
more toxic properties or the products of its decomposition
may be, for example, more toxic and so forth. Thus, by
purifying the water environment it can cause unwanted
damage the consequences of which can be unpredictable.
The use of the sensitizer in the immobilized form can avoid
the aforementioned drawbacks because it is easily separated
after the reaction. Its additional useful and valuable quality
is that it could be reused. Unfortunately, the use of the
dye in the immobilized form is usually more difficult to
implement, definitely more time-consuming, and generally
more expensive.

Herein we present results of photooxidation of 2,4-
dichlorophenol under simulated and natural sunlight via
singlet oxygen generated by various excited photosensitizers
in homogeneous solutions.The objective is to define the con-
ditions thatmaximize the rate of photosensitized degradation
of 2,4-DCP in the aquatic solution, to determine the kinetic
constants, and to compare the photodegradation rate under
simulated and natural sunlight.

2. Materials and Methods

All chemicals were commercially available products. The
model pollutant 2,4-dichlorophenol (≥99%) was purchased
from Aldrich. Sodium azide (NaN

3
) and tert-butanol (𝑡-

BuOH) were purchased from Fluka and superoxide dismu-
tase (SOD) was purchased from Sigma Aldrich.

The pH of mixtures during experiments was main-
tained stable using a buffer solution (according to Britton-
Robinson). All buffer reagents H

3
PO
4
, H
3
BO
3
, CH
3
COOH,

and NaOH were p.a. quality (POCH, Poland). Samples for
chromatographic analysis were acidifiedwith 0.5Mphospho-
ric(V) acid (p.a. POCH, Gliwice).

All reaction solutions were prepared in distilled water
(Millipore Milli-Q Plus System, 18.2MΩ).

2.1. The Sensitizers. The following dyes were used as photo-
sensitizers:

(i) Rose Bengal, RB, was purchased from Fluka;
(ii) aluminum(III) phthalocyanine chloride tetrasulfonic

acid, AlPcS
4
, was purchased from Frontier Scientific

Inc. (Logan, USA);
(iii) mesotetrasulphonato phenyl porphyrin, TPPS

4
, was

purchased from Fluka (Steinheim, Germany);
(iv) zinc(II) phthalocyanine tetrasulfonate tetrasodium

salt, ZnPcS
4
, was purchased from Frontier Scientific

Inc. (Logan, USA).
The important physicochemical properties of the dyes which
allow them to act as efficient photosensitizers (PS) are pre-
sented in Table 1.

2.2. Lamp Irradiation Setup. The experiments were con-
ducted in a semicontinuous system in flat reactors (0.06 ×
0.10m) of the volume of 0.01 dm3 each one. Five reactors were
symmetrically positioned around the xenon lamp (Osram
100W, 𝐸

0
= 324 𝜇Einstein s−1 dm−3), simulating solar radi-

ation.The quantity of absorbed photons was calculated using
Reinecke’s actinometer for wavelengths ranging from 310 nm
to 770 nm. The reaction mixture in each reactor was agitated
by gentle air or oxygen stream. The initial concentration of
2,4-DCP was equal to 2 × 10−4M and the sensitizers (RB,
TPPS
4
, AlPcS

4
, and ZnPcS

4
) were used at initial concentra-

tion equals 2 × 10−5M.

2.3. Sunlight Irradiation Setup. The photochemical experi-
mental setup with natural sunlight consisted of a glass reactor
with a cooling jacket, equipped with a porous plate to deliver
air into the reaction solution. Experiments were carried out
in a semibatch mode. The volume of mixture was equal to
0.5 dm3 and it was buffered to maintain constant pH during
irradiation. Experiments were performed always at the same
time of the day (between 10 a.m. and 2 p.m.) at various
atmospheric conditions. The spectrum of light was collected
with an Oceans Optics USB 4000 fiber optic spectrometer
with an approximate resolution of 0.4 nm.

2.4. Analysis. The 2,4-DCP decay was monitored by HPLC
(Waters) equipped with a UV diode array detector and a Nova-
Pak 150/C18 column.The wavelength for the UV detection of
2,4-DCPwas equal to 284 nm.Amixture ofmethanol and acid-
ified water (0.01% H

3
PO
4
) was used as an eluent (70 : 30 vol./

vol.) at the constant flow rate equal to 0.7mL min−1.
The acute toxicity bioassay was conducted using aMicro-

tox� Model 500 analyzer (Modern Water, New Castle, DE,
USA) with the marine bacterium Vibrio fischeri as a bio-
luminescent indicator. The Microtox 81.9% screening test
and the 81.9% basic test protocols available with the Micro-
toxOmni� analyzer software were used for the toxicity
assessment of the samples.The decrease in bacteria activity as
function of the luminescence was measured after 15 minutes
of exposure. The evaluation of the acute toxicity toward
V. fischeri was presented as inhibition of the luminescence
(screening test) as well as the standard index, median of the
effective concentration (EC

50
).
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Table 1: The physicochemical properties of the dyes used in experiments [16–20].
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Figure 1: The dependence of 2,4-DCP relative concentrations decay on pH of reaction solution and presence of various ROS scavengers
(𝐶
0 2,4-DCP = 2.4 × 10−4M, 𝐶

0RB = 2 × 10−5M, 𝐶
0NaN3 = 2.4 × 10−4M, 𝐶

0 𝑡-BuOH = 2.4 × 10−4M, 𝐶
0 SOD = 2.4 × 10−4M, air bubbling, and xenon

lamp irradiation).

3. Results and Discussion

3.1. Lamp Irradiation. In our previous experiments a large
dependence of the sensitized oxidation reaction rate on pH
of reaction mixture has been found. It is probably connected
with pH-dependent degree of compound dissociation [14,
21]. Irradiation of 2,4-DCP in the presence of oxygen and
a sensitizer confirmed these observations. It seems that the
substrate degradation is fastest in taking place in alkaline
solutions and the acidic medium does not increase the rate
of the reaction. As shown in Figure 1 in pH 10.8 the 2,4-
DCP concentration disappears after approx. 90 minutes of
exposure in the presence of RB and air. At the same time
in solution at pH 5 the concentration of 2,4-DCP disappears
only approx. 45% relative to its initial value.

Following irradiation of 2,4-DCP by xenon lamp in the
absence of the dye compound we recognized that the direct
photolysis process is responsible for the disappearance of the
substrate in about 20% (Figure 1).

To fully characterize the photosensitized oxidation of 2,4-
DCP we have to take into account as much as possible reac-
tionswhich can occur during irradiation of the solution in the
presence of sensitizer and oxygen. It is well known that during
photosensitized oxidation process also other reactive oxygen
species (ROS) are produced such as the oxygen anion-radical
(O
2

∙−) or the hydroxyl radical (∙OH). Therefore the special
additives were added to the reaction solution to explain
which way the reaction is undergoing. First the irradiation
was conducted in the presence of 1O

2
scavenger, sodium

azide (NaN
3
). The results of this experiment are presented

in Figure 1. Evidently the reaction was stopped at photolysis
level when NaN

3
was used. It suggests that the only reactive

oxygen species present in the system are molecules of singlet
oxygen and only they are responsible for degradation of the
compound. To prove this hypothesis further experiments
were carried out with addition of the ∙OH scavenger tert-
butanol (𝑡-BuOH) and superoxide dismutase (SOD) which
removes O

2

∙−. In this case, the results are quite different: the
presence of 𝑡-BuOH in the solution has little effect on slowing
down reaction, while SOD has almost no influence on the
course of the reaction, which only confirms our assumption.

Three factors must coexist in solution for the occurrence
of photosensitized oxidation of a substrate: light, oxygen, and
sensitizer. In the next series of experiments we tested whether
the oxygen presence/concentration in the solution and type
of photosensitizer really affect the reaction progress. As can
be seen in Figure 2 the higher the concentration of oxygen
in the solution is, the faster the 2,4-DCP concentration
decreases.

As can be seen in Figure 2 the decay of 2,4-DCP is 3
times faster when pure oxygen was used. It should be noted
that when the reaction solution was not bubbled (any oxygen
was delivered), the reaction was inhibited. When the soluble
oxygen was consumed the reaction was stopped.

In Figure 3, the influence of the photosensitizer is pre-
sented. In the optimum conditions, in which the decay rate
of the substrate was fastest, the irradiations were carried
out in the presence of various sensitizers. The best results
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Figure 3:The dependence of 2,4-DCP relative concentrations decay
on the type of used photosensitizer (𝐶

0 2,4-DCP = 2.4 × 10−4M,
𝐶

0 sens. = 2 × 10−5M, pH = 10.8, oxygen bubbling, and xenon lamp
irradiation).

were achieved for TPPS
4
while the slowest reaction progress

was observed for ZnPcS
4
. These results have not really

confirmed any theoretical suppositions we could pull out
on the basis of singlet oxygen quantum yields (𝜑

Δ
) and

triplet quantum yields (𝜑T) of each sensitizer (Table 1). There
are no explicit interactions between these values (which
indicate the theoretical ability to generate singlet oxygen) and
effectiveness of the dye as specific catalysts in photosensitized
oxidation of 2,4-DCP. Interpretation of such results is difficult
and additional research is required to fully understand the
nature of this phenomenon.

Table 2: Determined constant values (mean) of pH dependence of
the reaction.

Constant of reaction
(M−1 s−1) pH 5 pH 10.8

𝑘

𝑟
1.65 × 106 3.64 × 107

𝑘t 1.05 × 108 4.95 × 108

3.2. Kinetic Model. We have tried to establish the kinetics of
the 2,4-DCP photodegradation process. We have assumed
that the following reactions occur during photosensitized
oxidation of 2,4-DCP using RB as photosensitizer:

RB + ℎ] → 1RB∗
𝜑TΔ𝐸a
→

3RB∗

the sensitizer excitation
(1)

3RB∗ + 3O
2

𝑘
O2
Δ

→

1O
2
+ RB

the energy transfer to oxygenmolecule
(2)

1O
2
+ 2,4-DCP

𝑘𝑟

→

3O
2
+ product

the photooxidation of 2,4-DCP
(3)

where 𝑘O2
Δ

is rate constant for triplet RB reaction with oxygen
resulting in 1O

2
, M−1 s−1; 𝑘

𝑟
is rate constant for chemical

reaction of singlet oxygen with 2,4-DCP,M−1 s−1;𝐸a is flux of
absorbed photon per unit of the reaction volume, 𝐸 s−1 dm−3.

The results shown in Figure 1 allow us to suppose that
the main mechanism leading to the photodegradation of
2,4-DCP is a process based on a mechanism consisting in
the transfer of energy to oxygen molecule. According to
that this process can be described by the following equation
[22]:

𝑟 = −

𝑑𝐶

𝑑𝑡

=

𝑘

𝑟
⋅ 𝐶 ⋅ 𝐸a ⋅ 𝜙Δ
𝑘

𝑑
+ 𝑘t ⋅ 𝐶

, (4)

where 𝑘
𝑑
is solvent quenching rate constant, M−1 s−1; 𝑘t is

total rate constant for physical and chemical decay of 1O
2
with

2,4-DCP, M−1 s−1.
To investigate the effect of the initial concentration of

substrate on the rate of photosensitized oxidation process,
the test was carried out for six initial concentrations of 2,4-
DCP in different pH of the solution (for undissociated and
dissociated form) (Figure 4).

The application of (4) for the initial period of reaction
allowed us to estimate the values of the constant rate of
chemical reaction of 1O

2
. The values are shown in Table 2.

Determined constants of chemical and physical quench-
ing and chemical reaction rate constants have the same order
obtained in our earlier research for butylparaben [14].

3.3. Solar Irradiation. Interesting results were obtained in
experiments in which the solution containing 2,4-DCP, a
sensitizer, and oxygen was exposed to natural sunlight.
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Figure 4: The dependence of the reaction rate photosensitized
oxidation of the initial substrate concentration of 2,4-DCP using RB
as a photosensitizer (𝐶

0 sens. = 2 × 10−5M, air bubbling, and xenon
lamp irradiation).

The rate of the sensitized oxidation of 2,4-DCP was unex-
pectedly high. In sunny days complete disappearance of the
substrate in alkaline solution in less than 10 minutes was
achieved despite the fact that the mixture was bubbled only
atmospheric air instead of pure oxygen (Figure 5).

The other observations are in agreement with the previ-
ous study with the experiments under the xenon lamp. The
major role of singlet oxygen in the degradation of 2,4-DCP
was also confirmed (the addition of sodium azide completely
stopped the reaction). Similar results were observed in our
previous studies with other substrates such as parabens [23],
which confirms the applicability of singlet oxygen generated
by excited photosensitizers for the photochemical oxidation
of xenobiotics in water environments.

There were no marked differences in the substrate decay
rate using TPPS

4
, AlPcS

4
, and RB (perhaps in such short

reaction time these differences were difficult to notice) while
the presence of ZnPcS

4
caused a significant inhibition of the

degradation rate of 2,4-DCP (Figure 5).
The strong dependence of reaction progress on the pH

of the environment in the range from 5 to 10.8 has also been
proven. While in the alkaline solution (pH = 10.8) 2,4-DCP
was almost completely removed after 10 minutes, at pH = 5
the photosensitized process resulted only in a 40% reduction
of 2,4-DCP concentration after 2 hours of sunlight irradiation
(Figure 6).

The long-term purpose of our work was also to assess
the yield of the photosensitized oxidation of 2,4-DCP using
natural sunlight in central Poland irradiation conditions.
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Figure 5:The dependence of 2,4-DCP relative concentrations decay
on the type of used photosensitizer, in the absence of any sensitizer
and in the presence of singlet oxygen scavenger, sodium azide
(𝐶
0 2,4-DCP = 2.4 × 10−4M, 𝐶

0 sens. = 2 × 10−5M, 𝐶
0NaN3 = 1 × 10−1M,

pH = 10.8, air bubbling, and natural sunlight irradiation).
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Figure 6:The dependence of 2,4-DCP relative concentrations decay
on pH of solution (𝐶

0 2,4-DCP = 2.4 × 10−4M,𝐶
0TPPS4 = 2 × 10−5M, air

bubbling, and natural sunlight irradiation).

Conducting the experiments under various atmospheric
conditions both in cloudless days and with semiclouded
or completely clouded sky was therefore decided. These
investigations were performed in a neutral pH in order to
estimate theoretically the rate of this photoprocess which
might occur in naturalwater due to sunlight in the presence of
compounds which may act as sensitizers, for example, humic
acids. Several experiments have been made under various
weather conditions. The results are shown in Figure 7.
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Figure 7:The dependence of 2,4-DCP relative concentrations decay
under various sun insolation (𝐶

0 2,4-DCP = 2.4 × 10−4M,𝐶
0TPPS4 = 2 ×

10−5M, pH = 7, air bubbling, and natural sunlight irradiation).

It was observed that even in an “unfavorable” (not
optimum) pH of the reaction medium the complete disap-
pearance of 2,4-DCP was achieved after approx. 2 hours of
exposure.

In view of obtained results we can state that photosensi-
tized oxidation is effective method of xenobiotic degradation
in water environments even in the middle latitude.

As can be seen in Figure 8 the photodegradation under
sunlight is much effective than application of lamp as a light
source, despite the smaller irradiance intensity. The photo-
sensitized oxidation with TPPS

4
required the exposure to

725 kJm−2 radiation to degrade 97% of initial 2,4-DCP con-
centration when xenon lamp was applied, whereas during
natural sunlight irradiation only 526 kJm−2 radiation was
enough to degrade 99% of the same initial 2,4-DCP con-
centration. It should be noticed that from an economical
point of view the use of natural sunlight can generate smaller
technology costs.

3.4. Acute Toxicity Analysis. The toxicity assessment was
conducted by a screening test and an EC

50
test for the pho-

tosensitized oxidation of 2,4-DCP in homogenous aqueous
solutions under lamp irradiation.The results of the screening
test during treatment time are shown in Figure 9. Based on the
toxicity test performed for pure 2,4-DCP the EC

50
value was

determined to be 2.92 ± 0.96mgL−1. The available literature
EC
50

values toward luminescent bacteria for 2,4-DCP range
from 1.24 to 6.06mg L−1 [24, 25]. As can be seen in Figure 9,
the inhibition of luminescence ofV. fischeri decreased during
the photosensitized oxidation of 2,4-DCP. Although after 10
minutes of the treatment in the reactionmixture 2,4-DCPwas
very low, the inhibition of the V. fischeri luminescence is still
high (≈90%).
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Figure 9: Toxicity analysis of 2,4-DCP photosensitized oxidation.

The determined EC
50

values are presented in Table 3.
The reaction solution after photosensitized oxidation in
homogenous solution indicated lower toxicity. It can be
assumed that during photosensitized oxidation less toxic
degradation products are formed compared with 2,4-DCP.
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Table 3: Determined values of EC
50
, the effective concentration of

the sample that causes 50% decrease in the light output of theVibrio
fischeri organism under 15 minutes.

Time (min) EC
50
(%) 2,4-DCP conc. in reaction

solution (mg L−1)
0 2.69 47.80
5 4.05 7.74
10 6.06 0.96
25 9.64 0.81

However, it should be noticed that despite a large decrease
in the 2,4-DCP concentration (about 60 times) EC

50
value has

increased slightly (only about 3.5 times). That unfortunately
shows that although the transformation products are less
toxic than 2,4-DCP, they are still characterized by very high
toxicity.

4. Conclusion

Degradation of 2,4-DCP in the aqueous solution by pho-
tosensitized oxidation in a homogeneous aqueous solution
under visible light irradiation is effective. The degradation
occurs mainly due to the reaction with a singlet oxygen
and to a small extent due to photolysis. The experimental
evidence shows that this pathway of 2,4-DCP decomposition
can appear to have a higher rate in the alkaline medium.The
efficiency of the 2,4-DCPphotodegradation strongly depends
on the type of photosensitizer, initial concentration of 2,4-
DCP, and oxygen content in reaction mixture. The toxicity
assessment showed that photosensitized oxidation of 2,4-
DCP resulted in a toxicity decrease.

In our opinion the photooxidation of phenolic com-
pounds by singlet oxygen appears to be an interesting option
from both the scientific and technological points of view
due to its advantage of using ubiquitous substrates: oxygen
from air and solar radiation. The interaction between them
frequently occurs in nature, for example, in surface water,
where the humic acids could act as the sensitizers.

The possibility of use of air and sunlight creates great
opportunities of practical applications.The application of this
process for large scale wastewater treatment would require
the use of optimum sensitizer concentration, pH adjustment,
and optimization of all other reaction conditions.
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The performance of a solar assisted heat pump dryer integrated with biomass furnace has been designed and evaluated for drying
red chillies, and drying kinetics of red chillies were evaluated. The red chillies were dried from 22 kg with moisture content of
4.26 db to moisture content of 0.08 db which needed 11 hours, with the average drying chamber temperature, drying chamber
relative humidity, and an airmass flow rate of 70.5∘C, 10.1%, and 0.124 kg/s, respectively, while the open sun drying needed 62 hours.
Compared to open sun drying, this dryer yielded 82% saving in drying time. The drying rate, the specific moisture extraction rate,
and thermal efficiency of the dryer were estimated in average to be about 1.57 kg/h, 0.14 kg/kWh, and 9.03%, respectively. Three
mathematical models, the Newton, Henderson-Pabis, and Page models, were fitted to the experimental data on red chillies dried
by solar assisted heat pump dryer integrated with biomass furnace and open sun drying. The performance of these models was
evaluated by comparing the coefficient of determination (𝑅2), mean bias error (MBE), and root mean-square error (RMSE). The
Page model gave the best results for representing drying kinetics of red chillies.

1. Introduction

Indonesia is an agricultural country and produced 1,075,000
tons chilli in the year 2014, including red chilli [1]. Red chilli
is an important ingredient in daily cuisine in Indonesia. It is
consumed as fresh, dried, and powder forms. Red chilli is rich
in protein, carbohydrates, calcium, phosphorus, vitamins A
and C. It can be used to prevent heart diseases by dilating
blood vessels and antioxidant [2, 3].

Commonly, fresh red chillies are dried using open sun
drying. It is very simple and has low investment and operating
costs. However, the open sun drying has disadvantages
such as depending on the weather conditions, low quality
products, and slow drying rate or long drying times. Solar
dryer is one of the alternatives to solve this problem.

Some researchers have developed and tested several types
of solar dryer to reduce drying time and to maintain the
quality of red chillies obtained by open sun drying. Fudholi et
al. [2, 4] reported that by using an indirect forced convection
solar dryer for drying red chilli with a drying capacity of 40 kg
the dryer was able to reduce themoisture content of 80% (wet
basis) to 10% (wet basis) during 10 hours, while the open sun

drying needed 65 hours. Also, they reported that the dryer
can save the drying time of approximately 49% compared to
open sun drying. Kaewkiew et al. [5] found that by using a
large-scale greenhouse type solar dryer for drying red chilli
with a drying capacity of 500 kg this dryer only takes 3 days
to reduce moisture content as much as 74% (wet basis) to 9%
(wet basis), whereas open sun drying takes 5 days. Solar dryer
was estimated which can save the drying time of about 40%
compared to open sun drying. In addition, good quality of red
chilli was obtained. Palled et al. [6] evaluated the performance
of a solar tunnel dryer for drying red chilli.The result showed
that the drying of 350 kg red chilli using this dryer needs
50 hours for reducing its moisture content from 76% (wet
basis) to 9% (wet basis), while the open sun drying needs 105
hours. They found that the solar dryer saves 52.38% in the
drying time compared to open sun drying. Banout et al. [7]
reported the use of a double-pass solar dryer for drying red
chilli. Drying 40 kg of red chilli using this dryer, the moisture
content reduced from approximately 90% (wet basis) to 10%
(wet basis) within 32 hours, while open sun drying took 93
hours. Also, they found that by using this dryer we can save
the drying time about 65.59% compared to open sun drying.
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Good quality products were obtained. Furthermore, Janjai
et al. [3] found that by using a large-scale solar greenhouse
using polycarbonate cover dryer for drying chilli with a
drying capacity of 300 kg the dryer requires drying time
for 3 days to reduce the moisture content from 75% (wet
basis) to 15% (wet basis), while open sun drying takes 5 days.
Also, solar dryer can save the drying time of approximately
40% over open sun drying. In addition, good quality dried
product was obtained. Based on the results of the testing
several researchers conclude that the solar dryers save over
39% of drying time of red chillies compared to open sun
drying. However, the drying process can not be conducted or
continued during the cloudy, rainy days and the night time
because there is either no or low sunlight. Therefore, it is
necessary to provide the solar dryers with an auxiliary heater,
such as biomass furnace by using biomass as heat energy
sources. Leon andKumar [8] have evaluated the performance
of a solar assisted biomass drying systemwith thermal storage
for drying red chilli. They found that the drying of 22 kg red
chilli using this dryer needs 32.5 hours of continuous drying
for reducing its moisture content from 76.7% (wet basis) to
8.4% (wet basis), with the air drying temperature of 60∘C and
air flow rate of 90m3/h, while the open sun drying needs
4 days. They found that the solar dryer saves 66% in the
drying time compared to open sun drying. The solar assisted
biomass drying system with thermal storage is also known
as hot dryer because to decrease the drying time is done by
increasing the air temperature. The high drying temperature
causes damage to the flavour, colour, and nutrients of the
dried chillies [9]. To overcome this problem, the drying time
can be shortened by decreasing the air humidity. It can be
done by removing or dehumidifying of the water vapor in
the air by using dehumidifier such as heat pump. Dezfouli
et al. [10] have evaluated the performance of a solar assisted
heat pump dryer for drying red chilli. The result showed that
the drying of 15 kg red chilli using this dryer needs 32 hours
for reducing its moisture content from 4 on dry basis to 0.08
on dry basis, with an average temperature of 46∘C, relative
humidity of 27%, and airmass flow rate of 0.15 kg/h, while the
open sun drying needs 64 hours. They found that the solar
dryer saves 50% in the drying time compared to open sun
drying. However, the drying air temperature is low at cloudy,
rainy days and the night time. This will lead to long drying
time because it limited the heat pump operating temperature
refrigerant and compressor operating conditions.

Solar assisted heat pump dryer integrated with biomass
furnace can be used for drying red chillies to resolve the
disadvantages of the current drying techniques. It has many
advantages such as low relative humidity, and the drying
processes can be conducted at cloudy, rainy days and the night
time.

Indonesia is a tropical country and is located in the
equator line.The country receives a daily average solar radia-
tion about 4 kWh/m2 [11]. Also, Indonesia is one of the largest
biomass producing countries in the world with its produc-
tion of approximately 236 million tons of biomass per year,
equivalent to about 756.083 mill GJ per year [12]. Therefore,
the purpose of this paper is to design and to evaluate perform-
ance of a solar assisted heat pump dryer integrated with

Figure 1: Photograph of the solar assisted heat pump drying inte-
grated with biomass furnace.

biomass furnace for drying red chilli in Indonesia and to
investigate the drying characteristics of red chilli in a solar
assisted heat pump dryer integrated with biomass furnace
and open sun drying and to fit the experimental data to select
the best mathematical models.

2. Material and Methods

2.1. Experimental Set-Up. A solar assisted heat pump dryer
integratedwith biomass furnacewas designed and installed at
the Institute of Technology, Padang, West Sumatra, Indone-
sia. The drying system consists of solar collector array, heat
pump, biomass furnace, drying chamber, and blower shown
in Figures 1 and 2. The solar collector is equipped with
transparent cover glass material, absorber plate finned used
aluminum and black painted opaque, angle iron frame, inside
and outside the collector coated with aluminum 1mm thick,
and insulation using glass fibermaterials. Two solar collectors
are connected in series with an area of 1.8m2 each, shown
in Figure 3. The heat pump consists of several main parts:
evaporator, condenser, compressor, and expansion valve.The
working fluid of the heat pump is R-22. Compressor use of
electrical capacity is 0.746 kW. The dimension of evaporator
and condenser of the heat pump is shown in Figure 4. The
biomass furnace consists of several main parts such as the
combustion chamber, heat exchanger, chimney, and blower.
The wall of the combustion chamber uses brick, cement, and
steel plate materials and heat exchanger pipes using mild
steel with diameter of 2 inch and number of pipes is 16 units,
dimension of biomass furnace shown in Figure 5. The drying
chamber uses the cabinet type and contains the drying trays
with adjustable racks to place the red chilli. Its walls consist
of triple layers, an outside layer which uses aluminum sheet,
a middle one insulated with glass fiber materials, and inner
layer which uses of aluminum sheet, dimension of drying
chamber shown in Figure 6. The drying air is circulated by
using blower with electrical capacity of 0.75 kW.

2.2. Experimental Procedure. The experiments were carried
out at Padang Institute of Technology,West Sumatra, Indone-
sia. Fresh red chilli was purchased at the local market in
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Figure 2: Schematic diagram of the solar assisted heat pump drying integrated with biomass furnace.
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Figure 3: Dimensions of a double-pass solar collector with fin.

Padang. Asmuch as 22 kgwas placed into the drying chamber
for the drying process shown in Figure 7.

Incoming and outgoing air temperature of solar collector,
heat pump, biomass furnace, and drying chamber during the
operation of the drying system were measured by using T

type copper-constantan thermocouples with an accuracy of
±0.1∘C and operating temperature range (−200∘C to 400∘C).
The solar radiation was measured by an LI-200 pyranometer
in ±0.1Wm−2 accuracy and with maximum solar radiation of
2000Wm−2, operating temperature range (−40∘C to 400∘C)
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Figure 5: Dimensions of biomass furnace.

and operating relative humidity range (0% to 100%). The
air velocity was measured with 0–30ms−1 range, an HT-
383 anemometer, an accuracy of ±0.2ms−1, and operation
temperature range (−10∘C to 45∘C). The air temperature and
the solar radiation were recorded by an AH4000 data logger
with reading accuracy of ±0.1∘C.Theweight change of the red
chilli was measured by 0–15 kg range, an TKB-0.15 weighing
scale, an accuracy ±0.05 kg. Red chillies were weighed every
60minutes and temperature was measured every 30minutes.

2.3. Experimental Data Analysis

2.3.1. Performance of Drying System. The performance of
solar assisted heat pump dryer integrated with biomass

furnace is characterized by drying rate, specific moisture
extraction rate, and dryer thermal efficiency. It is highly
depending on the performance of each of the drying system
components such as solar collector, heat pump, and biomass
furnace.

The thermal efficiency of a solar collector is the ratio of
useful heat gain by solar collector to the energy incident in
the plane of the collector. It is calculated as [13]

𝜂coll =
�̇�air𝐶𝑃air (𝑇𝑜,coll − 𝑇𝑖,coll)

𝐼

𝑇
𝐴

𝐶

× 100%, (1)

where �̇�air is air mass flow rate, 𝐶
𝑃air is specific heat of air,

and 𝑇

𝑖,coll and 𝑇

𝑜,coll are inlet and outlet air temperatures of
solar collector, respectively. 𝐴

𝐶
is an area of collector and 𝐼

𝑇

is solar radiation incident in the collector.
The coefficient of performance of a heat pump is the ratio

of useful heat or heat energy released by the refrigerant in the
condenser to the electrical energy consumed by compressor.
It is calculated as [14]

COPhp =
�̇�air𝐶𝑃air (𝑇𝑜,cond − 𝑇𝑖,cond)

𝐸comp
, (2)

where 𝑇
𝑖,cond and 𝑇𝑜,cond are inlet and outlet air temperatures

of condenser, respectively, and 𝐸comp is the electrical energy
consumed by the compressor.

The electrical energy consumed by compressor was cal-
culated using the following equation [15]:

𝐸comp = 𝑉𝐼 cos𝜑, (3)

where 𝑉 is the line voltage, 𝐼 is the line current, and cos 𝜑 is
the power factor.

The thermal efficiency of a biomass furnace is the ratio of
useful heat by biomass furnace to the heat energy generated
by the combustion of the biomass fuel. It is calculated as [16]

𝜂bf =
�̇�air𝐶𝑃air (𝑇𝑜,bf − 𝑇𝑖,bf)

�̇�bmfCVbmf
× 100%, (4)

where 𝑇
𝑖,bf and 𝑇𝑜,bf are the inlet and outlet air temperatures

of biomass furnace, respectively, �̇�bmf is biomass fuel con-
sumption rate, andCVbmf is caloric value of biomass fuel.The
biomass fuel uses coconut shell charcoal with a caloric value
of about 7600 kcal/kg [17].

The moisture content of the red chillies can be estimated
by twomethods such as wet and dry basis using the following
equation [10].

The moisture content wet basis was calculated as

MCwb =
𝑚

𝑤

𝑚

𝑤
+ 𝑚

𝑑

. (5)

The moisture content dry basis was calculated as

MCdb =
𝑚wetrc − 𝑚𝑑

�̇�

𝑑

, (6)

where 𝑚
𝑤
is the mass of water of the red chillies, 𝑚

𝑑
is the

mass of bone dry of the red chillies, and𝑚wetrc is mass of wet
red chillies.
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Figure 6: Dimensions of drying chamber.

Figure 7: Photograph of red chilli in drying chamber.

The drying rate is the mass of water evaporated from
the wet red chillies per unit time. It is calculated using the
following equation [2]:

DR = �̇�water =
𝑚water
𝑡

, (7)

where 𝑚water is the mass of water evaporated and 𝑡 is drying
time.

The mass of the water evaporated (𝑚water) from the wet
red chillies can be calculated as [18]

𝑚water =
𝑚wetrc (𝑀𝑖 −𝑀𝑓)

(100 −𝑀

𝑓
)

, (8)

where 𝑚wetrc is initial mass of wet red chillies, 𝑀
𝑖
is initial

moisture content on wet basis, and 𝑀

𝑓
is final moisture

content on the wet basis.
The specific moisture extraction rate (SMER) is the ratio

of themoisture evaporated fromwet red chillies to the energy
input to drying system. It is calculated as [19]

SMER =

�̇�water
𝐸

𝑠
+ 𝐸bmf + 𝐸comp + 𝐸bl

, (9)

where 𝐸
𝑠
is energy incident in the plane of the solar collector

and 𝐸bmf is heat energy generated by the combustion of
biomass fuel. 𝐸comp and 𝐸bl are electrical energy consumed
by compressor and blower, respectively.

The thermal efficiency of dryer is the ratio of the energy
used for moisture evaporation to the energy input to drying
system. It is calculated as [20]

𝜂dryer =
�̇�water𝐻fg

𝐸

𝑠
+ 𝐸bmf + 𝐸comp + 𝐸bl

, (10)

where𝐻fg is the latent heat of vaporization of water.
The heat energy used by the drying system for drying red

chillies is a contribution from the drying system components
such as solar collector, condenser, and biomass furnace. The
percentage of heat energy contribution by the solar collector,
condenser, and biomass furnace is calculated using (11), (12),
and (13), respectively [8].

The percentage of heat energy contribution by solar
collector can be calculated as follows:

HECcoll =
𝑄Ucoll

𝑄Ucoll + 𝑄Ucond + 𝑄Ubf
. (11)
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Table 1: Mathematical models used for drying curves.

Model name Model References
Newton MR = exp (−kt) [23, 24]
Henderson and Pabis MR = 𝑎 exp (−kt) [25, 26]
Page MR = exp (−kt𝑛) [27, 28]

The percentage of heat energy contribution by condenser can
be calculated as follows:

HECcond =
𝑄Ucond

𝑄Ucond + 𝑄Ucoll + 𝑄Ubf
. (12)

The percentage of heat energy contribution by biomass
furnace can be calculated as follows:

HECbf =
𝑄Ubf

𝑄Ubf + 𝑄Ucoll + 𝑄Ucond
, (13)

where 𝑄Ucoll is the useful heat gain by solar collector, 𝑄Ucond
is the useful heat or heat energy released by refrigerant in the
condenser, and 𝑄Ubf is the useful heat by biomass furnace.

2.3.2. Mathematical Modelling of Drying Curves. The exper-
imental drying data obtained were fitted to the three best
drying models given in Table 1. The dimensionless moisture
content was calculated as follows [21]:

MR =

(𝑀

𝑡
−𝑀

𝑒
)

(𝑀

𝑜
−𝑀

𝑒
)

, (14)

where MR is the dimensionless moisture content and 𝑀

𝑒
,

𝑀

𝑜
, and𝑀

𝑡
are the equilibrium moisture content, the initial

moisture content, and themoisture content at any time on dry
basis, respectively.

The regression analysis was performed using Statistica
computer program. The correlation coefficient (𝑅2) was
primary criterion for selecting the best equation to describe
the drying curve equation. The values of the coefficient
of determination (𝑅2), mean bias error (MBE), and root
mean-square error (RMSE) were used to analyze the relative
goodness of the fit. These parameters can be calculated as
follows [22]:

MBE =

1

𝑁

𝑁

∑

𝑖=1

(MRpre,𝑖 −MRexp,𝑖)
2

,

RMSE = [

1

𝑁

𝑁

∑

𝑖=1

(MRpre,𝑖 −MRexp,𝑖)
2

]

1/2

,

(15)

whereMRexp,𝑖 is the 𝑖th experimental dimensionlessmoisture
content, MRpre,𝑖 is the 𝑖th predicted dimensionless moisture
content,𝑁 is the number of observations, and 𝑛 is the number
constants.

2.4. Experimental Uncertainty. In the drying experiments of
the red chillies the data was obtained by appropriate instru-
ment; however, errors and uncertainties can arise because
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Figure 8:The variation of solar radiation and temperaturewith time
of the day.

of the situations such as instrument selection, condition,
environment, observation, reading, and test planning. Uncer-
tainty was calculated using the following equation [29, 30]:

𝑊

𝑅

= [(

𝜕𝑅

𝜕𝑥

1

𝑤

1
)

2

+ (

𝜕𝑅

𝜕𝑥

2

𝑤

2
)

2

+ ⋅ ⋅ ⋅ + (

𝜕𝑅

𝜕𝑥

𝑛

𝑤

𝑛
)

2

]

1/2

.

(16)

3. Results and Discussion

The variations of solar radiation and inlet and outlet air
temperatures of the solar collector with time of the day are
shown in Figure 8. As seen from the figure the weather is
quite bright with an average solar radiation of 637Wm−2
which was observed. The inlet air temperature of the solar
collector is varied between 45.9∘C and 49.3∘C and in average
is 47.6∘C. Meanwhile, the outlet air temperature of the solar
collector is varied between 49.1∘C and 62.7∘C and in average
is 54.7∘C. Also it is observed from the figure that the outlet
air temperature of the solar collector is very dependent on
the solar radiation; when solar radiation is high, the outlet
air temperature of the solar collector is also high, and vice
versa.The evaluation of the uncertainty of dryer performance
is presented in Table 2.

The variations of solar radiation and efficiency of solar
collector with time of the day are shown in Figure 9. The
maximum, minimum, and average of the solar collector
efficiency were estimated to be about 12.0%, 54.6%, and
35.1%, respectively, with an air mass flow rate being about
0.1254 kgs−1. As observed from the figure the solar collector
is very sensitive to solar radiation; if the solar radiation
fluctuates, the solar collector efficiency also fluctuates.

The variations of air temperatures and relative humidities
inlet and outlet of the heat pump are shown in Figure 10. The
inlet and outlet air temperature of the heat pump are varied
between 31.2∘C and 37.2∘C and 47.5∘C and 50.3∘C and in
average are about 34.1∘C and 49.1∘C, respectively. Meanwhile,
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Table 2: Uncertainties of the parameters during drying experiment of red chilli.

Parameters Unit Uncertainty comment
Measured
Ambient air temperature ∘C ±0.17
Inlet air temperature of heat pump ∘C ±0.17
Outlet air temperature of heat pump ∘C ±0.17
Inlet air temperature of condenser ∘C ±0.17
Outlet air temperature of condenser ∘C ±0.17
Inlet air temperature of solar collector ∘C ±0.17
Outlet air temperature of solar collector ∘C ±0.17
Inlet air temperature of biomass furnace ∘C ±0.17
Outlet air temperature of biomass furnace ∘C ±0.17
Inlet air temperature of drying chamber ∘C ±0.17
Outlet air temperature of drying chamber ∘C ±0.17
Ambient air relative humidity % ±0.22
Inlet air relative humidity of heat pump % ±0.22
Outlet air relative humidity of heat pump % ±0.22
Inlet air relative humidity of drying chamber % ±0.22
Outlet air relative humidity of drying chamber % ±0.22
Solar radiation W/m2 ±0.14
Air velocity m/s ±0.24
Mass loss of samples g ±0.014
Mass loss of products kg ±0.11
Reading values of table (𝜌, 𝐶

𝑝
, CV, and𝐻fg) — ±0.1–0.2

Time measurement min ±0.1
Calculated
Air mass flow rate kg/s ±0.26
Power consumption of compressor kW ±0.056
Power consumption of blower kW ±0.037
Thermal efficiency of solar collector % ±0.39
Coefficient of performance of heat pump — ±0.37
Thermal efficiency of biomass furnace % ±0.458
Moisture content g water/g wet material ±0.024
Drying rate kg/h ±0.18
Specific moisture extraction rate kg/kWh ±0.336
Thermal efficiency of dryer % ±0.350
Contribution heat energy by condenser % ±0.736
Contribution heat energy by solar collector % ±0.736
Contribution heat energy by biomass furnace % ±0.736

inlet and outlet air relative humidity of heat pump are varied
between 50.3% and 62.7% and 26.2% and 32.7% and in
average are about 57.4% and 28.8%, respectively. The heat
pump can increase the air temperature and can decrease the
relative humidity with an average of about 15.0∘C and 28.8%,
respectively.

The variations of inlet and outlet air temperatures and
COP of the heat pump are shown in Figure 11. The average
inlet and outlet temperatures of the condenser of about
26.9∘C and 49.1∘C were recorded. Meanwhile, the minimum,
maximum, and average of the COP of the heat pump were
estimated to be about 3.76, 3.95, and 3.84, respectively, with
an air mass flow rate being about 0.124 kgs−1.

The variations of inlet and outlet air temperatures and
efficiency of the biomass furnace are shown in Figure 12.
The inlet and outlet air temperatures of the biomass furnace
varied between 47.6∘C and 61.2∘C and 70.5∘C and 75.3∘C
with an average of about 53.2∘C and 72.8∘C, respectively.
The minimum, maximum, and average of the efficiency of
biomass furnace were estimated to be about 15%, 43.5%,
and 30.7%, respectively, with an air mass flow rate of about
0.124 kgs−1. As seen from the figure the biomass furnace
efficiency achieved is quite low, because of a lot of heat loss
to the environment.

The variations of air temperature and ambient, inlet, and
outlet relative humidity of the drying chamber with drying
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Figure 9: The variations of solar radiation and efficiency of solar
collector with time of the day.
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Figure 10: The variation of temperature and relative humidity with
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Time of the day (h)

COP of heat pump

9:
00

10
:0

0
11

:0
0

12
:0

0
13

:0
0

14
:0

0
15

:0
0

16
:0

0
17

:0
0

9:
00

10
:0

0
11

:0
0

12
:0

0

0

10

20

30

40

50

60

Te
m

pe
ra

tu
re

 (∘
C)

0

1

2

3

4

5

6

CO
P 

of
 h

ea
t p

um
p

Tin condenser
Tout condenser

Figure 11: The variation of temperature and COP of the heat pump
with time of the day.
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Figure 12: The variation of temperature and efficiency of the
biomass furnace with time of the day.
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Figure 13: The variation of temperature and relative humidity with
drying time.

time are shown in Figure 13. The drying chamber inlet tem-
perature, drying chamber outlet temperature, drying cham-
ber inlet relative humidity, and drying chamber outlet relative
humidity are varied between 68.4∘C and 71.8∘C, 47.6∘C and
58.2∘C, 9.0% and 11.6%, and 24.6% and 55.4%, respectively,
with corresponding average values of 70.5∘C, 51.3∘C, 10.1%,
and 43.5%. The temperature ambient and relative humidity
ambient are varied between 31.2∘C and 33.8∘C and 48.4%
and 63.1%, respectively, with corresponding average values of
34.1∘C and 57.4%. The results indicated that the air drying
temperatures in solar assisted heat pump integrated with
biomass furnace were higher than the ambient temperature;
meanwhile the relative humidity in this dryer was lower than
the ambient relative humidity. The difference values of air
temperature and relative humidity were estimated to be about
36.4∘C and 47.3%, respectively, in the 11-hour drying period.
It can be stated that the drying rate in the dryer is higher than
in open sun drying. As seen from figure the drying chamber
outlet air temperature increased and the drying chamber
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Figure 14:The variation of weight change of red chillies with drying
time.
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Figure 15:The variation ofmoisture content of dried red chilli in the
solar assisted heat pump integrated with biomass furnace and open
sun drying with drying time.

outlet relative humidity decreased with increasing in drying
time. Due to these, the heat and mass transfer coefficients
decreased in the drying time. Also it is observed from the
figure that the air temperature of the outlet of the drying
chamber is high, whereas the air relative humidity of the
outlet of the drying chamber is low, and it is potential for
recirculating to dry the red chilli.

The variation of weight change of red chillies with drying
time is shown in Figure 14. As observed from the figure
the weight of red chillies was reduced continuously with
increasing in drying time. The weight of red chillies was
reduced from 22 kg to 4.5 kg in 11 hours, with an air mass flow
rate of 0.124 kgs−1 and an averages drying air temperature and
relative humidity of about 70.5∘C and 10.1%, respectively.

The variations of moisture content of dried red chilli
in the solar assisted heat pump integrated with biomass
furnace and open sun drying with drying time are shown
in Figure 15. The moisture content was dried of red chilli to
final moisture content of about 0.08 on dry basis from 4.26
on dry basis. The time to reach the final moisture content
for solar assisted heat pump integrated with biomass furnace
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Figure 16: The variation of drying rate with drying time.

was found to be about 11 hours, with an air mass flow rate of
0.124 kgs−1 and an average drying air temperature and relative
humidity of about 70.5∘C and 10.1%, respectively. Meanwhile,
the drying time of open sun drying was found to be about 62
hours, with an average ambient air temperature and ambient
relative humidity of about 34.1∘C and 57.4%, respectively.The
solar assisted heat pump integrated with biomass furnace
had a shorter drying time compared to open sun drying. In
other words, the dryer reduced the drying time or saved the
drying time of about 82% compared to open sun drying. The
decrease in drying time could be due to the values of higher
temperature and lower relative humidity obtained in the
dryer. At higher temperature and lower relative humidity, the
difference in the partial vapor pressure between red chilli and
the drying air is higher than at lower temperature and higher
relative humidity. Hence, the moisture content transfer rate
was more with higher air drying temperature.

The variation of drying rate with drying time is shown
in Figure 16. The minimum, maximum, and average of the
drying rate were estimated to be about 0.25 kg/h, 2.45 kg/h,
and 1.57 kg/h, respectively. As observed from the figure the
drying rate decreased with increase in drying time. Due to
this, the evaporation rate of moisture decreased in the drying
time.

The variations of SMER and dryer thermal efficiency with
drying time are shown in Figures 17 and 18. Figure 17 shows
the variation of SMER with drying time. The minimum,
maximum, and average of the SMER were estimated to
be about 0.02, 0.24 kg/kWh, and 0.14 kg/kWh, respectively.
Figure 18 shows the variation of dryer thermal efficiency with
drying time.The thermal efficiency varies from 1.34% to 15.36
with an average of 9.03%, respectively. As observed from
Figures 18 and 19 the SMER and the dryer thermal efficiency
also decreased with increase in drying time. Due to these, the
evaporation rate of moisture decreased in the drying time.

The variations of the contribution of heat energy with
drying time are shown in Figure 19. The contribution of heat
energy by the collector varies from about 2.7% to 30.0%
and with average of 14.74%, respectively. The contribution
of heat energy by the condenser varies from about 43.7% to
50.4% and with average of 47.39%, respectively. Meanwhile,
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Figure 17: The variation of SMER with drying time.
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Figure 18: The variation of dryer thermal efficiency with drying
time.

the contribution of heat energy by the biomass furnace varies
fromabout 19.6% to 50.3%andwith average of 37.87%, respec-
tively. Also it is observed from the figure that the contribution
of heat energy by the condenser of heat pump is greater
than the solar collector and biomass furnace, because the
condenser can improve the drying air temperature reached
with average value of 49.1∘C.

The experimental results of drying of red chilli using a
solar assisted heat pump integrated with biomass furnace
were compared with open sun drying and several types of
solar dryers in references are shown in Table 3. In this
dryer, the red chillies were dried from moisture content of
4.26 on dry basis to moisture content of 0.08 on dry basis
which needed drying time 11 hours, with the average drying
chamber temperature, drying chamber relative humidity,
and an air mass flow rate of 70.5∘C, 10.1%, and 0.124 kg/s,
respectively. Meanwhile, the drying time in several types of
solar dryers in the references was varied from 32 hours to
50 hours. The results revealed that this dryer is better than
several types of solar dryers in the references. This is because
the drying time is lower than the several types of solar dryers
in the references.

The variations of dimensionless moisture content data
of dried red chilli in a solar assisted heat pump integrated
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Figure 19: The variation of the contribution of heat energy with
drying time.
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Figure 20: The variation of dimensionless moisture content data of
dried red chilli in a solar assisted heat pump integrated with biomass
furnace and open sun drying with drying time.

with biomass furnace and open sun drying with drying
time are shown in Figure 20. The dimensionless moisture
content of red chilli reduced exponentially as the drying time
increased. Continuous decrease in dimensionless moisture
content indicates that diffusion has governed the internal
mass transfer. As seen from the figure the reduction of
moisture content of red chilli dried using a solar assisted
heat pump integrated with biomass furnace is faster than the
open sun drying; this is because the air drying temperature is
higher, and air drying relative humidity is lower than the open
sun drying. At high air drying temperature and low relative
humidity, the difference in partial vapor pressure between red
chilli and the air drying is high; thereby the acceleration of
moisture migration is also high.

The dimensionless moisture content data of dried red
chilli in a solar assisted heat pump integrated with biomass
furnace and open sun drying were fitted in three drying
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Table 4: Statistical results mathematical modelling of drying curves.

Model Method of drying Model coefficients and constants 𝑅

2 MBE RMSE

Newton Open sun drying 𝑘 = 0.0560 0.7235 0.0376 0.1939
Dryer 𝑘 = 0.2900 0.8687 0.0137 0.1172

Henderson and Pabis Open sun drying 𝑘 = 0.0756; 𝑎 = 2.2246 0.7946 0.0662 0.2574
Dryer 𝑘 = 0.3576; 𝑎 = 1.6335 0.9093 0.0037 0.0609

Page Open sun drying 𝑘 = 1.4873; 𝑛 = 0.0072 0.9410 0.0051 0.0713
Dryer k = 1.4080; n = 0.1140 0.9822 0.0008 0.0278

models such as the Newton model, Henderson-Pabis model,
and the Page model. The regression constant, the values of
the coefficient of determination (𝑅2), the mean bias error
(MBE), and the root mean-square error (RMSE) for these
drying models are given in Table 4. It can be observed in
Table 3 that the Page model fitted best with the experimental
data comparedwith theNewton andHenderson-Pabis drying
models; this is because the value of 𝑅2 is higher, and MBE
and RMSE are lower than the Newton and Henderson-Pabis
drying models. Page model for drying of red chilli using a
solar assisted heat pump integrated with biomass furnace
gave 𝑅

2
= 0.9822, MBE = 0.0008, and RMSE = 0.0278.

Meanwhile, Page model for drying of red chilli using open
sun drying gave 𝑅2 = 0.9410, MBE = 0.0051, and RMSE =
0.0713.

The variations of dimensionless moisture content data of
dried red chilli in a solar assisted heat pump integrated with
biomass furnace and open sun drying with drying time fitted
with the Page model are shown in Figure 21. It can be seen
from this that therewas a better fit between experimental data
and predicted dimensionless moisture ratios.

The variation of drying rate with dimensionless moisture
content of dried red chilli in a solar assisted heat pump
integrated with biomass furnace is shown in Figure 22.
Drying of red chilli occurred in falling rate period; constant
drying rate period was not observed. During the falling
rate period, the drying rate decreased continuously with
decreasing dimensionless moisture content and increasing
drying time. These are similar results as the observation of
earlier researchers [7, 31]. From the curve of drying rate with
dimensionless moisture content of red chillies, the regression
equation was created as

DR = 2.4456 + 0.5449 ln (MR) ; 𝑅

2
= 0.9267.

(17)

4. Conclusion

The performance of a solar assisted heat pump dryer inte-
grated with biomass furnace has been designed and evaluated
for drying red chillies, and drying kinetics of red chillies were
evaluated. The averages of the solar collector efficiency, COP
of the heat pump, and the efficiency of biomass furnace were
estimated to be about 35.1%, 3.84, and 30.7%, respectively.
The red chillies were dried from 22 kg with moisture content
of 4.26 db to moisture content of 0.08 db which needed 11
hours, with the average drying chamber temperature, drying
chamber relative humidity, and an air mass flow rate of
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Figure 21: The variation of dimensionless moisture content data of
dried red chilli in a solar assisted heat pump integrated with biomass
furnace and open sun drying and Page model with drying time.
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Figure 22:The variation of drying rate with dimensionlessmoisture
content of dried red chilli in a solar assisted heat pump integrated
with biomass furnace.

70.5∘C, 10.1%, and 0.124 kgs−1, respectively, while the open
sun drying needed 62 hours. Compared to open sun drying,
this dryer yielded a 82% saving in drying time. The drying
rate was estimated in average to be about 1.57 kg/h, while the
specificmoisture extraction rate and thermal efficiency of the
dryer were estimated in average to be about 0.14 kg/kWh and
9.03%, respectively. The contributions of heat energy by the
collector, condenser, and biomass furnace were estimated in
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average to be about 14.74%, 47.39%, and 37.87%, respectively.
The biomass fuel (coconut shell charcoal) was needed during
drying of about 11 kg. Drying of red chilli occurred in falling
rate period; constant drying rate period was not observed.
The Page model fitted best with the experimental data
compared with the Newton and Henderson-Pabis drying
models. It resulted in the highest 𝑅2 and the lowest MBE and
RMSE. Result shows that this dryer is capable of drying red
chillies quickly because of the high drying rate.

Nomenclature

𝐴

𝐶
: Area of collector (m2)

cos𝜑: Power factor
𝑎: Drying constant
MBE: Mean bias error
𝐶

𝑃air: Specific heat of air (Jkg−1C−1)
𝐼: Line current (ampere)
𝐼

𝑇
: Solar radiation (Wm−2)

�̇�air: Air mass flow rate (kg/s)
�̇�bmf : Biomass fuel consumption rate (kg/h)
�̇�water: Mass of water evaporation rate (kg/h)
𝑚wetrc: Mass of wet red chillies (kg)
𝐸

𝑠
: Energy incident in the plane of the solar

collector (kW)
𝑉: Line voltage (Volt)
CVbmf : Caloric value of biomass fuel (kcal/kg)
𝐸bl: Electrical energy consumed by blower (kW)
𝐸bmf : Heat energy generated by the combustion of

biomass fuel (kW)
𝐸comp: Electrical energy consumed by compressor

(kW)
HEC: Percentage of heat energy contribution (%)
𝐻fg: Latent heat of vaporization of water (J/kg)
𝑚

𝑑
: Mass of bone dry of the red chillies

𝑀

𝑒
: Equilibrium moisture content on dry basis

𝑀

𝑓
: Final moisture content on wet basis (%)

𝑀

𝑖
: Initial moisture content on wet basis (%)

𝑀

𝑜
: Initial moisture content on dry basis

𝑀

𝑡
: Moisture content at any time on dry basis

𝑚

𝑤
: Mass of water of the red chillies (kg)

𝑁: Number of observations
𝑛: Drying constant
𝑄

𝑢
: Useful energy (kW)

𝑅

2: Coefficient of determination
RMSE: Root mean-square error
𝑇: Temperature (∘C).

Subscripts

bf: Biomass furnace
coll: Solar collector
comp: Compressor
cond: Condenser
hp: Heat pump
𝑖: Inlet
𝑜: Outlet.
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TiO
2
immobilized on polyethylene (PET) nonwoven sheet was used in the solar photocatalytic degradation ofmethylene blue (MB).

TiO
2
Evonik Aeroxide P25 was used in this study. The amount of loaded TiO

2
on PET was approximately 24%. Immobilization

of TiO
2
on PET was conducted by dip coating process followed by exposing to mild heat and pressure. TiO

2
/PET sheets were

wrapped on removable Teflon rods inside home-made bench-scale recirculating flow Compound Parabolic Concentrator (CPC)
photoreactor prototype (platform 0.7 × 0.2 × 0.4m3). CPC photoreactor is made up of seven low iron borosilicate glass tubes
connected in series. CPC reflectors are made of stainless steel 304. The prototype was mounted on a platform tilted at 30∘N local
latitude inCairo. A centrifugal pumpwas used to circulatewater containingmethylene blue (MB) dye inside the glass tubes. Efficient
photocatalytic degradation of MB using TiO

2
/PET was achieved upon the exposure to direct sunlight. Chemical oxygen demand

(COD) analyses reveal the complete mineralization of MB. Durability of TiO
2
/PET composite was also tested under sunlight

irradiation. Results indicate only 6% reduction in the amount of TiO
2
after seven cycles. No significant change was observed for

the physicochemical characteristics of TiO
2
/PET after the successive irradiation processes.

1. Introduction

Semiconductor photocatalysis is a fast growing area in terms
of both research and commercial activities [1]. In recent
years, supported TiO

2
materials have been widely studied for

the application on both indoor and outdoor air and water
purification [2–5] disinfection and antibacteria [6, 7], as well
as self-cleaning surface [8, 9].

Generally, photocatalytic oxidation follows the absorp-
tion of energy photons by semiconductors such as TiO

2
.

Each photon should have energy (ℎ]) more than or equal
to the bandgap energy of TiO

2
. The absorbed photon then

promotes the excitation of electron (e−) from valence band
to conduction band. The generated electrons on conduction
band and holes on valence band (h+) would then directly or
indirectly interact with adsorbed organic pollutants causing
their destruction. UVA light energy (wavelength between
300 and 400 nm) is adequate to perform the photocatalytic
oxidations on TiO

2
surfaces. Solar energy is a free sustainable

source UVA light energy. Egypt has UVA irradiances that
reach 40W/m2 or even higher on sunny days [10].

Compound Parabolic Concentrator (CPC) has been
extensively interpreted as a good option for solar photochem-
ical applications [11–16]. CPC reactor consists of cylindrical
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absorber, on a combined reflecting profile. The reflector
geometrymixes two parabolas and one involutewhose curves
relate to the diameter of the circle and to the concentration
ratio.

Titanium dioxide can be used as slurry or fixed inside
the CPC photocatalytic reactors. The major obstacle for the
practical use of TiO

2
slurries in water treatment was the

requirement for the expensive liquid-solid separation. This
would consume more efforts, money, and time. In addition,
the recovery loss of catalyst might be high [17]. Therefore,
catalyst immobilization is the key for successful implemen-
tation of heterogeneous photocatalytic oxidation of organic
pollutants in water [18, 19].

Some commonly used substrates such as glass, aluminum,
and stainless steel are suitable for high temperature annealing
treatment after the photocatalyst loading. However, the stiff-
ness and weight of the materials impose limitations for large-
scale implementation.

Different methods have been developed on loading of
TiO
2
on polymeric sheets from photocatalyst suspensions

[20]. All these approaches have to fulfill at least three main
needs: the long term stability of the photocatalyst immobi-
lization, its availability for heterogeneous photocatalysis, and
the low cost of the deposition procedure, in view of a practical
application.

Loading methods, such as sputtering [21, 22], electro-
chemical deposition [23], spin coating [24], and electro-
phoretic coating [25], have been previously utilized for the
preparation of titania supported thin films. However, these
methods are often complicated, costly, and difficult for
practical application [26, 27]. Large-scale application of pho-
tocatalytic oxidation for water purification can be achieved
through direct coating of commercial photocatalysts such
as Degussa P25 TiO

2
[28]. When using direct coating, the

primary issue of interest is the stability of the coating. Poor
adhesions have been reported by direct coating method
such as dip coating or spin coating [29, 30], where even
slight mechanical abrasion may remove the photocatalyst
from the substrate surface. Thus, a binding agent is usually
necessary for direct coating in order to form solid adhesion
between catalyst and substrate. Either organic polymer or
inorganic binding materials have been used for photocatalyst
immobilization [31–33]. However, the binder amount may
affect the photocatalytic oxidation activity and stability of the
coating [34].

Evaluation of the photocatalytic activity of surfaces mod-
ified photocatalysts is a crucial point. The dye method is
one of the most commonly used methods for the evaluation
of the photocatalytically active surfaces. Methylene blue
(MB) has been widely addressed as a test pollutant in the
evaluation of the photocatalytic activity of semiconductors.
MB is extensively used as textile and leather and paper dye.
It has been previously demonstrated that films of titania were
able tomediate the complete photomineralization ofMB [35].
With MB as a highly colored organic material, all what is
required for the evaluation process is following up its rate
of photocatalytic bleaching via UV/vis spectrophotometery
[36, 37]. Recently, the international standards organization
(ISO) released a technical standard (ISO 10678:2010) for

“determination of photocatalytic activity of surfaces in an
aqueous medium by degradation of methylene blue” [1].

In this work, a bench-scale solar CPC photoreactor has
been designed and fabricated for testing the photocatalytic
oxidation of organic pollutants. TiO

2
Evonik Aeroxide P25

(previously known as Degussa P25) supported on PET sheets
was used as a photocatalytically active surface inside the
reactor. Immobilization of TiO

2
on PET was conducted by

a simple and cost effective method. MB aqueous solutions
were used to study the photocatalytic activity of TiO

2
/PET

sheets under sunlight. COD analyses were conducted to test
the complete mineralization of MB. Durability of TiO

2
/PET

composite was also tested under sunlight irradiation. The
physicochemical characterizations of the prepared TiO

2
/PET

composite before and after degradation processes were also
investigated.

2. Materials and Methods

2.1. Chemicals. TiO2 Evonik Aeroxide P25 (surface area
50m2/g) is used as photocatalyst and was provided by
Evonik Industries AG, Germany. Polyethylene terephthalate
substrates used in this work are nonwoven fabrics, with
overall packing density of 0.055 g/cm3. Methylene blue (MB),
C
16
H
18
ClN
3
S⋅xH
2
O, 96%, provided by Fluka, was used as

received.

2.2. Preparation of PET/TiO
2
Composite. PET/TiO

2
compos-

ite was prepared by dip coating of PET textile substrate with
TiO
2
. In this study, strips of dimensions (0.2 × 0.7m2) were

cut, weighed, and then immersed in double distilled water for
20min. Concentrated TiO

2
Aeroxide P25 solution in double

distilled water was prepared. The preweighed samples were
immersed separately in this solution for 1 h. The wet TiO

2
-

loaded PET substrates were pressed at 60∘C for 20min. The
percentage of loaded TiO

2
was determined and the samples

were washed with distilled water several times, and after each
time the TiO

2
content was calculated as follows:

TiO
2
content% =

𝑊

2
−𝑊

1

𝑊

1

× 100, (1)

where𝑊
1
and𝑊

2
are the weights of PET substrate before and

after TiO
2
loading.

2.3. Characterizations of PET/TiO2 Composite

2.3.1. Fourier Transform Infrared (FT-IR) Spectra. The char-
acteristic functional groups of TiO

2
and PET and PET/TiO

2

composite and UV-irradiated PET/TiO
2
composite were

investigated by Jasco 3400 FT-IR spectrophotometer, in the
range of 4000–400 cm−1.

2.3.2. Scanning ElectronMicroscope (SEM). In SEMmeasure-
ments, an electron beam was passed through the specimens
followed by scattering them back as electrons and secondary
electrons. Backscattered secondary electrons were used to
form the image on the computer monitor.The acceleration of
the electron beam was 10 kV. This was carried out on Quanta
FEG250 Instrument.
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Figure 1: (a) CPC acceptance angles, (b) Schematic cross section representation of used annulus to flow the wastewater [38].

2.3.3. Energy Dispersive X-Ray (EDX). The spectra of TiO
2

coated PET fabrics before and after UV irradiation were
obtained by EDX measurements. A field emission scanning
electron microscope (QUANTA FEG 250) coupled with
an energy dispersive X-ray spectrometer (EDX) unit was
employed to evaluate the elemental composition of TiO

2
/PET

sheets. Semiquantitative analyses in the inspection field were
conducted using ZFA software where the energy of the
emitted electrons for each element was counted in units of
weight percent.

2.4. CPC Design
2.4.1. Pipeline Calculations. Compound Parabolic Concen-
trator (CPC) prototype is made up of seven tubes connected
in series, and water would flow from the lowest (the nearest
to the ground) to the highest tube and then to a tank. It has
been mounted on a platform tilted (30∘N local latitude in
Cairo). A centrifuge pump was used to circulate wastewater.
Rods of temperature-resistant Teflon were used as support
for titanium dioxide immobilized in polymer films. These
rods were fitted in the middle of glass tubes used to flow
the wastewater. As shown in Figure 1(b), the cross-sectional
area of annulus 𝐴 was calculated using 𝜋(𝑎2 − 𝑏2), while the
wetted perimeter was 2𝜋(𝑎 + 𝑏). So, the equivalent diameter
is 𝐷
𝑒
= 4(𝜋(𝑎

2
− 𝑏

2
)/2𝜋(𝑎 + 𝑏)) = 2(𝑎 − 𝑏). The values of

2𝑎 (the inner diameter of glass tube) and 2𝑏 (the diameter of
support Teflon rod) are specified depending on the required
productivity and the limits of light penetration.The Reynolds
number can be calculated using equivalent diameter𝐷

𝑒
from

𝑅

𝑒
= 𝐷

𝑒
𝑉𝜌/𝜇 in which 𝜌 is the density and 𝜇 is the dynamic

viscosity of used wastewater [39, 40]. The flow is specified in
laminar region, and the friction factor 𝑓 (for plastic surface)
can be calculated from = 𝐶/𝑅

𝑒
, where 𝐶 is a constant, which

depends on the ratio 𝑎/𝑏 [41]. The glass surface is smooth.
The head loss is obtained by using ℎ

𝑓
= 2𝑓(𝐿/𝐷

𝑒
)(𝑉

2
/𝑔)

and Δ𝑃 = 2𝑓(𝐿/𝐷
𝑒
)(𝜌𝑉

2
). Power to fluid is calculated from

�̇�ℎ

𝑓
𝑔 in which mass flow rate �̇� can be obtained from �̇� =

𝜌𝑉𝐴. Minor losses of connectors (T and U elbows) between
tubes and inlet and outlet were included. The expansion and
contraction effects were kept at minimum. The efficiency of
the used pump was assumed to be 0.85.

Each tube with 0.25m length (0.18m exposed to
the sunlight) was made from low iron borosilicate glass

[((3 × 10−6)/𝐾) coefficient of thermal expansion and 1.51–
1.54 refractive index]. Seven tubes were connected in series
with total irradiated surface 1.26m2 and volume equal to
0.723×10

−3m3. The inner diameter of each borosilicate tube
is 0.025m (with 0.015m glass thickness) and the diameter of
the Teflon rod is 0.01m. The Reynolds number is specified
as 700 with average velocity 0.031m/s. Total volume of the
system is 2.5×10−3m3. The used volumetric flow rate using a
centrifugal pumpwas 0.072m3/s and the irradiation time per
cycle was about 4900 s.

2.4.2. Reflector Design. The reflectors of CPC were designed
using the general equation of acceptance angles [38]:

𝛿 = 𝑟𝜃 For |𝜃| ≤ 𝜃𝑎 +
𝜋

2

Part AB in Figure 1(a) (2a)

𝛿 = 𝑟

𝜃 + 𝜃

𝑎
+ 𝜋/2 − cos (𝜃 − 𝜃

𝑎
)

1 + sin (𝜃 − 𝜃
𝑎
)

For 𝜃
𝑎
+

𝜋

2

≤ |𝜃| ≤

3𝜋

2

− 𝜃

𝑎
Part BC in Figure 1(a).

(2b)

𝛿 is the distance of 𝑅𝑆, 𝜃
𝑎
is the half angle of acceptance, and

the CPC concentration ratio is given by:

𝐶cpc =
1

sin 𝜃
𝑎

. (3)

The reflectors are made of stainless steel 304 with 8 ×

10

−4m thickness. Concentration ratio that equals one and 90
degrees’ acceptance half angle (𝜃

𝑎
) were used. Dimension of

the collector is 0.17m width and 0.2m length.

2.4.3. The Fabricated Bench-Scale Recirculating Flow CPC.
The photoreactor has been designed in small bench-scale
dimensions (platform = 0.7 × 0.2 × 0.4m3), so it facilitates
conducting lab-scale experiments (see Figure 2). Almost all
the parts are flexible.TheTeflon rods are removable so several
kinds of supported photocatalysts can be used. Moreover,
experiments containing slurry photocatalysts can also be
conducted. T connectors were used to obtain a flexible lab-
scale system (use only one tube or more and withdrawing
sample at any tube is possible).
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(a) (b)
Figure 2: Fabricated bench-scale CPC photoreactor was used in this work. It contains seven low iron borosilicate tubes connected in series
(a). Each tube was fixed on a reflector fabricated from stainless steel grade 304 (b). T connectors were used to obtain a flexible lab-scale system
(use only one tube or more and withdrawing sample at any tube is possible).The simulated wastewater is fed from the lower tube to the upper
one against the gravity using centrifuge pump connected to 4-L stirrer tank (not shown).The output treated wastewater was circulated to the
tank (closed system). TiO

2
immobilized on PET sheets were wrapped on temperature-resistant removable Teflon rods hanged in the middle

of each glass tube.

2.5. Measurement of Solar UV Irradiance. The UV light
intensitywasmeasured byYK-35UV radiometer, Taiwan.The
radiometer had the same inclination as that of the platform
where experiments were conducted.

2.6. Photocatalytic Degradation Experiments. All the exper-
iments were carried out under direct sun irradiation at the
roof of the National Research Centre, Cairo, Egypt (latitude
30∘N, longitude 31∘E) [10]. The initial concentration of MB
solution was 1.5 × 10−5M. The total volume (𝑉

𝑇
) of the

treated MB solution was 2.5 L. This volume is divided into
two parts: the total irradiated volume (in glass tubes) (𝑉

𝑖
)

is 0.723 L and the dead reactor volume (i.e., connectors,
tank, pipes, etc.). Prior to the degradation experiments, the
photoreactor was covered with black plastic to permit the
dark adsorption equilibrium of MB onto TiO

2
/PET. After

30min the plastic cover is removed and the reactor was
exposed to the sunlight. The total exposure time for each
experiment was approximately 7 hours, with exposure started
at 9:00 and finishing at 16:00. During experiments, the MB
solution was pumped at flow rate of 1.2 L/min through the
glass tubes and finally into the recirculating tank. 4mL ofMB
solution was collected for analysis from the reactor tank at
timed intervals (1 h) during the degradation experiment.

Durability of the TiO
2
/PET sheets was also tested for

seven days. The photocatalytic degradation experiment was
repeated as mentioned previously using the same TiO

2
/PET

sheets. Fresh solutions of MB were used at each repetition.
The collected data at each day were interpreted using the
following equation [42]:

𝑡

30w,𝑛 = 𝑡30w,𝑛−1 + Δ𝑡𝑛 (
UV
30

)(

𝑉

𝑖

𝑉

𝑡

) ,

Δ𝑡

𝑛
= 𝑡

𝑛
− 𝑡

𝑛−1
,

(4)

where 𝑡
𝑛
is the experimental time for each sample, UV is

the average solar ultraviolet radiation measured during Δ𝑡
𝑛
,

and 𝑡
30w is a normalized illumination time. In this case, time

refers to a constant solar UV power of 30W/m2 (typical solar
UV power on a perfectly sunny day around noon).

The initial amounts of adsorbed MB molecules on
TiO
2
/PET sheets at each repetitionwere calculated as follows:

Amount of adsorbed MB =
𝐶

0B − 𝐶0A
SN

,
(5)

where 𝐶
0B and 𝐶0A are the concentrations of MB in solution

before and after the dark adsorption, respectively. The values
of 𝐶
0B and 𝐶

0A of MB solutions are spectrophotometrically
measured at 𝜆max = 665 nm. 𝑆 is the area of PET strip and𝑁
is the number of strips (seven strips).

2.7. UV/Visible Measurements. The change in MB color
during the degradation experiments was followed up using
UV–visible spectrophotometer, Lambda 40, PerkinElmer,
Germany.

2.8. COD Measurements. Hanna COD Meter and Multipa-
rameter PhotometerModel HI 83099was used for the Chem-
ical OxygenDemand (COD)measurements.The percentages
of the COD removal of MB were calculated by applying the
following equation:

% COD = 100 ×

(𝐶

0
− 𝐶

𝑡
)

𝐶

0

,
(6)

where 𝐶
0
is the initial COD value of MB and 𝐶

𝑡
is the COD

value at each time interval of sunlight irradiation.

2.9. Temperature Measurements. The temperature of the
treated water was measured during the degradation experi-
ments using Scichem Tech infrared thermometer, gun type
professional, SCT658, USA. The maximum temperature
achieved inside the reactor during the experiments is 50∘C.

3. Results and Discussion

3.1. Preparation and Characterization of TiO2/PET Sheets.
Coating of PET with TiO

2
was conducted by dip coating

method followed by exposing to mild heat and pressure. Wet
PET polymeric sheets were first immersed in concentrated
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Figure 3: FT-IR spectra of (a) TiO
2
, (b) pristine PET, (c) TiO

2
coated PET, and (d) solar irradiated TiO

2
coated PET.

TiO
2
solution. The TiO

2
/PET sheets were then heated at

60∘Cundermild pressure.Themild temperature andpressure
result in the dehydration of water molecules formed by
the -OH groups at both PET and TiO

2
surfaces leading

to successful binding between the adsorbed TiO
2
and PET

substrate.
After coating PET sheet with TiO

2
for the first time, the

TiO
2
content was found to be 30.5%. Washing with water

reduced the TiO
2
content to 26.4% and 25% for one and

two times, respectively. From the third to fifth washing, the
TiO
2
content decreased slightly from 24.8% to 24.1%. Further

washings result in no further leaching.
The FT-IR spectra of TiO

2
and pristine PET and TiO

2

and coated PET are given in Figures 3(a)–3(c). As shown
in Figure 3(a), the primary O-H stretching of the hydroxyl
functional group appeared at 3427 cm−1. Besides, the band
around 1630 cm−1 is attributed to the bending vibration H-
OH groups. For pristine PET (Figure 2(b)), the main char-
acteristic peaks are as follows: (a) strong peak at 1731 is due
to carbonyl group, (b) peak at 3630 cm−1 is assigned to end
hydroxyl group, and (c) the peak at 3431 cm−1 is attributed
to overtone vibration of carbonyl group. After coating with
TiO
2
(Figure 3(c)), the peak assigned to hydroxyl group was

shifted to 3639 cm−1 due to bonding with PET.
In addition, SEM measurements also reveal the success-

ful preparation of TiO
2
/PET sheets. SEM images of TiO

2
,

pristine PET, and TiO
2
coated PET are depicted in Figures

4(a)–4(c). As shown in Figure 4(b), pristine PET appeared
as smooth yarns. However, after coating (Figure 4(c)), TiO

2

nanoparticles appeared to be homogeneously distributed on
PET yarns.

3.2. Solar Photocatalytic Degradation of MB. Under the
sunlight irradiation, remarkable changes in the color of MB
solution were noticed. Complete decolorization was achieved
within 5 hours of light illumination. The change in color was
followed up spectrophotometrically. Figure 5(a) shows the
change in the absorption spectrum of MB solution with time
of illumination.The correspondingmeasured solar UV doses

during the whole experiment are indicated in Figure 5(b). As
shown in Figure 5(a), all peaks in the absorption spectrum of
MB decrease as the time of illumination increases suggesting
the complete mineralization of MB molecules. It is also
worthy to mention that the treated MB solutions were clear
during the whole degradation experiment. No suspended
TiO
2
particles were observed and consequently there is no

need for the separation step. This indicates the efficient
performance of the prepared TiO

2
/PET sheets.

After complete decolorization, the recirculating colorless
MB solutionwas left for 2 hours for further sunlight exposure.
CODof all collected samples were thenmeasured.The results
indicated the complete mineralization of the MB molecules
(Figure 6).

The complete photomineralization of MB using films
of titania has been demonstrated as given in the following
equation [35]:

C
16
H
18
N
3
SCl + 25.5O

2
+ ℎ]

→ HCl +H
2
SO
4
+ 3HNO

3
+ 16CO

2
+ 6H
2
O

(7)

It is clear from Figures 5 and 6 that the mineralization
process occurs on a longer time than the oxidative photo-
bleaching of MB. It has been previously also found that the
measurement of the rate of photobleaching ofMB is expected
not to be equivalent to the rate of mineralization of the dye,
which is usually a slower process [1].

3.3. Durability of the TiO2/PET Sheets. Reuse of TiO
2
/PET

sheets for the photocatalytic degradation of MB inside the
CPC reactor was investigated. The solar photodegradation
experiments using the same TiO

2
/PET sheets were repeated

using freshMB solutions. TiO
2
/PET showed a high durability

for 7 repetitions at 7 daylights. Comparison between the
different photocatalytic experiments during the 7 days was
made using the normalized illumination time (𝑡

30w) as shown
previously in (4). Complete decolorization of fresh MB
solutions occurred at approximately 𝑡

30w = 300min at the
first 5 days (Figure 7).The rates ofMB photobleaching during
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(a) (b)

(c) (d)
Figure 4: SEM images of (a) TiO

2
, (b) pristine PET, (c) TiO

2
coated PET, and (d) solar irradiated TiO

2
coated PET. Bars in (a) and (b)–(d) =

2 𝜇m and 50 𝜇m, respectively.
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Figure 5: (a) Change in the absorption spectrum of MB solution within 5 hours of illumination and (b) the measured solar UV doses at
different time intervals of the degradation experiment.

the first to the fifth runs nearly coincided (not shown here).
However, as shown in Figure 7, at runs 6 and 7, the rate of
photobleaching became slower. No more decolorization was
observed for MB solutions after 7 repetitions. On the other
side, the color of TiO

2
/PET sheets appeared white after first 3

repetitions. This means that, at early use of TiO
2
/PET sheets,

both adsorbed and dissolved MB molecules were involved
in the photooxidative reactions. However, as the number of
repetitions increases, the sheets’ color turns toward deep blue.
The initial amounts of adsorbed MBmolecules on TiO

2
/PET

sheets at each repetition were calculated according to (5) and
listed in Table 1. These experimental and visual observations
suggest that the extra adsorption of MB dye on TiO

2
/PET

sheets results in blocking the photocatalytically active sites of
TiO
2
particles.

The physicochemical characteristics of TiO
2
/PET sheets

were investigated before and after the solar photodegrada-
tion experiments. Figure 3(d) represents the IR spectrum of
TiO
2
/PET sheets after 7 repetitions. As shown in Figure 3(d),

no change was observed in the main characteristic peaks of
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Figure 7: Decolorization of MB as a function of 𝑡
30w (illumination

time) on TiO
2
/PET surface at different repetitions.

Table 1:The initial amount of adsorbedMBmolecules onTiO
2
/PET

sheets at different repetitions.

Number of repetitions Amount of adsorbed MB (mg/m2)
1 24.4
2 24.1
3 23.9
4 18.2
5 18.5
6 12.1
7 8.3

the composite. However, the vibrational peak of carbonyl
group in PET at 869 cm−1 is slightly shifted to 871 cm−1. This
shift corresponds to the surface complexation of MB and
PET through functional groups (-CO) via hydrogen bonding.
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Figure 8: EDX spectra of (a) TiO

2
coated PET and (b) solar irradi-

ated TiO
2
coated PET.

Besides, some agglomeration for TiO
2
particles was observed

by SEM measurements on PET surfaces after 7 repetitions
(Figure 4(d)). On the other hand, EDX spectroscopy reveals
the good binding of TiO

2
to PET surfaces. As shown in

Figures 8(a) and 8(b), the two characteristic signals of Ti atom
at 4.6 and 5 eVwere observed in the EDX spectra of TiO

2
/PET

sheets. EDX data indicated that the percentage amounts of
TiO
2
on PET surfaces were 42.17 and 36.54%, respectively.

This means that only 6% of TiO
2
was lost after seven cycles

giving rise to both the high performance and durability of the
prepared composite.

4. Conclusions

A home-made designed and fabricated bench-scale solar
CPC recirculating photocatalytic reactor has been utilized
for the photocatalytic oxidation of organic pollutants. Evonik
TiO
2
Aeroxide P25 immobilized on PET was prepared via

an effective cost method. The photocatalytic performance of
TiO
2
/PET sheets was tested using MB as a model pollutant.

COD analyses reveal the complete mineralization of MB.
Durability of TiO

2
/PET composite was also tested under sun-

light irradiation. TiO
2
/PET showed good durability. Results

indicate only 6% reduction in the amount of TiO
2
after seven

cycles. No remarkable change was observed for the physic-
ochemical characteristics of TiO

2
/PET after the irradiation

processes.

Abbreviations

𝐴: The cross-sectional area of the annulus, m2
𝑎: Inner radius of used glass tube, m
𝑏: Radius of used Teflon rode, m
𝐶: A constant, which depends on the ratio 𝑎/𝑏,

dimensionless
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𝐶cpc: The CPC concentration ratio, dimensionless
COD: Chemical oxygen demand, mg/L
𝐷

𝑒
: Equivalent diameter, m

𝐶

0
: The initial COD value of MB, mg/L

𝐶

0A: Concentration of MB in solution after the dark
adsorption, mg

𝐶

0B: Concentration of MB in solution before the dark
adsorption, mg

𝐶

𝑡
: The COD value at each time interval of sunlight

irradiation, mg/L
EDX: Energy dispersive X-ray
𝑓: The friction factor, dimensionless
FT-IR: Fourier transform infrared
𝑔: The local acceleration due to gravity, m/s2
ℎ

𝑓
: The head loss due to friction, m

𝑘: Kelvin temperature, degree
𝐿: The length of the pipe, m
�̇�: The mass flow rate, kg/s
𝑁: Number of PET strips
MB: Methylene blue
PET: Polyethylene terephthalate
𝑅

𝑒
: Reynolds number, which is a quantity used to

characterize different flow regimes (laminar or
turbulent), dimensionless

𝑡

𝑛
: The experimental time for each withdrawn

sample, min
𝑡

30w: Normalized illumination time at UV power of
30W/m2

𝑆: Area of PET strip, m2
SEM: Scanning electron microscope
UV: Ultraviolet
UV: The average solar ultraviolet radiation, W/m2
𝑉: The mean velocity of the fluid, m/s
𝑉

𝑖
: The irradiated volume of the MB solution, L

𝑉

𝑇
: The total volume of the treated MB solution, L

𝑊

1
: Weights of PET substrate before loading with

TiO
2
, g

𝑊

2
: Weights of PET substrate after loading with

TiO
2
, g

𝜌: The density of the fluid, kg/m3
𝜇: The dynamic viscosity of the fluid kg/(m⋅s)
𝜋: A mathematical constant, the ratio of a circle’s

circumference to its diameter, commonly
approximated as 3.14159

𝛿: The distance of CPC arc, m
𝜃

𝑎
: The half angle of acceptance, degree

𝜆max: Wavelength at the maximum absorption value of
MB, nm.
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TiO
2
has been widely used as a key catalyst in photocatalytic reactions; it also shows good catalytic activity for esterification

reactions. Different sulfated M-TiO
2
nanoparticles (M = Ag, Au, Rh, and Pt) were prepared by photodeposition and ultrasonic

methods. The results show that the noble metal nanoparticles, which were loaded onto a TiO
2
surface, slightly affected the crystal

phase and particle size of TiO
2
. Among all the catalysts, SO

4

2−/Au-TiO
2
exhibited the best catalytic activity in the esterification

reaction for the synthesis of citric acid n-butyl acetate and in the decomposition ofmethyl orange, as confirmed by a high conversion
rate of up to 98.2% and 100% degradation rate, respectively. This can be attributed to an increase in the Lewis acidity of the catalyst
and increased separation efficiency of electron-hole pairs. This superior catalyst has great potential applications in esterification
reactions and wastewater treatments.

1. Introduction

TiO
2
has received much attention because of its superior

photocatalytic activity, chemical stability, low cost, and non-
toxicity [1–3]. However, pure TiO

2
is not effective for solar-

driven applications.This can be achieved by the modification
of semiconductors [4, 5], addition of transition metals [6],
nonmetal doping [7–10], and use of coupled semiconductors.
Several studies have been reported using noble metals as
the cocatalysts for the decomposition of dyes [11–13]. The
role of noble metals in the acceleration of dye degradation
is twofold: (i) the injected electrons from TiO

2
are easily

trapped by noble metals, thus achievingmore efficient charge
separation; (ii) noble metals are excellent catalysts for the
reduction of O

2
because of easy activation and adsorption;

they can absorb more low-energy visible light. The confined
electrons on the surface of noble metal nanoparticles can be
rapidly scavenged by O

2
, thus avoiding the accumulation of

electrons on noble metals and also increasing the formation
of superoxide radical anions [14].

Furthermore, acid-modified titania has great potential as
a catalyst [15–18]. SO

4

2− modified TiO
2
solid acid nanopar-

ticles exhibited better catalytic activity than pure TiO
2
nano-

materials, because of the coexistence of both Brønsted and
Lewis acid sites and many other unique properties [19, 20].
In recent years, various studies have reported the extensive
use of SO

4

2−/TiO
2
solid acid catalyst, an environmentally

friendly catalyst, in many catalytic reactions such as ester-
ification and also in the efficient degradation of organic
dyes [11, 12, 21]. For example, Wind et al. [22] used sulfated
TiO
2
nanotubes as the catalyst for the esterification of acetic

acid with cyclohexanol. It showed a high catalytic activity
for acetic acid conversion, whereas anatase TiO

2
showed no

catalytic activity. Muggli and Ding [12] reported that sulfated
TiO
2
was more active and deactivated more slowly than
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P-25 during the photocatalytic oxidation of acetaldehyde
above 373K. Sulfate doping has been shown to strengthen vis-
ible absorption, thus accelerating the degradation reactions
[23].

Although esterification and degradation of organic dyes
are seemingly very different, similar catalysts are used in both
the reactions andwidely used in various industries.Therefore,
the utility and versatility of the SO

4

2−/M-TiO
2
catalysts can

be verified by using these two very different types of reaction
systems; relevant common factors can also be identified to
help in the design and preparation of catalysts.

Based on the above considerations, in this study, Ag,
Au, Rh, and Pt were selected as the model noble metals
to modify a sulfated TiO

2
solid acid composite by a pho-

todeposition method. The synthesized noble metal-modified
SO
4

2−/M-TiO
2
(M = Ag, Au, Rh, and Pt) solid-acid catalysts

were characterized by X-ray diffraction (XRD), Brunauer-
Emmett-Teller (BET), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy (FT-IR), electron spin res-
onance (ESR), and electrochemical impedance spectroscopy
(EIS) analyses. The SO

4

2−/Au-TiO
2
catalyst showed the best

catalytic activity for the synthesis of citric acid n-butyl acetate
(CABu) in the esterification reaction of citric acid (CA)
with n-butyl alcohol (nBuOH) and in the decomposition of
methyl orange (MO). Among all the samples, the SO

4

2−/Au-
TiO
2
catalyst showed the largest BET specific surface area,

strongest intensity of surface-adsorbed sulfate groups in the
FT-IR spectrum, highest transient photocurrent response,
and smallest EIS radius in the photoelectric chemical test, and
strongest signal intensities of the DMPO-∙OH and DMPO-
∙O
2

− adducts in the ESR spectrum. The SO
4

2−/Au-TiO
2
cat-

alyst was simultaneously used to esterification reactions and
decomposition of organic dyes for industrial applications.

2. Experimental

2.1. Catalyst Preparation. All the chemicals including TiO
2

(pure anatase phase, 99% content, 15 nm, 170m2/g, Alfa
Aesar) were of reagent grade and were used as received
without any further purification.

The noble metal-loaded TiO
2
samples were prepared

by the photodeposition method. The TiO
2
powder and a

certain amount of noble metal salt were mixed in deionized
water; a 300W Xenon arc lamp (PLS-SXE 300, Beijing
Perfectlight) was used as the light source. After irradiating
for 5 h, the mixture was filtered, washed, and dried.Then, the
resulting solid was filtered and washed twice with deionized
water.

The sulfated TiO
2
was prepared by the ultrasonicmethod.

In a typical synthesis, 1 g of TiO
2
powder was dissolved in

15mL of 1M H
2
SO
4
, and the mixture was sonicated for 1 h.

The solid products were collected after filtration, and then
dried in an oven at 60∘C for 12 h, and finally calcined in air
at 500∘C for 3 h.

The procedure for the preparation of sulfated SO
4

2−/M-
TiO
2
(M = Ag, Au, Rh, and Pt) was the same as that for

sulfated TiO
2
; only TiO

2
was changed to M-TiO

2
.

2.2. Characterization of Catalysts. The phase composition
of the samples and crystallite size were determined from
their XRD patterns, which were obtained using an X’Pert X-
ray diffractometer (PANalytical, Netherlands) using Cu K𝛼
radiation (𝜆 = 0.15406 nm) at a scan rate of 2∘/min from
20∘ to 90∘ (2𝜃). The accelerating voltage and applied current
were 40 kV and 40mA, respectively. The crystallite size was
calculated from the X-ray line-broadening analysis using the
Scherrer formula.

The BET surface areas of the samples were obtained
from the N

2
adsorption/desorption isotherms determined

at liquid nitrogen temperature (77K) using an automatic
analyzer ASAP 2010 (Micromeritics, China). The samples
were degassed for 2 h under vacuum at 350∘C prior to
adsorption. The equilibrium time for each point of the BET
was 30min.

The microstructures of the samples were determined
by TEM and high-resolution TEM (HRTEM) images at
an accelerating voltage of 200 kV using an EM 2010 EX
instrument (Jeol, Japan). The samples were deposited on
TiO
2
nanoparticles supported by copper grids from the

ultrasonically processed ethanol solutions of the products.
The UV-vis diffuse reflection spectra (DRS) were re-

corded using a Varian Cary 500 Scan UV-vis-NIR spectrom-
eter with BaSO

4
as the reference sample.

The XPS spectra were recorded using a VG ESCALAB
250 XPS system (Thermo Fisher Scientific, USA) using a
monochromated Al K𝛼 X-ray source (15 kV, 200W, 500mm
pass energy = 20 eV) and a charge neutralizer. All the binding
energies were referenced to the C 1s peak at 284.6 eV of
surface adventitious carbon.

The FT-IR spectra were recorded using a Nicolet 670 FT-
IR spectrometer (Nicolet, USA). The samples were pressed
using a KBr disk (18mm diameter, 25–30mg) preparation
apparatus. The samples were dried at 250∘C for 2 h prior to
pressing. The FT-IR spectra were recorded using a Nicolet
670 FT-IR spectrometer using a deuterated triglycine sul-
fate (DTGS) detector at a resolution of 4 cm−1 and for 32
scans.

The light/dark short-circuit photocurrent response was
recorded using the Epsilon electrochemical workstation
(BAS, USA) equipped with a Pt foil counter electrode and
saturated calomel electrode (SCE) as the reference elec-
trode. A size of 0.5 × 0.5 cm2 sample was coated on a
fluorine-doped FTO glass as the working electrode. The
three electrodes were immersed in a Na

2
SO
4
electrolyte

solution (0.5M), and the working electrode was irradiated by
a 365 nm light irradiation (Hamamatsu, LC8).The properties
of the catalysts under AC polarization were evaluated by
EIS experiments using a potentiostat (Zahner-IM6, Zahner,
Germany).

The electron paramagnetic resonance (EPR) spectra were
recorded using a Bruker A-300-EPR X-band spectrometer.
The ∙OH radicals were detected in a dimethyl pyridine
N-oxide (DMPO)/catalyst/water suspension, and the ∙O

2

−

radicals in a DMPO/catalyst/methanol suspension (DMPO=
0.05M, mass of samples = 3mg, volume of solvent = 0.5mL,
and wavelength of excitation = 365 nm).
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Table 1: Physicochemical characteristics of as-prepared samples.

Sample Crystal size (nm)a Pore volume (mL/g) Pore size (nm) SBET (m2/g)
TiO
2

15.40 0.38 9.04 168.69
SO
4

2−/TiO
2

15.92 0.38 17.10 190.03
SO
4

2−/Ag-TiO
2

15.90 0.40 16.98 193.26
SO
4

2−/Au-TiO
2

15.84 0.41 16.60 198.85
SO
4

2−/Rh-TiO
2

15.86 0.40 16.64 196.08
SO
4

2−/Pt-TiO
2

15.87 0.39 16.92 194.32
aCalculated from the XRD results.

2.3. Catalytic Performance. The catalytic performance of the
solid-acid samples was investigated by evaluating their cat-
alytic activity in the esterification reaction of CA and nBuOH
to synthesize CABu. The reaction was carried out in a well-
stirred oil batch reactor and conducted in a liquid phase.
A predetermined amount (12.6 g CA, 27.5mL nBuOH, and
0.25 g catalyst) of the reagents was loaded into the reactor and
heated to 400K for 6 h.The liquid products were analyzed by
gas chromatography (GC 7900, Techcomp, China) after each
30min of the reaction.

The photocatalytic performances of the samples were
evaluated from their activities in the decomposition of MO
in an aqueous solution; a halogen lamp was used as the light
source. Each of these catalysts (100mg) was added to 100mL
of an aqueousMOsolution (20 ppm) at room temperature. To
achieve the adsorption-desorption equilibrium, the solution
was continuously stirred for 30min in the dark before the
light was turned on. At a specific time interval (15min) of
irradiation, 2mL aliquots were withdrawn and centrifuged to
separate the catalysts. The degradation rate (𝐷) of MO was
calculated using the equation: 𝐷 = (𝐴

0
− 𝐴)/𝐴

0
× 100%

(𝐴
0
: initial absorbance;𝐴: final absorbance), bymeasuring its

absorbance at 664 nm using a BKUV-1600UV-vis spectrom-
eter (Biobase, China).

3. Results and Discussion

3.1. Crystalline Phases and Texture of Samples. The crystalline
phases and texture of the samples were characterized by
their XRD and N

2
adsorption. Figure 1(a) shows the XRD

patterns of TiO
2
and SO

4

2−/M-TiO
2
(M = Ag, Au, Rh, and

Pt) nanoparticles. For all the samples, the peaks at 2𝜃 = 25.1∘,
37.6∘, 48.0∘, 53.8∘, 55.0∘, and 62.7∘ can be attributed to the
typical anatase phase of TiO

2
(JCPDS: 21-1272) [24]. The

peaks at 2𝜃 = 27.4∘, 36.1∘, and 54.3∘ with a lower intensity
can be attributed to the rutile crystal structure. The XRD
patterns show that the loading of noble metal nanoparticles
did not change the crystal structure of TiO

2
. For Au-TiO

2
,

four additional peaks at 2𝜃 = 38.185∘, 44.381∘, 64.571∘, and
77.566∘ were observed; they can be attributed to Au (JCPDS:
04-0784). This indicates that a small amount of Au was
formed during the synthesis. Similarly, the corresponding
peaks for noble metal-modified nanoparticles were observed
corresponding to Ag (JCPDS: 65-2871), Rh (JCPDS: 05-
0685), and Pt (JCPDS: 65-2868) in the Ag-TiO

2
, Rh-TiO

2
,

and Pt-TiO
2
powders, respectively (Figure 1(b)).

The change in the physic-chemical properties of the
samples was studied by N

2
adsorption-desorption at 77K.

Figure 2 shows the N
2
-sorption isotherms (Figure 2(a)) and

the corresponding pore-size distribution curves (Figure 2(b))
of TiO

2
, SO
4

2−/TiO
2
, and SO

4

2−/M-TiO
2
(M = Ag, Au,

Rh and Pt); their pore sizes are shown in Table 1. It can
be seen obviously that they exhibited the typical type-IV
adsorption curves with an hysteresis loop between the partial
pressure 𝑃/𝑃

0
= 0.45–1.0, suggesting that TiO

2
, SO
4

2−/TiO
2

and SO
4

2−/M-TiO
2
maintained the mesoporous structure

of the TiO
2
support. The BET surface areas of pure TiO

2
,

SO
4

2−/TiO
2
, and SO

4

2−/M-TiO
2
samples were 168.69m2/g,

190.03m2/g, and 193.26–198.85m2/g, respectively. Although
the pore sizes increased, the SO

4

2−/TiO
2
and SO

4

2−/M-TiO
2

samples still exhibited much higher BET surface areas than
TiO
2
, possibly because of the reservation of the porous

structure inside the particles under supercritical conditions
[25]. Even the S-modification further increased the crystal
sizes, because the O atom in the O–Ti–O network was
replaced with the S atom with a relatively large atomic
radius [26]. The results show that all the samples modified
with noble metals maintained the mesoporous structure of
the TiO

2
support, and noble metal nanoparticles were well

dispersed on the surface of TiO
2
.

3.2. Morphologies of Samples. The TEM and HRTEM anal-
yses showed the morphologies and distributions of noble
metal-modified nanoparticles in the solid samples. The TEM
andHRTEM images of TiO

2
, SO
4

2−/TiO
2
and SO

4

2−/M-TiO
2

(M = Ag, Au, Rh, and Pt) are shown in Figures 3(a1)–3(f1)
and 3(a2)–3(f2), respectively. Small noblemetal nanoparticles
homogeneously dispersed on the surface of a larger TiO

2

phase [27]. No obvious difference was observed in the mor-
phology of these nanoparticles, indicating that the particle
dispersion of noble metals cannot change the lattice spacing
of TiO

2
(101). The lattice spacing at 0.234 nm, 0.232 nm,

0.232 nm, and 0.209 nm can be attributed to Ag (111), Au
(111), Rh (111), and Pt (200), respectively. Au nanoparticles
showed the best dispersion on the surface of TiO

2
among all

the samples.

3.3. UV-Vis Diffuse Reflection Spectra (DRS). Figure 4 shows
the DRS of TiO

2
, SO
4

2−/TiO
2
, and SO

4

2−/M-TiO
2
(M = Ag,

Au, Rh, and Pt) samples. An optical absorption threshold was
observed at 383 nm, corresponding to the band gap of TiO

2

at 3.2 eV. This value is consistent with the reported value of
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Figure 1: (a) XRD patterns of the samples (b) JCPDS of SO
4

2−/M-TiO
2
(M = Ag, Au, Rh, and Pt) samples.

anatase TiO
2
[28]. Compared to pure TiO

2
and SO

4

2−/TiO
2
,

the broad absorption bands of SO
4

2−/M-TiO
2
(M = Ag, Au,

Rh, and Pt) can be attributed to the type of loaded noble
metal nanoparticles. Clearly, a special strong absorption band
was present in the range 450–650 nm for SO

4

2−/Au-TiO
2
,

corresponding to the located surface plasmon resonance of
Au nanoparticles [29]. Therefore, the loading of noble metal
nanoparticles into anatase SO

4

2−/TiO
2
may have contributed

to the increased activities.

3.4. Surface Chemical States of the Samples. The chemical
states of the samples were investigated by XPS. The C 1s peak
of the aliphatic carbonwith a binding energy (BE) of 284.6 eV
was used as the reference. The spectra show no difference in
the BEs of O and Ti atoms before and after the noble metal
nanoparticles were dispersed homogeneously (Figure 5(a)).
The O 1s, Ti 2p, and S 2p peaks of SO

4

2−/M-TiO
2
(M =

Ag, Au, Rh, and Pt) are shown in Figure 5(b), confirming
sulfation. The XPS spectra of Ag 3d, Au 4f, Rh 3d, and Pt
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Figure 2: (a) N
2
-sorption isotherms and (b) corresponding pore-size distribution curves for the samples.
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Figure 3: TEM and HRTEM images of TiO
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(a1, a2), SO
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(c1, c2), SO

4

2−/Au-TiO
2
(d1, d2), SO

4

2−/Rh-TiO
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(e1, e2), and SO
4

2−/Pt-TiO
2
(f1, f2) samples.
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4f are shown in Figures 5(c)–5(f), respectively. The observed
peaks at ca. 368 eV and 374 eV (Figure 5(c)) correspond to the
3d
5/2

and 3d
3/2

core levels of the Ag0 cations in SO
4

2−/Ag-
TiO
2
; however, Ag+ cations could not be identified because

of the small differences in Bes [30]. The observed peaks at ca.
83.64 eV and 86.86 eV (Figure 5(d)) correspond to the 4f

7/2

and 4f
5/2

core levels of Au0 cations in SO
4

2−/Au-TiO
2
[31].

The observed peaks at ca. 307.5 eV and 312.5 eV (Figure 5(e))
correspond to the 3d

5/2
and 3d

3/2
core levels of Rh0 cations

in SO
4

2−/Rh-TiO
2
; the second pair of peaks with BEs of

∼309.45 eV and 314.2 eV can be assigned to the 3d
5/2

and 3d
3/2

core levels of Rh3+ valence state, respectively [32]. The peaks
at ca. 70.7 eV and 74.0 eV (Figure 5(f)) can be attributed to the
4f
7/2

and 4f
5/2

core levels of Pt0 cations in SO
4

2−/Pt-TiO
2
; the

second pair of peaks with BEs of ∼72.6 eV and 75.9 eV can be
assigned to the 4f

7/2
and 4f

5/2
core levels of Pt2+ valence state,

respectively [33].
Although the Au nanoparticle-loaded sulfated TiO

2

shows only the presence of Au0 valence state, less than the
BE of pure metallic Au, this is probably responsible for the
improved catalytic activity. This indicates that the nanoparti-
cles with Au0 valence states are responsible for the catalytic
activity in the esterification reaction to synthesize CABu and
decomposition of MO.

3.5. FT-IR Spectra of Samples. The FT-IR spectra of TiO
2
,

SO
4

2−/TiO
2
, and SO

4

2−/M-TiO
2
(M = Ag, Au, Rh, and Pt)

are shown in Figure 6 band was observed at 1105 cm−1, corre-
sponding to free SO

4

2−; that is, free SO
4

2− groups is present
in SO

4

2−/M-TiO
2
. SO
4

2−/TiO
2
and SO

4

2−/M-TiO
2
showed

two bands at 3422 cm−1 and 1637 cm−1, in which one can be
attributed to adsorbed water and the other can be attributed
to the surface hydroxyl group of TiO

2
. The S–O stretching

frequencies of SO
4

2−/TiO
2
and SO

4

2−/M-TiO
2
were found at

1137–1128 cm−1 and 1068–1051 cm−1, respectively [34]. Based
on the reported S–O stretching frequencies [35, 36], the
two new absorption bands at 1133 cm−1 and 1062 cm−1 for
SO
4

2−/M-TiO
2
and SO

4

2−/TiO
2
were the characteristics of

chelating bidentate SO
4

2− group. Herein, the zero valence
state of Au0 may have changed the surface properties of the
catalyst, consistent with the XPS data.The strongest intensity
of both the 1133 cm−1 and 1062 cm−1 bands of the SO

4

2−/Au-
TiO
2
can be attributed to the high concentration of surface-

adsorbed sulfate groups.

3.6. Photoelectrochemical Properties and ESR Measurements
of Samples. The photoelectronic chemical and ESRmeasure-
ments of the samples were conducted. Figure 7 shows that
the transient photocurrent responses of SO

4

2−/M-TiO
2
(M =

Ag, Au, Rh, and Pt) were higher than those of SO
4

2−/TiO
2

and TiO
2
under 365 nm light irradiation (Hamamatsu Co.,

LC8). This is because the modification with noble metals
can significantly enhance the photocurrent. This indicates a
more efficient separation of the photoexcited charge carriers
on catalysts under their radiation. SO

4

2−/Au-TiO
2
showed

the highest transient photocurrent response (Figure 7(a))
and the smallest EIS radius (Figure 7(b)) in all the samples.
This indicates that Au nanoparticles may have the best
ability to decrease the impedance of electron transfer and
increase the charge mobility.This is because of the optimized
electronic band structure and interface/surface properties
induced by the modification [37–39]. In the esterification
reaction for CABu and decomposition of MO, the electron
transfer efficiency and formation of active species induced by
Au modification also play an important role.
∙OH and ∙O

2

− radicals were detected by the DMPO
spin-trapping EPR technique, contributing to a better under-
standing of the photoinduced hole and electrontransfer and
photoredox processes as shown in Figures 8(a) and 8(b),
respectively. Under the irradiation of 𝜆 = 365 nm, four
characteristic peaks of the ESR signal of DMPO-∙OH adduct
were detected in all the aqueous suspensions of the samples
(Figure 8(a)). Six characteristic peaks of the DMPO-∙O

2

−

adduct were clearly observed in the ESR spectra (Figure 8(b)).
The presence of the active species can be attributed to the
reaction of photoinduced holes (h+) withH

2
Omolecules [40,

41]. The signal intensities of the DMPO-∙OH and DMPO-
∙O
2

− adducts in the ESR spectra of SO
4

2−/Au-TiO
2
were

the strongest, indicating that this catalyst has the highest
photocatalytic activity in the decomposition of MO. Thus,
SO
4

2−/Au-TiO
2
catalyst may have increased the surface acid-

ity for ester synthesis and dye decomposition, great practical
value for industrial applications.

3.7. Acid Density Test. The total acid densities of all these
catalysts were determined as follows: the samples (0.1 g)
were placed in an Erlenmeyer flask and mixed with 15mL
of 2mol/L NaCl solution. As H+ ions were present in the
SO
3
H group of the sulfonated catalyst, they exchanged with

Na+ ions by ultrasonication for 60min. After the filtration,
a 0.02mol/L NaOH solution was used to titrate the filtrate
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Figure 5: XPS (a) spectra of samples, (b) O 1s, Ti 2p, and S 2p peaks of SO
4

2−/M-TiO
2
samples, (c) Ag 3d spectra of SO

4

2−/Ag-TiO
2
sample,

(d) Au 4f 3d spectra of SO
4

2−/Au-TiO
2
sample, (e) Rh 3d spectra of SO

4

2−/Rh-TiO
2
sample, and (f) Pt 4f spectra of SO

4

2−/Pt-TiO
2
sample.
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using phenolphthalein as the indicator.When the color of the
filtrate changed from colorless to slightly red, the endpoint
of the titration reached [35]. The accurate acid quantity was
calculated as follows:

𝑐 (H+) =
𝑐 (OH−) × Δ𝑉
𝑚

,

(1)

where 𝑐(H+) is the acid quantity of the sulfated samples;
𝑐(OH−) is the concentration of the NaOH solution; Δ𝑉 is the
volume of the NaOH solution consumed in titration; and 𝑚
is the quality of the samples used in ultrasonication.

The results of acid density are shown in Table 2. The
amount of sulfate groups on TiO

2
was 201 𝜇mol/g or ∼0.71

SO
4

2− groups per nm2 on the surface of TiO
2
. The surface

coverage of SO
4

2− was calculated using the BET surface
area. However, the amounts of SO

4

2− groups on M-TiO
2

(M = Ag, Au, Rh, and Pt) were 296 𝜇mol/g, 804 𝜇mol/g,
542𝜇mol/g, 664 𝜇mol/g, or about 1.32, 2.71, 1.87, 2.05 SO

4

2−

groups per nm2 on the surface of TiO
2
, respectively. The

surface sulfate groups played an important role in catalysis
by offering active acid sites; evidently, the SO

4

2−/Au-TiO
2

had the most abundant Lewis acid sites with the highest acid
density, increasing the catalytic activities.

3.8. Esterification Reactions for CABu on Samples. The cat-
alytic activities of the SO

4

2−/TiO
2
and SO

4

2−/M-TiO
2
(M

= Ag, Au, Rh, and Pt) samples were investigated using the
CABu esterification reaction shown in Figure 11 as the model
reaction, where the mass fraction of the catalyst was 2% of
CA.

CABu can be widely used as a solvent in medical prod-
ucts, food packaging materials, and resin plasticizers [42].
Therefore, TiO

2
, SO
4

2−/TiO
2
and SO

4

2−/M-TiO
2
were used

to test the performance of the catalysts in the esterification
reaction of CA and nBuOH to synthesize CABu. The results
are shown in Figure 9.

Previously, 97.67% CABu conversion was attained at
393K, with a reaction time of >270min via the phospho-
tungstic acid loading of an epoxy resin catalyst [43]. In this

Table 2: Amount of SO
4

2− groups on prepared catalysts.

Samples Amount
(𝜇mol/g)

SO
4

2− groups
(per nm2)

TiO
2 201 0.71

Ag-TiO
2
(𝑤(Ag) = 0.5%) 296 1.32

Au-TiO
2
(𝑤(Au) = 0.5%) 804 2.71

Rh-TiO
2
(𝑤(Rh) = 0.5%) 542 1.87

Pt-TiO
2
(𝑤(Pt) = 0.5%) 664 2.05

Table 3: CABu conversion of esterification reaction catalyzed by
TiO
2
, SO
4

2−/TiO
2
and SO

4

2−/M-TiO
2
(M = Ag, Au, Rh, and Pt)

solid-acid catalystsa.

Samples Conversion (%)
TiO
2

62.3
SO
4

2−/TiO
2

83.5
SO
4

2−/Ag-TiO
2
(𝑤(Ag) = 0.5%) 86.7

SO
4

2−/Au-TiO
2
(𝑤(Au) = 0.5%) 98.2

SO
4

2−/Rh-TiO
2
(𝑤(Rh) = 0.5%) 90.3

SO
4

2−/Pt-TiO
2
(𝑤(Pt) = 0.5%) 91.3

aReaction conditions: T = 400K, P = 1 atm, and T = 6 h.

study, a conversion rate of >98.2% was achieved at 400K
with SO

4

2−/Au-TiO
2
catalysts; the reaction time was almost

the same as that of the previous report. Figure 9 shows the
amount of CABu conversion in the esterification reaction
using TiO

2
, SO
4

2−/TiO
2
and SO

4

2−/M-TiO
2
as the catalysts.

The results show that all the sulfated samples had a better sta-
bility over 270min, consistent with the reported esterification
reactions as shown in Table 3. After the reactions reached
equilibrium, SO

4

2−/Au-TiO
2
showed the highest catalytic

activity for CABu at 400K, whereas a blank experiment
(with TiO

2
catalyst) showed that the conversion of CABuwas

<63%. Notably, the sulfated TiO
2
catalysts clearly increased

the catalytic activity for the esterification reaction to syn-
thesize CABu; the loading of noble metals further increased
the catalytic activity. Particularly, SO

4

2−/Au-TiO
2
exhibited

the highest conversion rate; this can be attributed to the
stronger acidity and the strong interactions between Au and
SO
4

2−/TiO
2
.

3.9. Photocatalytic Decomposition of MO. The photocatalytic
activities of TiO

2
, SO
4

2−/TiO
2
, and SO

4

2−/M-TiO
2
(M =

Ag, Au, Rh, and Pt) samples were evaluated by using the
photodecomposition of MO under halogen lamp irradiation.
The results are shown in Figure 10. Noble metals had a
high work function and formed a Schottky barrier between
the semiconductor and metal; this trapped the injected
electrons of the conduction band in TiO

2
and suppressed the

recombination of photoelectrons and holes [44]. Moreover,
SO
4

2−/Au-TiO
2
exhibited a much higher activity for the

degradation rate than other noble metal-modified TiO
2

samples in the decomposition of MO. This is because Au
nanoparticles not only increased the rate of electron-hole pair
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−.

formation but also acted as a photosensitizer to harvest visible
photons and converted them to electrical energy [45].

4. Conclusion

Noble metal-modified SO
4

2−/M-TiO
2
(M = Ag, Au, Rh, and

Pt) catalysts were synthesized using the photodeposition and
ultrasonic methods. The results show that SO

4

2−/Au-TiO
2

had the best catalytic activity in the esterification reactions
of CA and nBuOH for the synthesis of CABu, and also in
the decomposition of MO under halogen lamp irradiation.
The enhanced activity can be attributed to stronger acidic
sites, larger specific surface areas, and the composition or
valence states of noble metal nanoparticles. Moreover, the
photoelectrochemical and ESR measurements confirmed the
highest electron transfer efficiency and formation of ∙OH
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and ∙O
2

− active species in SO
4

2−/Au-TiO
2
sample.This study

indicates a great potential of the solid-acid catalysts for
esterification reactions and wastewater treatments.
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