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Abstract Most undeveloped and developing coun-
tries have adopted landfill as the ultimate disposal
method for their Municipal Solid Waste (MSW). Lea-
chate produced by a landfill site is highly dangerous,
with high concentrations of organic and inorganic
pollutants, ammonia and toxic heavy metals. Heavy
metals commonly found in landfill leachate are cop-
per, lead, mercury, cadmium, arsenic etc., The main
objective of this research is to study the removal of
heavy metals copper and lead, from synthetic lea-
chate using TiO, and Ag-doped TiO, nanomateri-
als by a heterogeneous photocatalytic process. The
photocatalytic experiments were conducted using a
compound parabolic collector in sunlight. The design
of experiment is used to obtain the minimum num-
ber of experiments for the study, to analyze the data
and to understand the interaction between the process
variables and their responses. Photocatalytic behavior
of copper and lead removal has been demonstrated
using an Artificial Neural Network (ANN) model.
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Characterization studies are conducted on TiO, and
Ag-doped TiO, nanomaterials by XRD, SEM and
EDX. At optimum parameters of the dosage 0.75 g/L,
pH 5 and irradiation time of 100 min, copper removal
from synthetic leachate was found to be 80.38% and
80.12%, lead removal efficiency was 97.2% and
96.34% for TiO, and Ag-doped TiO,, respectively.
The determination coefficient value obtained by RSM
and ANN ensures that the developed model of copper
and lead removal gives an accurate prediction. The
kinetic study shows that, copper and lead removal by
photocatalytic process are described well by a Lang-
muir-Hinshelwood kinetic model.

Keywords Artificial neural network - Kinetic
study - Response Surface Methodology (RSM) -
TiO, - Ag-doped TiO, nanomaterial

1 Introduction

Leachate from a sanitary landfill has a high concentra-
tion of organic, inorganic and heavy metals. Sources
of heavy metals in MSW include, electronic items,
used batteries, painting waste, fluorescent tubes, and
photographic chemicals (Boateng et al., 2019). These
heavy metals enter in the soil, surface water and
groundwater through leaching and their toxicity can
cause serious problems in environment, human health
and are non-biodegradable. Heavy metals can remain
in landfill for about 150 years, and leaches at a rate of
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400 mm/year (Hussein et al., 2021). Traces of heavy
metals such as cadmium (Cd), mercury (Hg), arsenic
(As), chromium (Cr) and lead (Pb) can have toxic
effects on the human body through food and drinking
water. (Ali et al., 2021).

Conventional treatment techniques such as physi-
cal, chemical or biological in individual or in inte-
grated sequence are not feasible for leachate treatment
because biological treatment is effective in treating
young leachate (<5 years) and their performance
decrease for mature landfill (>10 years) (Bandala
et al., 2021). The conventional method of leachate
trexatment does not work completely to remove pollut-
ants from the leachate in order to meet the discharge
standards limits (Show et al., 2019). Now days het-
erogeneous photocatalysis has been found to be most
promising tool in wastewater treatment because it uses
semiconductor nanomaterials as a photocatalyst, oxy-
gen as oxidizing agent, water as the solvent and artifi-
cial light or solar light as the irradiation source. So it
is universally recognized as a green and inexpensive
technology (Parrino et al., 2018). Ferric oxides, alu-
minum oxides, titanium oxides, manganese oxides,
and magnesium oxides are different semiconductor
nanomaterials used in the heterogeneous photocataly-
sis. Among these semiconductor nanomaterials, TiO,
nanomaterial has gained a prominence due to its non-
toxicity, cost-effectiveness, high chemical stability,
and its high oxidizing power, making it a competitive
candidate for many photocatalytic applications (Desai
& Soraganvi, 2019).

The removal of heavy metals in the UV and vis-
ible range with artificial lamps and solar light
were performed in aqueous solution using different
semiconductor nanomaterials by many research-
ers (Sobhanardakani et al., 2018; Zangeneh et al.,
2018; Zhao & Wu, 2018). Applicability of TiO, and
Ag doped TiO, nanomaterial on removal of heavy
metals from young leachate in natural sunlight
is not performed. The present study deals with the
removal of copper and lead from synthetic leachate by
photocatalysis in natural sunlight using a compound
parabolic collector (CPC). The selection of copper
and lead for removal in this study is based on their
significant presence in leachate from sanitary land-
fills. These heavy metals, originating from electronic
items, used batteries, painting waste, fluorescent
tubes, and photographic chemicals in municipal solid
waste (MSW), pose serious environmental threats.
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When leachate containing copper (Cu) and lead (Pb)
leaches into the soil, surface water, and groundwa-
ter, it can have adverse effects on both the environ-
ment and human health. Copper and lead are known
to be non-biodegradable and can persist in landfills
for extended periods, with leaching rates contributing
to potential contamination at a rate of 400 mm/year.
The toxic effects of trace amounts of these heavy met-
als on humans through food and drinking water have
been well-documented (Li et. al., 2023). Hence, the
removal of copper and lead from synthetic leachate
becomes a crucial area of investigation in the context
of environmental protection and waste management.

Design of experiment had been used in this study
to improve the reliability of the experimental results
and study of effect of more than one parameter at a
time. TiO, and Ag-doped TiO, nanomaterial char-
acterization is performed and the effect of each fac-
tor on the removal of copper and lead from synthetic
leachate is studied by three-dimensional surface plots
and contour maps from the RSM. Further, inputs of
pH, dosage and irradiation time and output as a per-
centage of copper and lead removal are used in ANN,
to predict the copper and lead removal efficiency.
The Langmuir-Hinshelwood (L-H) model is used to
study the reaction rate of the experiments in removal
of copper and lead. The experiments were performed
in Bagalkot, Karnataka State of India.

2 Materials and Methodology
2.1 Preparation of Synthetic Leachate

The landfill is categorized into four phases in its life
course, which are; aerobic, anaerobic acid phase,
initial methanogenic phase and stable methanogenic
phase. The young landfill leachate is produced in the
anaerobic acid phase; in which the leachate is capa-
ble of dissolving the metal ions in it, leading to the
high concentration of heavy metals in the leachate
(Kanmani & Gandhimathi, 2013). Therefore, heavy
metals are usually found in higher concentrations in
young leachates. In nearby disposal site we could
not find any leachate with high metals concentra-
tion. Therefore, in the present study synthetic lea-
chate is prepared in accordance with the equivalent
characteristics of young leachate with high COD,
high metal concentration, nitrate, chloride etc., and



Water Air Soil Pollut (2024) 235:602

Page 3 0of 28 602

removal of copper and lead were studied indepen-
dently. The prepared synthetic leachate for the study
has not been inoculated with bacteria cultivation, so
no biodegradability study has been conducted. It was
observed that lead is significantly suppressed by fluo-
ride, iodide, carbonate and phosphate, so dipotassium
phosphate and potassium carbonate chemicals are not
added in the synthetic leachate preparation for lead
(Herrmann & Bucksch, 2014). But same are added
in the synthetic leachate of copper. The synthetic lea-
chate is prepared by dissolving the analytical grade
chemicals in deionized water as shown in Table 1
(Champagne & Li, 2009; Mohan & Gandhimathi,
2009).

2.2 Synthesis of Silver Doped TiO, Nanoparticles

Silver doped TiO, reduces the energy band gap,
which is the energy needed to move an electron from
the valence band to the conduction band of the cata-
lyst, producing photogenerated holes on the surface
of the catalyst. Moreover, the presence of noble met-
als can reduce the phenomenon of recombination
between electron—hole pairs due to the scavenging of
photogenerated electrons (Gomes et al., 2018).

TiO, nanomaterial purchased from Sisco Research
Laboratories Pvt. Ltd (SRL)-India is used in this
study. The “Sol-gel method” was used to dope silver
on Titanium dioxide. 4 gms of TiO, was taken into a

500 ml pyrex beaker, containing 100 ml of deionized
water. For Ag doping, 1% (molar ratio) of AgNO; was
added to the suspension and stirred vigorously with a
magnetic stirrer for 30 min and then left undisturbed
at room temperature (25-30° C) overnight. The liquid
was then dried for 12 h at 100 °C in a hot air oven,
to remove the remaining moisture content. Later the
residue was calcinated for 3 h in a muffle furnace at
500 °C. Finally, mortar and pestle are used to grind
the sample, to get fine particles. The resulted fine par-
ticles were Ag-TiO, nanoparticles (Ilyas et al., 2011;
Kulkarni et al., 2016).

2.3 Mechanism of Heavy Metal Removal by
Photocatalysis

Heterogeneous photocatalysis, a powerful advanced
oxidation process (AOP), relies on the utilization of
semiconductor nanomaterials, such as TiO, and Ag-
doped TiO, as used in this study, as efficient photocat-
alysts. These semiconductor nanomaterials possess a
characteristic bandgap energy (E,), which represents
the energy difference between their valence band
and conduction band. When these photocatalysts are
exposed to light with energy equal to or greater than
the bandgap energy, they undergo excitation, resulting
in the generation of electron—hole pairs. Upon photon
absorption, electrons in the valence band gain suffi-
cient energy to move to the higher energy conduction

Table 1 Composition SI.No

- Constituents
of synthetic leachate for

Per litre of synthetic leachate

copper and lead For copper For lead
1 Copper sulphate —Cu(SO,), 3920 mg —
2 Lead Nitrate -Pb(NO;), — 1599 mg
3 Potassium bicarbonate -KHCO; 312 mg 312 mg
4 Dipottassium phosphate -K,HPO, 30 mg —
5 Sodium nitrate -NaNO, 50 mg 50 mg
6 Potassium carbonate -K,CO; 324 mg —
7 Calcium chloride dihydrate -CaCl,.2H,0 2882 mg 2882 mg
8 Sodium bicarbonate -NaHCO; 3012 mg 3012 mg
9 Magnesium sulphate -MgSO, 156 mg 156 mg
10 Magnesium chloride hexahydrate -MgCl,.6H,0 3114 mg 3114 mg
11 Urea -CO(NH,), 695 mg 695 mg
12 Ammonium bicarbonate -NH,HCO; 2439 mg 2439 mg
13 Acetic acid (99%) 7 ml 7 ml
15 Propionic acid 5 ml 5ml
16 Sodium hydroxide (1N) For adjusting pH  For adjusting pH
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band, leaving behind positively charged holes in the
valence band. This process of excitation and charge
separation creates photogenerated electrons (e-) in
the conduction band and positive holes (h+) in the
valence band, which play pivotal roles in the photo-
catalytic reactions (Spasiano et al., 2015).

The photogenerated electrons (e-) in the conduc-
tion band act as potent reducing agents. Specifically,
in the context of heavy metal removal from synthetic
leachate, these electrons can effectively reduce metal
ions (M"+) present in the wastewater (Gopinath
et al., 2020; Litter, 2015). Consequently, the reduced
metal ions (M®™V+) exhibit a lower oxidation state
compared to their original form, making them less
toxic and more amenable to immobilization or pre-
cipitation. Simultaneously, the positive holes (h+) in
the valence band possess strong oxidative properties.
These holes drive the oxidation of various organic
compounds present in the synthetic leachate, break-
ing them down into simpler and less harmful com-
pounds. The ultimate result is the mineralization of
these organic pollutants into carbon dioxide (CO,)
and water (H,0).

Apart from the photogenerated electron—hole pairs,
oxygen molecules (O,) present in the system play a cru-
cial role in the photocatalytic process. Some of the pho-
togenerated electrons (e-) in the conduction band react
with oxygen molecules, generating superoxide radicals
(02°7) and other reactive oxygen species. These reac-
tive oxygen species further participate in oxidation

Fig. 1 Heterogeneous
photocatalytic process
(Spasiano et al., 2015)

Irradiation &
% | Activation
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reactions, contributing to the effective degradation of
organic pollutants (Spasiano et al., 2015). The surfaces
of semiconductor nanomaterials also play a significant
role in photocatalysis. Due to their high surface area
and surface charge characteristics, these materials can
adsorb organic compounds and metal ions, leading to
enhanced interactions between the photocatalysts and
the pollutants. This surface adsorption process can fur-
ther improve the efficiency of degradation and removal
processes. These photogenerated electrons and positive
holes bring about reduction and oxidation respectively
as shown in Fig. 1.

M +ne > M (1)

In some cases, sacrificial agents like methanol or
formaldehyde may be introduced to enhance the reduc-
tion reactions. These sacrificial agents react with the
photogenerated positive holes, regenerating the valence
band and enabling prolonged photocatalytic activity.

RCH,0H + HO" - "RCHOH + H,0 @)

M"™ + ‘RCHOH — M"~Y* 4+ RCHO 3)

It is also possible for the metallic ions to get oxidize
by pores or HO’, by reaching a higher oxidation state.
Where ‘R’ is the alkyl group.
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2.4 Experimental Study

All the photocatalysis experiments were carried out in
September and October in north Karnataka where the
average solar radiation is found to be 4.28 kWh/m*/day
and 5.29 kWh/m?/day respectively for these two months.
The CPC profile is prepared in an AutoCAD software by
taking two halves of the parabola with closely located
focal points and their axis inclined to each other (Strauss
et al., 2018; Tanveer & Tezcanli, 2013). The height of
the CPC, the width of the receiver and the width of the
absorber are 417.5, 360 and 100 mm respectively. As
shown in Fig. 2, aluminium foil is used on the reflected
surface to collect maximum photons from the sun.

The 1:100 diluted synthetic leachate is added with
hole scavenger; EDTA for copper and citric acid for
the lead. The TiO, nanomaterial is added in suspen-
sion form and stirred magnetically in the dark for
30 min to attain adsorption and desorption equilib-
rium between the leachate and TiO,. The leachate
was taken to CPC reactor for photocatalysis experi-
ment by sunlight and recirculated through the glass

Fig. 2 CPC of reflective surface covered with aluminum foil

cylinder with the aid of a low rpm water pump main-
taining a uniform flow rate of 1000 ml/minute. After
treatment, the solution is filtered through a 0.45 pm
membrane filter paper. Copper and lead concentration
were measured with the Varian AAS 240. The pH
was measured with a Systronics Make 361pH meter.

The photocatalysis utilizes less amount of chemi-
cals and no waste sludge is produced during the pro-
cess (Lin et al., 2020). Therefore, sludge analysis is
not performed in this study.

2.5 Central Composite Design (CCD)

The DESIGN EXPERT 11 (Stat-Ease Inc., Minne-
apolis, MN, USA) software is used to study the indi-
vidual and synergetic effects of three factors: pH,
dosage and irradiation time to study the performance
of removal of copper and lead from the synthetic lea-
chate. The factors are coded as+1 and -1 for high
and low values for the parameters. The range of high
and low variables was decided based on literature and
presented in Table 2. Rresponse values obtained from
the CCD and percentage removal of copper and lead
against each experiment are shown in Table 3.

2.6 Artificial Neural Network (ANN)

ANN is a multi-layer fully connected neural nets as
shown in Fig. 3. It consists of three layers consisting
of input, hidden and output layers. The present study
is conducted with back-propagation, and it helps to
obtain minimum error by altering the values of weight
in training data. To get a better overview, the data in
network points are arbitrarily divided into three sub-
sets that contain 70%, 15% and 15% of data. The first
subsets are employed for training while the other two
subsets are employed for validation and cross-
validation (Jin et al., 2002; Haykin, 2014). The weights

Table 2 Experimental factors and levels in the central com-
posite design

Factors Levels Star point a=2
Low Central High -a +a
(X)) pH 3 5 7 1.634 8.363
(X,) dosage (gm/L) 0.5 0.75 1 0.329 1.170
(X;) irradiation time 50 100 150 15910 184.09
(min)
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Table 3 Data statistics of model variables

Run  X;pH  X,Dosage Xjirradiation Copper removal ~ Copper removal by Lead removal  Lead removal by
in gm/L time in minutes by TiO, in % Ag-doped TiO,in % by TiO, in % Ag-doped TiO,
in%
1 5 0.75 100 74.12 76.04 98.75 97.89
2 3 0.5 150 58.83 56.28 78.53 75.23
3 5 0.75 100 80.38 79.18 97.65 97.35
4 5 0.75 100 75.13 75.12 96.45 96.16
5 7 0.5 50 35.49 35.83 98.12 99.34
6 5 0.33 100 31.68 52.71 94.16 91.02
7 3 1 150 84.41 55.04 87.52 84.69
8 5 0.75 100 77.16 77.92 97.2 95.34
9 5 0.75 100 81.43 75.17 98.12 97.32
10 3 0.5 50 34.81 17.13 74.32 70.32
11 5 1.17 100 44.56 66.57 98.89 99.43
12 5 0.75 100 75.35 80.12 96.35 96.34
13 5 0.75 16 49.48 49.68 92.12 90.36
14 2 0.75 100 59.73 12.13 66.49 61.67
15 3 1 50 27.75 19.65 81.13 78.76
16 8 0.75 100 35.14 45.23 100 100
17 7 1 50 28.26 54.97 98.87 98.68
18 7 0.5 150 41.37 60.25 98.2 98.45
19 5 0.75 184 96.32 99.02 99.57 99.05
20 7 1 150 48.44 77.16 99.34 98.47
Standard Deviation (SD) 3.71 1.81 1.52 1.53
Mean 56.99 58.26 92.59 91.29
Standard error 0.8430 0.4047 0.3399 0.3421
Coefficient of variation (C.V%) 6.62 3.11 1.64 1.68
Toput Taer Hidden layer Output layer irradiation time. The target value is the percentage

pH

% Removal
of copper
and lead

Dosage

Irradiation
Time

Fig. 3 Artificial neural network

before the training are random with no meaningful
information, but after the training contain meaning-
ful information. The input variables examined for the
ANN modeling were pH, catalyst dosage and

@ Springer

removal of heavy metals copper and lead from the
leachate.

2.7 Kinetic Study

The adsorption kinetic study is also performed as
it helps in obtaining optimum conditions of metal
removal, indicating better knowledge of possible rate-
controlling steps and mechanism of sorption. The
adsorption kinetics are of pseudo-first and pseudo-
second-order kinetics which is applied on adsorption
data (Batool et al., 2018). Adsorption of pollutants on
the semiconductor surface is a significant parameter
in heterogeneous photocatalysis.

Expression of Langmuir—Hinshelwood (LH) kinet-
ics expression used for the study is shown in Eq. 5
(Subramonian et al., 2017).
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C
ln<c—0> ==Kt 3)

where C (mg/L) is a concentration of pollutants at
any time t after beginning of the experiment, and C,
is the initial concentration of pollutants in the lea-
chate in mg/L and t is the irradiation time in minutes.
The apparent rate constant (Kapp) can be determined
by plotting ln(%) versus t and obtaining slope of the

straight-line plots.

3 Results and Discussion
3.1 Characterization Study of Synthetic Leachate

The physicochemical characteristics of the synthetic
leachate are analysed according to the American Pub-
lic Health Association (APHA, 1999) and the results
are presented in Table 4. Table 4 contains charac-
teristics of young landfill leachate to compare with
synthetic leachate. Synthetic leachate of copper has a
strong blue colour due to the blue crystalline solids
of cupric nitrate and synthetic leachate of Lead is a
colourless solution.

The pH of the synthetic leachate was found to be
3.34 and 3.12 for copper and lead respectively. This is
due to the addition of acetic acid, and propionic acid.

The K,HPO, releases the phosphorus to the synthetic
leachate for the Copper with the value of 19 mg/L but
is absent in the synthetic leachate of Lead. The value
of nitrate in the synthetic leachate of lead (291 mg/L)
is higher compared to that of copper (38 mg/L), as
lead nitrate is being used for heavy metal content
identification. Similarly, the value of sulphate is
more in the synthetic leachate for copper (523 mg/L)
compared to that of lead (480 mg/L) due to the addi-
tion of copper sulphate. The total dissolved solids
present in the synthetic leachate of copper and lead
are 9300 mg/L and 11,300 mg/L, respectively. The
results obtained for TDS, chloride, calcium and mag-
nesium are in line with the previous works conducted
on synthetic leachate (Rosin-Paumier et al., 2011).

The prepared leachate has concentration of
1000 mg/L. of copper/lead, which is reduced to
8.2+0.3 mg/L when diluted to 1:100 for the purpose
of the reduction study.

3.2 Characterization Study TiO, and Ag-doped TiO,
3.2.1 Scanning Electron Microscope (SEM) Analysis
SEM images of TiO, and Ag-doped TiO, nanopar-
ticles were carried out under different magnifica-

tions. Figure 4(a) shows the SEM images of TiO,.
It is observed that there is a dense agglomeration of

Table 4 Physicochemical

o | Parameters Values of synthetic Values of synthetic Standards of
lc:;crﬁztt:rlstlcs of synthetic leachate for copper leachate for lead young landfill
Leachate [43,
44]
Range [43,
44]
Temperature o) 28.00 27.20 -
pH 3.34 3.12 4.5-7.5
Electrical Conductivity (us/cm) 19,000 23,200 2500-35000
Total dissolved Solids (mg/L) 9300 11,300 2000-60000
COD (mg/L) 17,386 17,512 6000-60000
Calcium (mg/L) 1132 960 10-2500
Magnesium (mg/L) 398 336 50-1150
Chloride (mg/L) 3600 5000 150—4500
Sulphates (mg/L) 523 480 70-1750
Phosphorus (mg/L) 19 - 0.1-23
Nitrate (mg/L) 38 2901 ---
Copper (mg/L) 1000 - 0.005-10
Lead (mg/L) - 1000 0.001-5
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SEM HV: 15.0 kV

WD: 10.48 mm I 1l |

SEM MAG: 10.0 kx Det: SE 2

Fig. 4 a TiO, SEM images. b Ag doped TiO, SEM images

particles due to the high surface to volume ratio of
nanoparticles. The high surface free energy needs to
be diminished, therefore particles will get agglomer-
ated. The shape of the particles is not uniform and
look like spherical.

Figure 4(b) shows SEM images of Ag-doped TiO,,
the distribution of silver on the surface of TiO, is
non-uniform and Ag-doped TiO, contains irregularly
shaped particles because of the aggregation of min-
ute crystals. SEM results show that doping with silver
leaves no change in the topology of the catalyst sur-
face. The Surface area of particles seems spongy and
porous structure at high hardness, which favors the
photocatalytic applications and absorption (Sarteep
et al., 2016).

3.2.2 X-Ray Diffraction (XRD) Analysis

XRD analysis, is used to study the crystal structure,
to identify the crystalline phases present in a mate-
rial and thereby reveal chemical composition infor-
mation. XRD spectra of TiO, and doped TiO, are
shown in Fig. 5(a) and (b). Data were collected for
the 20 values between 10° to 90° with a scanning rate
of 0.02° per second.

TiO, and Ag-doped TiO, peak values were com-
pared and Ag-doped TiO, has greater peak values at

@ Springer

SEM HV: 15.0 kV

WD: 10.44 mm ‘v L1111

|
SEM MAG: 22.0 kx Det: SE 1pm

25.43%, 38.70° and 48.18° compared to TiO,, indi-
cating a sign of decreased particle size in doped
TiO, (Zangeneh et al., 2018).

The crystallite size (D) can be calculated from
the Full width half maximum (FWHM) using XRD
peaks with Scherer’s equation (Eq. 6). Calculation
of particle size using Debye-Scherer equation

kA
- PcosO (6)

where D is crystallite size (nm), k is constant, A
is X-ray wavelength (0.15406), p is the corrected
FWHM in radian and 0 is Bragg angle.

The calculated crystallite size for pure and
doped TiO, has been found to be 19.29 nm and
15.36 nm respectively. Results of our study agree
with previous works, where 14.17 nm and 13.07 nm
were reported for 1% and 2% of Ag-doped TiO,
(Kulkarni et al., 2016).

With the XRD technique, crystallographic phases
of TiO, and Ag-doped TiO, nanoparticles are iden-
tified. The XRD spectra for TiO, in Fig. 5(a) shows
20 peak at 25.39°, 37.95° and 62.82° corresponding
to the planes (101), (103), and (204) which confirms
that the TiO, is anatase according to JCPDS card
no.71-1169. For the Ag-doped TiO, nanoparticles
Fig. 5(b) shows 20 peaks at 25.43% 37.91°, 48.18°,
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Fig. 5 a TiO, XRD graph. b Ag-doped TiO, XRD graph

53.99° and 62.79° corresponding to the planes
(101), (004), (200), (105) and (204) which confirms
that the TiO, is also of anatase form according to
(JCPDS card no. 84-1285). It is observed that the
main anatase peak of (101) plane shifted from
25.39° to 25.43° due to doping of TiO, with silver.

3.2.3 Energy Dispersive X- ray Spectroscopy (EDX)

EDX provides data with the ratio of the element at
the surface of the composite. The EDX data were
collected at different spectrum at 1, 2 and 3 for
the TiO,. Figure 6(a) shows Ti and O peaks only,
no other peak for any other elemental has been
reported in the spectrum. This confirms that the
nanoparticles used for the study is TiO,. The col-
lected data from different spectrum indicates the
atomic % of Ti and O value. Figure 6(a) shows

Spectrum 2
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Full Scale 767 cts Cursor: 0.000 ke

[
o
~
©
©

1500
1000 ‘
| |

500 ( | .“
R G 0 SN

10 20 30 40 50 60 70 80 90
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that the Ti composition is 17.08 and O as 82.92 in
atomic %.

EDX pattern of Ag-doped TiO, nanomaterial are
shown in Fig. 6(b) these confirm the presence of Ag,
Ti and O. The sample is analyzed at low accelerating
voltage, therefore it is possible to get Ag L peak alone
and Ag K peak was absent. The peaks from the spec-
trum show the presence of O, Ag and Ti at 0.5, 3 and
4.5 keV respectively. Further, the atomic % is ana-
lyzed and found the values of Ti, O, and Ag as 20.65,
78.35 and 1 respectively. The combination of Ti, O
and trace amounts of Ag offers better photocatalytic
activity compared to TiO,.

3.3 Statistical Analysis for Model Verification
The removal of copper and lead from the synthetic

leachate were carried out according to the CCD chart
for TiO, and Ag-doped TiO, and results are listed in

Spectrum 2 |

1
0

T T T T T S T 1
1 2 3 4 S 6 [ 8 9 10

Full Scale 767 cts Cursor: 0.000 ke'

Fig. 6 a EDX analysis of TiO,. b EDX analysis of Ag- doped TiO,
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Table 3. Analysis of variance (ANOVA) is a method
used to evaluate the individual interface and quadratic
effects of the variables influencing the percentage
removal of copper and lead from synthetic leachate.
Various models such as linear, 2 FI and cubic have
been studied, but the quadratic polynomial model
has been found to be suitable for the removal of cop-
per and lead from the synthetic leachate. The results
of the regression equations with coded variables for
copper and lead with respect to TiO, and Ag-doped
TiO, are presented in Egs. (7), (8), (9), and (10).
The below-coded equation helps in predicting the
response for given levels of each factor.

Copper removal by TiO,(%) = 77.47 — 6.85X, + 2.93X,

+13.58X; — 2.33X, X, — 6.83X, X;
)

+5.87X,X; — 11.90X? — 15.19X?

- 2.90X;

Copper removal by Ag — doped TiO,(%) = 77.45 — 9.94X,
+ 444X, + 14.97X; + 435X, X, — 3.49X, X,
— 0.7487X,X; — 18.40X; — 7.46X; — 2.22X;
®)
Lead removal by TiO, (%) = 97.47 + 9.86X, + 1.88X, + 1.73X;
- 1.74X, X, — 1.26X, X5 + 0.321X,X;
— 6.53X2 — 0.466X2 — 0.709X?
€))
Lead removal by Ag — doped TiO,(%) = 96.76 + 11.47X;
+2.30X, + 1.78X5 — 2.32X, X, — 1.49X, X3

+0.2152X,X; — 7.20X] — 0.620X3 — 0.804X]
(10)

(a) Design-Expert® Software Predicted vs. Actual

Cu removal 100

R?=0.8324

Color points by value of
Cu removat

27.7s

Predicted
3
1

Actual

Further ANOVA is used to verify the adequacy of
the developed polynomial models for copper and lead
in terms of coefficient of determination RZ, p-value
and F-value (Varank et al., 2016).

For TiO, and Ag-doped TiO,_the developed mod-
els of copper and lead are significant or insignificant,
is studied with the relationship between predicted and
actual data as shown in Fig. 7(a) and (b) for the cop-
per and Fig. 8(a) and (b) for the lead. The predicted
R? value for the copper with respect to TiO, and
Ag-doped TiO, were found to be 0.8324 and 0.9177
respectively: and for the lead it is 0.9245 and 0.9403
respectively. The obtained predicted R? values for
copper and lead are in reasonable agreement with the
adjusted R? value of copper 0.9521 and 0.9757 and
lead 0.9760 and 0.9813 respectively, as the differ-
ence is less than 0.2. Therefore, the model obtained
by ANOVA is significant for both the copper and lead
removal. The R? value of lead was found to be higher
compared to copper, because lead model explains
maximum variability of the response data around its
mean. The large value of R? does not prove that the
model is good, because it describes the goodness of
fit of the linear regression models, therefore it is veri-
fied further in terms of F-value, p-value and adequate
precision.

The sum of squares, mean square of each factor,
F-values and p—values are shown in Table 5 for the
copper and Table 6 for the lead with respect to TiO,
and Ag-doped TiO, For the percentage removal of
copper, the Model F-value of TiO, and Ag-doped
TiO, is 4.08 and 4.84 respectively (for lack of fit).
The model F- value for the percentage removal of

Predicted vs. Actual

(b) Design-Expert® Software

Cu removal 100

R>=0.9177 (]

Color points by value of
Cu removat

1213 80

Predicted

Actual

Fig. 7 a Predicted and experimental data for % copper removal byTiO,. b Predicted and experimental data for % copper removal by

Ag-doped TiO,
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esign-Expert® Software Predicted vs. Actual

(a) Design-Expert® Software Predicted vs. Actual (b) 2
lead 10

lead 110

Color points by value of Color points by value of
olor points by value of Cala

lead:
61.67 I 100
6649 I 100 100 08 100

Predicted
Predicted

Actual Actual

Fig. 8 a Predicted and experimental data for % lead removal by TiO, b Predicted and experimental data for % lead removal by Ag-
doped TiO,

Table 5 The ANOVA for response surface quadratic model for copper removal by TiO, and Ag- doped TiO,

TiO,

Source Sum of squares Degree of Mean square F-value p-value Remarks

freedom

Copper model 8871.40 9 985.71 42.93 <0.0001 significant
X-pH 641.44 1 641.44 27.93 0.0004 significant
X,-Dosage 117.28 1 117.28 5.11 0.0474 significant
Xj-Irradiation time 2520.04 1 2520.04 109.75 <0.0001 significant
X, X, 43.62 1 43.62 1.90 0.1982 not significant
X, X3 372.92 1 372.92 16.24 0.0024 significant
X, X5 275.42 1 275.42 11.99 0.0061 significant
Xz 2040.50 1 2040.50 88.86 <0.0001 significant
X2 3326.31 1 3326.31 144.86 <0.0001 significant
X% 120.86 1 120.86 5.26 0.0447 significant
Residual 229.62 10 22.96
Lack of Fit 184.44 5 36.89 4.08 0.0744 not significant
Ag-doped TiO,

Copper model 10,274.62 9 1141.62 85.93 <0.0001 significant
X-pH 1349.91 1 1349.91 101.61 <0.0001 significant
X,-Dosage 269.25 1 269.25 20.27 0.0011 significant
X;- Irradiation time 3060.19 1 3060.19 230.35 <0.0001 significant
XX, 151.12 1 151.12 11.38 0.0071 significant
X, X, 97.51 1 97.51 7.34 0.0220 significant
X, X, 4.49 1 4.49 0.3376 0.5741 Not significant
X12 4880.68 1 4880.68 367.38 <0.0001 significant
Xg 801.36 1 801.36 60.32 <0.0001 significant
X§ 71.31 1 71.31 5.37 0.0430 significant
Residual 132.85 10 13.29
Lack of Fit 110.11 5 22.02 4.84 0.0542 not significant
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Table 6 The ANOVA for response surface quadratic model for lead removal by TiO, and Ag- doped TiO,

TiO,

Source Sum of squares Degree of Mean square F-value p-value Remarks

freedom

Lead model 1784.40 9 198.27 86.97 <0.0001 significant
X,-pH 1216.13 1 1216.13 533.46 <0.0001 significant
X,-Dosage 48.14 1 48.14 21.12 0.0010 significant
Xj-Irradiation time 41.05 1 41.05 18.01 0.0017 significant
XX, 24.19 1 24.19 10.61 0.0086 significant
X, X3 12.63 1 12.63 5.54 0.0404 significant
X, X5 0.8256 1 0.8256 0.3622 0.5607 Not significant
X]2 438.12 1 438.12 192.18 <0.0001 significant
X% 3.15 1 3.15 1.38 0.2667 Not significant
X§ 7.27 1 7.27 3.19 0.1044 Not significant
Residual 22.80 10 2.28
Lack of Fit 18.35 5 3.67 4.13 0.0729 Not significant
Ag-doped TiO,

Copper model 2359.83 9 262.20 111.49 <0.0001 significant
X-pH 1645.89 1 1645.89 699.83 <0.0001 significant
X,-Dosage 72.21 1 72.21 30.70 0.0002 significant
Xs-Irradiation time 43.42 1 43.42 18.46 0.0016 significant
XX, 42.97 1 42.97 18.27 0.0016 significant
X, X, 17.82 1 17.82 7.58 0.0204 significant
X, X5 0.3612 1 0.3612 0.1536 0.7033 Not significant
X12 532.05 1 532.05 226.23 <0.0001 significant
Xg 5.57 1 5.57 2.37 0.1549 Not significant
Xg 9.37 1 9.37 3.98 0.0739 Not significant
Residual 23.52 10 2.35
Lack of fit 19.03 5 3.81 4.24 0.0694 Not significant

lead by TiO, and Ag-doped TiO, are found to be 4.13
and 4.24 respectively. These F values suggest that the
Lack of Fit is not significant compared to the pure
error. Therefore, non-significant lack of fit is sug-
gested to be good for the model.

The model terms with values of p less than 0.05
are considered as significant and same is indicated
in the remarks column of Table 5 for copper and
Table 6 for the lead. The p-values less than 0.05 for
the copper with respect to TiO, observed that the
linear coefficients (XI,XZ,X3) quadratic term coef-
ficients (XfXgX%) and cross product coefficients
(X1X3,X2X3) are significant models terms. From the
Table 6 for the lead removal by TiO,, it is observed
that linear coefficients (X,,X,,X3) a quadratic term
coefficients (Xlz) and cross product coefficients

@ Springer

(X,X,,X,X;) are significant model terms. Simi-
larly, from Table 5 for removal of copper from Ag-
doped TiO, significant model terms for linear coef-
ficients are (X;,X,,X;), cross product coefficients
are (XIXZ,X1X3) and quadratic term coefficients are
(XlngX%) For the lead removal with respect to Ag-
doped TiO, from the Table 6 significant model terms
are linear coefficients (X 12 X5, X3), cross product coef-
ficients (X,X,, X 1X3) and quadratic term coefficients
(X2). The other terms such as X,X, in TiO, and X,X,
in Ag-doped TiO, are not significant for the copper
removal; where as for the lead, insignificant terms are
X,X;3,X; and X3 for the TiO, and X,X;,X; and X3
for the Ag-doped TiO, as corresponding p values are
greater than 0.05. These insignificant terms can be
removed from the model.
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For a model to be significant the adequate preci-
sion ratio should be more than 4. In the present study
for copper removal using TiO, and Ag-doped TiO,
adequate precision ratio are 18.74 and 34.01 respec-
tively. For the lead it was found to be 18.74 and 33.86
for TiO, and Ag-doped TiO, respectively. From the
statistical results attained and discussed, it is found
that the copper and lead models obtained in the
Egs. (3), (4), (5) and (6) are adequate to predict the
copper and lead removal from the leachate within the
applied range of variables.

3.4 Artificial Neural Network (ANN) Modelling

From the statistical study it is confirmed that, the
model obtained from ANOVA in RSM (Egs. 7, 8,
9 and 10) are adequate to predict the percentage
removal of copper and lead within the applied range
of variables. To obtain best ANN structure, correla-
tion coefficient R with maximum and MSE with the
minimum value were taken for training and test data
sets.

The network is trained by varying hidden neurons
with 2 to 10 as shown in Table 7 for the copper with
respect to TiO, and Ag-doped TiO, and similarly for
lead is as shown in Table 8. The optimized hidden
neurons for copper removal by TiO, and Ag-doped
TiO, are found to be 10 and 6 with overall R value of
0.9958 and 0.9968 respectively. For the lead removal

Table 7 Hidden neuron layers efficiency for copper reduction
by TiO, and Ag- doped TiO,

TiO,

Number Training Test MSE Train- TestR AllR
of neu- MSE ing R

rons

2 26.0802  61.044 0.9740 0.9984 0.9706
4 2.4433  14.7928  0.9983 0.9940 0.9816
6 2.1219  11.6189  0.9977 0.9982 0.9946
8 1.8274  12.997 0.9981 0.9991 0.9910
10 1.6285 9.0926  0.9982 0.9991 0.9958
Ag-doped TiO,

2 16.1355 8.7552  0.9821 0.9800 0.9875
4 1.7000 22335  0.9985 0.9990 0.9982
6 0.6473 14012 0.9994 0.9991 0.9968
8 1.2100  17.0621  0.9987 0.9860 0.9884
10 2.0666  28.5901  0.9981 0.9987 0.9921

Table 8 Hidden neuron layers efficiency for lead reduction by
TiO, and Ag- doped TiO,

TiO,

Number  Training Test MSE Train- TestR AllR
of neu- MSE ing R
rons
2 0.6711 0.2837 0.9968 0.9011 0.9958
4 0.8416 0.5812 0.996 0.9992  0.9945
6 1.1845 1.5597 0.9941 0.9569 0.9942
8 1.2987 1.2846 0.9939 0.8825 0.9861
10 1.4574 2.9371 0.9971 0.9988 0.9846
Ag-doped TiO,

2 0.8153 0.8675 0.9976 0.9994  0.9965
4 0.2900 0.6673 0.9986 1 0.9951
6 0.1460 0.2602 0.9993 0.9312  0.9966
8 0.3072 0.6144 0.9954 0.9996 0.9952
10 0.5092 0.7834 0.9989 0.9945 0.9921

by TiO, and Ag-doped TiO, the same are found to be
2 and 6 with overall R values of 0.9958 and 0.9966
respectively. These neuron results were used to gener-
ate the predicted values by ANN for copper and lead
removal by TiO, and Ag-doped TiO,.

The Fig. 9(a) and (b), show the ANN model with
training, validation, test and overall R values for the
copper with respect to TiO, and Ag-doped TiO,.
Similarly for the lead, it was shown in Fig. 10(a) and
(b). The predicted R values for the copper and lead
removal by TiO, and Ag-doped TiO, are found to be
very good in training, validation, test and overall R
values. These R values are close to+ 1 which indi-
cates a strong positive linear relationship with experi-
mental data. For the copper Overall R with respect
to Ag-doped TiO, is found to be 0.9968 and is better
than that of TiO, value of 0.9958 showing a best fit
for the experimental value. Similarly in lead the val-
ues found for the Ag-doped TiO, is 0.9966 showing
better than that of TiO, value of 0.9958.

3.5 Comparison Between RSM and ANN Models

To check the reliability of models in a better way
ANN and RSM predicted values are matched with
the experimental values for the copper and lead
with respect to TiO, and Ag-doped TiO,, shown
in Fig. 11(a) and (b) for copper and Fig. 12(a) and
(b) for lead. The coefficient of determination (R?)
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Fig. 9 a ANN model with training, test, validation and all prediction data set for copper removal by TiO,. b ANN model with train-
ing, test, validation and all prediction data set for copper removal by Ag-doped TiO,

for copper removal by TiO, and Ag-doped TiO,
are found to be 0.8324 and 0.9177 respectively for
the RSM (Fig. 7(a) and (b)) and with the ANN it
is found to be 0.9918 and 0.9935 respectively
(Fig. 11(a) and (b)).
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The coefficient of determination (R?) for lead
removal by TiO, and Ag-doped TiO, found to be
0.9245 and 0.9403 respectively for the RSM (Fig. 8(a)
and (b)) and with the ANN it is found to be 0.9915 and
0.9969 respectively (Fig. 12(a) and (b)). Our analysis
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Fig. 10 a ANN model with training, test, validation and all prediction data set for lead removal by TiO,. b ANN model with train-
ing, test, validation and all prediction data set for lead removal by Ag-doped TiO,
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Fig. 11 a Comparison between experimental and predicted values of RSM and ANN for removal of copper from TiO,. b Compari-
son between experimental and predicted values of RSM and ANN for removal of copper from Ag-doped TiO,

indicates that the ANN models outperform the RSM
models in predicting both copper and lead removal
efficiencies with TiO, and Ag-doped TiO,. The ANN
predictions exhibit a closer fit to the experimental data,
as evidenced by the smaller deviation from the ideal-fit
line (experimental versus predicted) compared to RSM.
The RSM allows to consider the effects of relations
on response differences and finally provides a quad-
ratic mathematical equation that gives new predictions.
The ANN gives process to simulate any form of non-
linearity (not only quadratic), thereby ANN is gener-
ally referred as a black box model, it employs analysis
of existing data rather than designing a successful rela-
tionship. Therefore, the ANN offers a free hand and is
not limited to the design of experiments in modelling.
For optimization in RSM, if we have good con-
dition, the response is simply calculated from the

found quadratic model. But we require the particular
target to start the modeling process in ANN. There-
fore, input (including variables and target value)
must be added to the previous data. The difficulty
is that the ANN has to predict the new target, which
must be pre-inputted. Here, RSM can be successful
as a strong predictor tool—completely solving the
problem. In the first step, the values required for the
ANN are provided by the values of CCD chart, and
fed as preliminary estimation into ANN. In the sec-
ond step, the complete input data is distributed into
training, validation, and test subsections, and the ref-
erence data is allotted to the test subset. By ignoring
the ANN test targets and creating them again, a fresh
target is allotted to the target data. In this way, ANN
can be used as a predictive model with RSM (Sabour
& Amiri, 2017).
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Fig. 12 a Comparison between experimental and predicted values of RSM and ANN for removal of lead from TiO,. b Comparison
between experimental and predicted values of RSM and ANN for removal of lead from Ag-doped TiO,
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Fig. 13 a Three-dimensional surface graph pH and dosage effect on copper removal by TiO, (b) Three-dimensional surface graph

pH and dosage effect on copper removal by Ag-doped TiO,

3.6 Optimisation of pH, Dosage and Irradiation Time
for the Copper Removal

3.6.1 Effect of pH on Removal of Copper and Lead
from Synthetic Leachate

The removal of copper and lead from synthetic lea-
chate is studied by three dimensional (3D) RSM
graphs and contour plots. The three-dimensional
graphs for copper and lead with respect to TiO, and
Ag-doped TiO, are shown in Figs. 13 (a, b) and 14 (a,
b). Similarly, Figs. 13 (c, d) and 14 (c, d) represents

Lead Removal (%)

0.7
X2: Dosage (gm/L) X1: pH
:p

contour plots for copper and lead for the TiO, and
Ag-doped TiO,.

The Figs. 13 (a, b) and 14 (a, b) indicate the
removal of copper and lead by TiO, and Ag-doped
TiO, as a function of two variables pH and dosage,
with irradiation time as constant of 100 min. The
removal of copper is found to be 80.38% and 80.12%
for TiO, and Ag-doped TiO, respectively at optimum
pH of 5, dosage of 0.75 g/L at irradiation time of 100
min. The lead removal was found to be 97.2% and
96.34% for the TiO, and Ag-doped TiO, respectively
for the same state.
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110
100
%
&
R 22,
g
g 70
-]
o
S

X2: Dosage (gm/L)

Fig. 14 a Three-dimensional surface graph pH and dosage effect on Lead removal by TiO, (b) Three-dimensional surface graph pH

and dosage effect on lead removal by Ag-doped TiO,
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There is not much difference found in the removal
of copper and lead for the Ag-doped TiO, compared
to TiO,. Zheng et al. (2015) studied the influence
of silver on copper removal by photocatalysis and
their results show that silver will decrease the cop-
per reduction rate in photocatalysis because of redox
potential of the Ag(I)/Ag(0) couple (0.799 V), which
can compete more favourably with copper ions for
electrons. The surface of the TiO, is amphoteric and
it is essential to study the influence of pH on removal
of copper and lead (Zheng et al., 2015).

From the Fig. 13(a) and (b) show the % removal as
surface plots, from which it is observed that the maxi-
mum removal of copper is between pH 4 and 6.5.
There is a reduction in copper removal percentage
below pH 4 and above pH 6.5. When pH of solution
is below 4 the adsorbent surface becomes more posi-
tive and removal of metal cations would be lowered
(Kanakaraju et al., 2017). Other studies (Kanakaraju
et al., 2017; Wahyuni et al., 2015) show that copper
removal is maximum at neutral and alkaline states
because of precipitation of metal on the surface of
the nanomaterial. But in the present study percent-
age of copper reduction is observed to be minimum
in neutral and alkaline stages, which may be due to
the addition of EDTA as a hole scavenger (Yang &
Lee, 2005). At a pH 7 and above, most of copper and
EDTA exist in liquid phase due to the behaviour of
ligand-type adsorption.

From the Fig. 14(a) and (b) it is observed that, the
lead removal efficiency is found to be less in acidic
condition compared to neutral and alkaline state
for both the TiO, and Ag-doped TiO,. In the pre-
sent study at a pH of 3 the lead removal is found to
be 78.53% and 75.23% for the TiO, and Ag-doped
TiO, respectively at a dosage of 0.5 g/L with irradia-
tion time of 150 min. Similarly, at a pH of 2 the lead
removal efficiency is found to be 66.49% and 61.67%
for the TiO, and Ag-doped TiO, respectively at a dos-
age of 0.75 g/L with irradiation time of 100 min. In
Acidic conditions both Pb** and TiO, have attained a
positive charge and there would be electrostatic repul-
sion between them which slows down the interface
within OH~/O*~ with Pb(II) to form Pb oxide/hydrox-
ide complexes (Sreekantan et al., 2014) which in turn
reduces the lead removal efficiency from the syn-
thetic leachate.

The lead content in the solution with pH 1 to
8, is found as Pb** only, which can be oxidized by

OH radicals from water and photocatalyst. The lead
removal at pH 5 has been found to be 97.2% and
96.34% for the TiO, and Ag-doped TiO, respec-
tively with dosage of 0.75 g/L and irradiation time
of 100 min respectively. Similarly, at a pH of 7 the
lead removal is found to be 98.2% and 98.45% for
the TiO, and Ag-doped TiO, respectively with a dos-
age of 0.5 g/L and irradiation time of 150 min. The
TiOH will be formed on the surface of TiO, at pH 5
to 8, which will provide more electrons for photoca-
talysis, leading to the higher degree of photo reduc-
tion. It should be noted that TiOH releases electrons
and OH radicals easily. In the present study the lead
removal is found to be 100% at pH 8 for the TiO, and
Ag-doped TiO, with a dosage of 0.75 g/L and irradia-
tion time of 100 min. At a pH 8 or above, lead will
be in the form of Pb(OH), which precipitate in water
or stacked on the surface of TiO,, which goes unde-
tected by Atomic Absorption Spectroscopy (AAS)
(Wahyuni et al., 2015). The results of removal of cop-
per in the present study are in line with the study con-
ducted by Yeber et al. (2009) (Yeber et al., 2009).

3.6.2 Effect of Dosage on Removal of Copper
and Lead from Synthetic Leachate

The effect of dosage of TiO, and Ag-doped TiO, on
removal of copper and lead is shown in Figs. 15 and
16 as a function of dosage and irradiation time. It is
observed that as the dosage increases the removal
percentage of copper and lead also increases. Increase
in dosage of catalyst in the leachate help to increase
of active sites of catalyst for the adsorption of metal
ions from the synthetic leachate. Further the Cu (II)
will reduce to Cu (I) in the presence of EDTA by
the formation of electron hole pairs on the surface
of semiconductor and increased hydroxyl radicals
(Kabra et al., 2008).

From Figs. 15(a, b) and 16(a, b) it is observed that,
above 0.75 g/L, there is a decrease in the percentage
removal of copper and lead. This is due to exces-
sive dosage above the saturation level can reduce the
light adsorption coefficient or penetration due to the
shielding effect (Julkapli & Bagheri, 2018). Further-
more, increasing the dosage can lead agglomeration
of particulates, which reduces the active sites on the
semiconductor surface (Alalm et al., 2014; Desai &
Soraganvi, 2019).
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Fig. 15 a Three-dimensional surface graph dosage and irradiation time effect on copper removal by TiO, (b) Three-dimensional sur-
face dosage and irradiation time effect on copper removal by Ag-doped TiO,

3.6.3 Effect of Irradiation Time on Removal
of Copper and Lead from Synthetic Leachate

The effect of irradiation time toward copper and lead
removal by TiO, and Ag-doped TiO, is shown in
Figs. 17 and 18 as function of pH and irradiation time.
From the Figs. 17(a, b) and 18(a, b) the removal of cop-
per and lead will increase with the increased irradiation
time. For the irradiation time interval considered in the
graph, there is no decrease in the irradiation time curve
for removal of copper and lead as seen in the dosage
effects. This increase of irradiation time in photocataly-
sis process helps in generating of more OH* radicals,

(a)
110
100
90
8
k] 80
o
£
2 70
°
4
-]

X3: Irradiation time (minutes) 40

speeding up mixing and dispersion of adsorbent into
the solution which helps in removal of copper and lead
from synthetic leachate (Sahar et al., 2018) with respect
to time. Kumar and Pandey (2017) reported reac-
tion rate reduces with irradiation time as it follows the
pseudo first-order kinetics. The high irradiation time
will decrease the removal efficiency of lead and copper
from synthetic leachate. This may be due to the occur-
rence of end of the reaction where less number of free
radicals will generate and affects the lead removal effi-
ciency. Therefore, optimum irradiation time for copper
and lead removal from the synthetic leachate is found to
be 100 min for the present study.

(b)

Lead removal (%)

X3: Irradiation time (minutes) X2: Dosage (g/L)

Fig. 16 a Three-dimensional surface graph dosage and irradiation time effect on lead removal by TiO, (b) Three-dimensional sur-
face dosage and irradiation time effect on lead removal by Ag-doped TiO,
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Fig. 17 a Three-dimensional surface graph pH and irradiation time effect on copper removal by TiO, (b) Three-dimensional surface
pH and irradiation time effect on copper removal by Ag-doped TiO,

Several studies have investigated the effect of
irradiation time on the removal of heavy metals
using various photocatalysts. While the optimal
irradiation time can vary depending on the specific
experimental conditions, our finding of 100 min
aligns well with the trends observed in the literature.
Kanakaraju et al. (2017) investigated copper removal
from aquesous solution using TiO,/ZnO-CaAlg pho-
tocatalyst and reported that 120 min were required
for the removal of 87% of copper removal. Another
study by Peter et al. (2012) focused on the removal

Lead removal (%)

X3: Irradiation time (minutes) -,

of copper and lead from aqueous solution and found
that the best removal efficiency was achieved after
60 min of irradiation time using a nano structured
TiO,/zeolite system based photocatalyst. Consider-
ing these findings and other relevant literature, our
result of 100 min as the optimum irradiation time
falls within the range of typical values reported in
previous studies. This consistency further supports
the reliability of our experimental results and vali-
dates the effectiveness of our photocatalytic system
in removing copper and lead from synthetic leachate.
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Fig. 18 a Three-dimensional surface graph pH and irradiation time effect on lead removal by TiO, (b) Three-dimensional surface

pH and irradiation time effect on lead removal by Ag-doped TiO,
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3.6.4 Mechanism of Copper and Lead Removal using
Tio2

The basic reactions are expressed for removal of
Cu (II) by TiO, in photocatalysis is expressed as
follows in Eqs. 11 to 14. (Litter, 2009; Murruni
et al., 2007)

2[(Ti0,) + hv —> e~ + '] (11)
Cu** +2¢” — Cu (12)
H,0 +2h* - 1/202 +2H" (13)
Cu*+H,0 + hv — Cu+ '/, +2H" (14)

Complete reduction of Cu(Il) was observed in UV
illuminated TiO, suspensions containing methanol,
although, no reduction was possible in the absence
of methanol (Kabra et al., 2008). In the present study
EDTA is used as hole scavenger and Foster et al.
(1993) reported that Cu(II) could be reduced to Cu(I)
in the presence of suitable organics only, such as
sodium formate and EDTA, and complete reduction
was not observed. The present results of the study
show removal of copper is 80.38% and 80.12% for
TiO, and Ag-doped TiO, respectively at optimum
pH of 5, dosage of 0.75 g/L at an irradiation time of
100 min.

The Pb(II) metal ions treated by TiO,, photocata-
Iytic reduction meet thermodynamic requirements,
the general procedure is followed by successive one-
electron cutting steps until the final stable species is
formed. The general pathway for Pb(Il) reduction to
metallic lead is as follows in Eqgs. 15 and 16. (Litter,
2009; Murruni et al., 2007)

PV + ¢~ - Pb* (15)

Pb* + e~ — Pb(0) (16)

The anodic reaction would be the oxidation of
water by holes and ending in protons and oxygen as
show in Eq. 17

H,0 + ht »—— 1/202 +2H" a7)

@ Springer

The oxidative route to Pb (IV) species through
hole or OH" attack is one possible process. The global
reaction is as in Eq. 18

2Pb** +2H,0 + 0, = 2Pb0O, + 4H* (18)

In this route, PbO, is formed as the final product,
obtained as a dark brown deposit on TiO,. Consid-
ering two consecutive one-electron charge-transfer
steps, the first one will be h:rb or OH" attack leading
to the trivalent state as shown in Eq. 19. (Litter, 2009;
Murruni et al., 2007)

K, JH" + Pb(Il) — Pb(III) (19)

3.7 Kinetic Study for the Removal of Copper and
Lead by TiO, and Ag-doped TiO,

The photocatalytic reaction rate of metals is
expressed by the pseudo-first-order kinetic model,
because reduction pattern of metals is better in first
order compared to zero and second order equations.
The suitability of the L-H model is verified for the
removal of copper and lead with coefficient of deter-
mination (R?) as shown in Figs. 19 and 20 for TiO,
and Ag-doped TiO,. The R? obtained for removal of
copper by TiO, and Ag-doped TiO, found to be
0.8821 and 0.8681 respectively by Fig. 19(a) and (b).
Similarly for removal of lead by TiO, and Ag-doped
TiO, found to be 0.8228 and 0.8341 respectively by
Fig. 20(a) and (b). The higher values of R? in both the
cases confirms that the photocatalytic removal of cop-
per and lead using TiO, and Ag-doped TiO, obey
pseudo-first order kinetics. The slope of apparent reac-
tion rate constant (K ) is calculated for the removal

app
of copper and lead by plotting In = (CE) vs time. The
0

K, for removal copper by TiO, and Ag-doped TiO,

found to be 1.56x 10 min~" and 1.405 10> min"!
respectively. Similarly for the removal of lead, K,,,
found to be 2.1x 1072 min~! and 2.05x 1072 min~! by
TiO, and Ag-doped TiO, respectively. From the K,
result it is observed that Ag-doped TiO, rate constant
is smaller than that of TiO,. Zheng et al. (2015)
(Zheng et al., 2015) studied the effect of silver on cop-
per reduction from kinetic analysis and found that the

rate of copper reduction steadily declined during the
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first (3.44 x 107%109.30 X 10 min~) and second
(7.65x 1073101.50 X 10 min~) regime. This is
because of Ag (0) is formed after Ag (I) photo reduc-
tion and the formed Ag (0) species are present on the
surface of TiO,, which reduces the photo-catalytic
activity of TiO,.

3.8 Recycling of TiO, and Ag-doped TiO,
Nanomaterials

The toxicity of doped or undoped nanoparticles is
related to their small size, ability to produce reac-
tive oxygen species and large surface area (Taghavi
et al.,, 2013). Many researchers have studied the
reuse and recovery of catalyst in the photocatalysis,
which can help reduce the nanomaterial effects in the

environmental and the operational costs in treatment
of wastewater/leachate. Some studies have shown
the reuse of TiO, and doped TiO, in the removal
of organic, inorganic and heavy metals. Cheng
et al. (2019) show that, Cu(Il) removal efficiency
decreased from 96.8% to 89.6% after using four
cycles of TiO,/titanate nanotube composite (TiNT),
that is quite acceptable. The photocatalytic activity of
TiO,/TiNTs is mainly contributed by TiO,, which is
more stable during the application and regeneration
process. The TiO,/TiNTs also has good settling per-
formance, which facilitates its separation from aque-
ous solution after application. Ismail et al. (2008)
investigated the Sorption of Ni*and Cd*" by the
binary oxide TiO,-SiO,. The Cd** was removed at
100% after using 10 cycles, while the Ni** sorption
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decreased sharply after 6 cycles by TiO,-SiO,. This
is apparently because Cd** has a higher affinity to
form hydroxyl complexes than does Ni**(Ismail et al.,
2008). Djellabi and Ghorab, (2015) show, Cr(VI)
reduction rate decreased from 89% to 67.1% in the
fifth use of TiO,-immobilized. This decrease of the
removal rate can be accounted for the saturation of
photocatalyst surface by the Cr(IIl) ions deposited
during the reduction reaction. With these studies we
can conclude used nanomaterials can be regenerated
and reused, but the efficiency of metal removal will
be reduced.

The widespread use of TiO, and Ag doped TiO,
nanomaterials in the field of environmental protec-
tion, agriculture and medicine has increased the
release of these materials in the environment. These
nanomaterials enter the human body through the skin,
intestines and lungs and affect various organs of the

@ Springer

body (Malakar et al., 2020). Regular supply of small
amount of TiO, affects the intestinal mucosa, heart,
brain and other internal organs of the human body
(Baranowska-Wojcik et al., 2020). Only when these
TiO, reaches adequate levels in the natural environ-
ment, they can pose a significant risk to environmen-
tal biota (Mo et al., 2016). Ag-doped TiO, nanoma-
terials are more toxic than TiO,, because TiO, doped
with silver oxide or silver carbonate reduces the size
of TiO, nanomaterials and have synergistic effects on
adult zebrafish at the molecular and cellular levels
(Mahjoubian et al., 2021). Ag-doped TiO, nanomate-
rials induce toxicity in human liver cancer (HepG2)
cells via oxidative stress (Ahamed et al., 2017). But
it has also been debated that, Titanium dioxide (TiO,)
is a natural oxide of the element titanium with low
toxicity, and negligible biological effects (Grande &
Tucci, 2016).
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Table 9 Summary of performance of TiO, and structurally modified TiO, in removal of copper from wastewater/aqueous solution

SINo Wastewater type TiO, pH Dosage Irradiation Light details Hole % of Reference

in (g/L) time in scavengers copper
(Hours) removal

1 Aqueous solu-  DegussaP-25 4.3 0.5 1h10min 120 W UV-C lamp Nil 80% (Yeber et al.,
tion TiO, (254 nm) 2009)

2 N, N’-ethyl- TiO, Nanoma- 2 0.05 1 125 W Hg vapour  Nil 85% (Satyro &
enediamine- terial lamp (A=300— Carroll 2014)
disuccinic acid 400 nm) & Natu-

(EDDS) and ral Sunlight
Cu (II) ions

3 Aqueous solu-  TiO, powder 5 0.05 24 40 W UV (A=290- Nil 45.56% (Wahyuni et al.,
tion 390 nm) 2015)

4 Synthetic waste- TiO, (Merck) 8 1 8 Parabolic collector Citric acid  97.6%  (Kabra et al.,
water -Sunlight 2008)

5 Synthetic (CU** Degussa 11 1 3.5 100 W high- - 90% (Barakat et al.
(IT):CN) P-25 TiO, pressure mercury 2004)

lamp (A=228—
420 nm)

6 Aqueous solu-  TiO,@yeast 5 0.75 1 UV-light lamp - 70.2%  (Zheng et al.,
tion 2015)

7 Aqueous solu-  nano-struc- 4 101 g/l 1 Solar light with Nil 46.3%  (Peter et al.,
tion tured TiO, magnetic stirrer 2012)

/ zeolite 160 rpm
system

8 Aqueous solu-  TiO,/ZnO- 5 1gm 2 ultraviolet (UV) - 87% (Kanakaraju
tion CaAlg lamp (A=254 etal., 2017)

nm)

9 Cu(Il) Aqueous TiO, 3 1.0 0.5 125W high pres-  Formic acid 60% (Aman et al.,
solution sure mercury 2011)

lamp (A=546)

10 Cu(Il) Aqueous TiSi 3 1.0 0.5 125W high pres-  Formic acid 38% (Aman et al.,
solution sure mercury 2011)

lamp (A=546)

11 Cu(Il) Aqueous TiZr 3 1.0 0.5 125W high pres-  Formic acid 70% (Aman et al.,
solution sure mercury 2011)

lamp (A =546)

12 Cu(II) Aqueous TiO, 3 1.0 0.5 125W high pres-  EDTA 62% (Aman et al.,
solution sure mercury 2011)

lamp (A=546)

13 Cu(Il) Aqueous TiSi 3 1.0 0.5 125W high pres-  EDTA 42% (Aman et al.,
solution sure mercury 2011)

lamp (A=546)

14 Cu(Il) Aqueous TiZr 3 1.0 0.5 125W high pres-  EDTA 80% (Aman et al.,
solution sure mercury 2011)

lamp (A=546)

15 Synthetic Lea-  Sisco Research 5 0.75 1 h40 min Natural sunlight EDTA 80.38% Present study
chate TiO,

16 Synthetic Lea-  Ag-doped TiO, 5 0.75 1h40min Natural sunlight EDTA 80.12% Present study
chate
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Table 10 Summary of performance of TiO, and structurally modified TiO, in removal of lead from wastewater/aqueous solution

SINo Wastewater  TiO, pH Dosage in Irradiation  Light details Hole % of lead Reference
type (g/L) time in scavengers  Removal
(Hours)
1 Aqueous TiSiof 10% 3.5 1.5 1 125W UV  Sodium 96% (Mishra et al.,
solution lamp formate 2007)
2 Aqueous TiZrof 10% 3.5 1.5 1 Visible light Sodium 93% (Mishra et al.,
solution formate 2007)
3 Aqueous Degussa 3 1 5 UV lamp (15 Ozone 35% (Murruni
solution P-25 TiO, W) et al., 2007)
4 Aqueous Pt-TiO, 3 1 5 UV lamp (15 Oxygen 93% (Murruni
solution W) et al., 2007)
5 Aqueous Pt-TiO, 3 1 5 UV lamp (15 ozone 83% (Murruni
solution W) et al., 2007)
6 Synthetic TiO, 8 2 8 Parabolic Citric acid ~ 46% (Kabra et al.,
wastewater (Merck) collector 2008)
-Sunlight
7 Aqueous TiO, powder 5  0.05 24 40 W UV Nil 40.32% (Wahyuni
solution (A=290- et al., 2015)
390 nm)
8 Aqueous nano-struc- 4 101 g/L 1 Solar light Nil 41.8% (Peter et al.,
solution tured TiO, with mag- 2012)
/ zeolite netic stirrer
system 160 rpm
9 Synthetic Sisco 5 075 1h40min  Natural Aceticacid  97.2% Present study
Leachate Research sunlight
TiO,
10 Synthetic Ag-doped 5 075 1h40 min  Natural EDTA 96.34% Present study
Leachate TiO, sunlight

3.9 Comparative Study Between Present Study and
Other Studies

Tables 9 and 10 show a summary of copper and
lead removal of TiO, and structurally modified
TiO, with respect to pH, dosage, irradiation time
and hole scavenger. The removal of more than 70%
of copper from synthetic wastewater and aqueous
solution is observed with TiO, and structurally
modified TiO,. The reason for excessive removal
of copper from aqueous solution/wastewater may
be due to high intensity of light and hole scaven-
ger used in the treatment. Some studies shown in
Table 9 show copper removal between 40 to 50%,
where low-intensity of light/solar light is used and
no hole scavengers are used for treatment. Cop-
per and selenium removal as individual and mixed
aqueous solutions were studied simultaneously by
Aman et al. (2011) using TiO, and structurally
modified TiO, under visible light conditions. The
formic acid and EDTA are used as hole scavengers
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for the treatment. EDTA acts as a better hole scav-
enger than formic acid for copper reduction. The
enhanced photocatalytic reduction in the presence
of EDTA may be due to the strong adsorption of
the metal-EDTA complex on the catalytic surface.
The literature presented in Table 10 highlights lead
removal from aqueous solution using hole scaven-
gers such as oxygen, ozone and sodium sulphate with
structurally modified TiO,. The low percentage of
lead reduction at pH 8, 5 and 4 may be attributed to
low light intensity and solar radiation used at this pH.
The present study shows removal of copper from the
synthetic leachate as 80.38% and 80.12% for TiO, and Ag-
doped TiO, respectively at optimum conditions of pH of 5,
dosage of 0.75 g/LL with irradiation time of 100 min. The
lead removal efficiency is found to be 97.2% and 96.34%
for the TiO, and Ag-doped TiO, nanomaterials respec-
tively, at an optimized pH of 5 and dosage of 0.75 g/LL with
irradiation time of 100 min. The constructed CPC is effec-
tive in capturing major photons from sunlight, resulting
in higher copper and lead removal efficiency with shorter
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contact time and lower catalyst dosage using natural sun-
light, which is much better compared to other studies.

3.10 Scale Up and Cost Analysis for Photocatalysis

The total cost for photocatalysis includes sum of capi-
tal expenditures, operating expenses and maintenance.
These costs are strongly dependent on the nature and
concentration of leachate pollutants and photocatalysis
stage adopted in the treatment unit. If photocatalysis is
adopted at the primary and secondary stage of treat-
ment unit, a large quantity of TiO, nanomaterial and
increased photocatalysis timing will increase the cost
of treatment for high concentration of leachate pollut-
ants. Many researchers have suggested that photoca-
talysis is appropriate for treating pollutants in the final
stage to meet the regulatory requirements. Where the
cost of treatment will reduce.

Present research is performed at lab scale for
treatment of 1L of leachate pollutants. The synthetic
leachate was diluted for low metal concentrations
to meet the requirement of final stage leachate char-
acteristics. For performing lab scale study, the capi-
tal expenditure includes construction of compound
parabolic collector and its accessories and it can be
fabricated at a very low cost ($ 24) by providing the
design. The operational cost includes TiO, nano-
material as photocatalyst, EDTA and citric acid as
hole scavengers. TiO, nanomaterial is comparatively
expensive (25 gm is $ 73.55) and it is procured from
the Sisco Research Laboratory. In literature produc-
tion of TiO, using TiCl, is also presented, where in
cost of TiO, nanomaterial can be brought down. The
regeneration of the photocatalyst is another way to
lower the cost where regeneration of catalyst can be
done in a very simple way. Hole scavengers used in
study are at very small quantity and their cost is neg-
ligibly less. The Maintenance cost includes washing
of glass reactor and painting of compound parabolic
collector with sliver for capturing maximum photons
from sunlight.

Researchers have suggested Photocatalytic technol-
ogy has been proven to be cost-effective alternative for
treatment of wastewater containing persistent organic and
inorganic pollutants (Jia et al., 2011; Wang, 2012) Com-
pound parabolic photoreactors are best suited for near-term
applications in pilot-scale (> 1000 L/day) because of their
favourable light collecting characteristics and well-known
design method.

4 Conclusions

The main aim of this study is to evaluate, the pre-
dictive capability of both ANN and RSM models in
the removal of copper and lead from the synthetic
leachate using TiO, and Ag-doped TiO, nanomate-
rials. The synthetic leachate prepared for the copper
and lead shows the young leachate characteristics
with high values of metal concentration and COD.
The characterization study performed on the TiO,
and Ag-doped TiO, nanomaterials confirms the used
nanomaterials are in anatase phase having crystallite
particle size 19.29 nm and 15.36 nm for TiO, and
Ag-doped TiO, respectively. The shape of the nano-
materials by SEM is found to be spherical with dense
agglomeration. The EDX results showed that 1% dop-
ing of Ag on TiO,. The optimum conditions for cop-
per and lead removal were found to be at a pH 5, the
dosage of 0.75 gm/L with an irradiation time of 100
min. The quadratic models developed for copper and
lead show that, experimental values obtained were in
good agreement with the predicted values obtained by
RSM. ANOVA showed a high determination of coef-
ficient R? value greater than 0.80 for both copper and
lead removal. The two statistical models ANN and
RSM were compared to estimate photocatalysis per-
formance in the removal of copper and lead from the
synthetic leachate. The coefficient of determination
(R?) values of RSM and ANN for the copper and lead
for TiO, and Ag-doped TiO, are found to be in good
agreement. The ANN predicted values for copper and
lead have less deviation with the experimental values
compared to RSM. Therefore, ANN shows better per-
formance in comparison to RSM in all aspects. The
coefficient of determination R? values for copper and
lead removal by TiO, and Ag-doped TiO, confirm,
that the developed model allows the accurate predic-
tion and we can use the RSM data as input to ANN
for prediction. The kinetic study shows that, cop-
per and lead removal by photocatalytic process are
described well by the Langmuir—Hinshelwood kinetic
model. In the present study Langmuir—Hinshelwood
(L-H) model follows the pseudo-first-order rate con-
stant. The Coefficient of determination R? values for
copper and lead removal by TiO, and Ag-doped TiO,
are found to be greater than 0.85 in kinetic model.
From the present study, it is observed that heavy
metals such as lead and copper can be removed more
than 90%, from the leachate using TiO, and Ag-doped
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TiO, nanomaterials. Therefore, in tropical area, pho-
tocatalysis can be used as a final stage of treatment
for complete removal of copper and lead from the lea-
chate to meet the discharge standard limits regulated
by the authority. The Method presented in this study
can be scaled-up for the treatment of leachate econom-
ically by adopting reuse and recovery of the catalyst.

The problems encountered during the photocata-
lytic experiment for the removal of copper and lead
using TiO, and Ag-doped TiO, are maintaining the
desired pH level during experiments and another
problem encountered is the precise quantification of
copper and lead removal, which requires advanced
analytical techniques.
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