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ABSTRACT

Pharmaceutical active compounds (PhACs) are an emerging class of contaminants found in water
and wastewater. The objective of this study was to develop and test a novel catalyst for the treat-
ment of theophylline — a commonly occurring xanthine (a PhAC) for heterogeneous Fenton oxida-
tion (HFO). The catalyst used was iron nanoparticle-loaded zeolite developed through coprecipitation
of iron salts. Elemental composition, particle size and its distribution and Brunauer—-Emmett-Teller
surface area of the catalyst were determined. The deposition of iron nanoparticles was ensured
through Fourier-transform infrared spectroscopy and X-ray diffraction techniques. Effect of treat-
ment variables (pH, iron to oxidant ratio, and oxidation time) was evaluated through batch mode
oxidation experiments. The experimental design was carved using response surface methodology and
optimization done using Design-Expert v. 10.0 software. pH and iron to oxidant ratio were deter-
mined to be the most influencing parameters for theophylline removal. Moreover, it was observed
that interaction between pH and iron to oxidant ratio, significantly affects the theophylline removal.
Effective theophylline removal (~95%) was observed at pH 7, oxidation time of 60 min and iron to
oxidant ratio of 3. Theophylline was transformed into its degradation product, that is, 1,3-methy-
luric acid after heterogeneous Fenton oxidation of theophylline. The developed catalyst was sta-
ble, durable and reusable for at least three experimental runs without compromising the catalyst
performance. The treatment cost of theophylline using HFO was $14.41/m°.

Keywords: Theophylline; Heterogeneous Fenton oxidation; Design-Expert; Degradation products;

Pharmaceutical active compounds

1. Introduction

Pharmaceutical active compounds (PhACs) are an
emerging class of contaminants that enter the water and
wastewater matrices from several sources [1]. The sources
include the consumption and subsequent excretion of
human and veterinary medicines, improper disposal of
unused or expired medicines, effluents of pharmaceuti-
cal industries and hospitals, animal farms and feedlots,
and effluents from wastewater treatment plants [2-4]. The
presence of PhACs in significant concentrations has been
reported in effluents from the pharmaceutical industry [5],

* Corresponding author.

municipal wastewater [6,7] and effluents from hospitals
and medical centers [5,8,9].

PhACs even at very low concentrations affect aquatic
life. Few impacts such as inhibition of the metabolic activity
of living species, growth of antibiotic resilient microorgan-
isms [10], abnormal changes in reproduction and develop-
ment of zooplankton [11], and increased susceptibility of
tadpoles to predation [12]. Fish are the most sensitive species
to PhACs. The effects observed are: (1) changes in the behav-
ior and feeding patterns, (2) accumulation of PhACs in the
liver and brain tissues and cells [13-15], (3) increased activ-
ity and decreased sociability [16], (4) inhibition of enzymes
and hormones and oxidative stress [17]. Ecotoxicological
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data are available for PhACs, however, most of the stud-
ies are based on a single compound. In actual wastewater,
cocktails/mixture of these PhACs were found [18]. Hence,
it may be expected that the actual effects of these PhACs
would be deleterious than those predicted through these
ecotoxicological studies [19].

PhACs generally escape the conventional treatment pro-
cesses for wastewater, because these are not designed spe-
cifically for their treatment. Advanced oxidation processes
(AOPs) have evolved as an effective treatment method for
recalcitrant contaminants. The OH" radicals, being the stron-
gest oxidizing agents, mineralize the contaminants into
carbon dioxide and water. AOPs such as photocatalysis, 0zo-
nation, Fenton process (homogeneous or heterogeneous),
and wet air oxidation. Among these, the Fenton process
has been extensively used for the treatment of many phar-
maceuticals and personal care products (PPCPs). Fenton
oxidation results in the production of hydroxyl radicals
because of the reaction between H,0O, and Fe*" under acidic
conditions. The overall reaction between these two radicals
can be represented through the following reaction:

H,O, +Fe*" — Fe’ + OH" + OH" )

k=63 M"s"!

However, to produce hydroxyl radicals a chain of reac-
tions is usually followed represented by the following
reactions [20].

H,0, +Fe’ — Fe** + OH; + H" )
k=1x102M"s"
OH' +H,0, - HO, + H,0 3)

k=2.7x10"M1s™

OH" +Fe** —» Fe®* + OH~ 4)
k=32x10°M"'s!

HO; + Fe’" —» Fe’" +O, +H* (5)
k=31x10°M1s™

Fe* + HO; + H' —Fe* + H,0, ©6)
k=12x10°M"1s™!

HO; + HO; —» H,0, +0, %
k=83x10°M1s!

HO; +H,0, - HO" + H,0 +0, ®)

k=3M'1g!

However, ozonation and photocatalysis have evolved
recently for the treatment of these PPCPs. Ozonation has
been found as most effective method for the decontam-
ination of many of the PhACs. A mixture of ibuprofen
and clofibric acid was degraded up to 99% through ozone
treatment [21]. Ozonation has been studied for the treat-
ment of ibuprofen [21], diclofenac [22], paracetamol [23],
naproxen and carbamazepine [24], erythromycin [25] and
ofloxacin [26]. Although ozone has so far proved to be an
effective treatment method for the PhACs, however, high
energy consumption for ozone generation and provision
of in-situ ozone generation owing to its short half-life limit
the use of this process. Atenolol [27,28], amoxicillin and
erythromycin [29], diclofenac [30], ibuprofen [31], clofibric
acid [32,33] and bezafibrate [27] were studied for their decon-
tamination through photocatalysis. Overall photocatalytic
techniques were found effective for the treatment of PhACs.
However, the major limitation is the energy requirements for
the treatment process.

The recent focus has shifted to the hybrid approach
of using different AOPs in combination with each other.
Hybrid methods employed for treatment of PhACs are
combinations of UV radiation and ozone with H,0,, TiO,,
Fe(Il), and Fe(III) [34,35], photo-Fenton, solar photo-Fenton-
like Fe(Il)-EDDS complex [35], and several other com-
binations [36-38]. The addition of the second oxidation
step resulted in rapid mineralization of the contaminants.
However, the limitation to this hybrid approach is the
higher costs involved [39].

Heterogeneous catalysis, although used for the treat-
ment of PhACs, however, more focused remained on het-
erogeneous photocatalysis [40-43]. Little attention was
paid to the heterogeneous catalytic Fenton process for the
decontamination of wastewater from PhACs. In heteroge-
neous Fenton oxidation, the iron is deposited on support
media like zeolites, clays, polymeric resins, and aluminates.
Modified polyacrylonitrile was used for the removal of
endocrine-disrupting compounds and some of the PPCPs
[44]. Iron oxide nanoparticles were used as heterogeneous
catalysts in the Fenton process for the treatment of parac-
etamol [45]. Iron-containing zeolite (Fe/MFI) was found
effective in paracetamol degradation with total organic
carbon removal of around 60% in 5 h [46]. Therefore,
many opportunities exist to further explore the heteroge-
neous Fenton process for the treatment of this vast group
of contaminants, that is, PhACs. The major advantages of
heterogeneous Fenton oxidation include, wide operative
pH range, no sludge formation and hence mitigation of
associated cost issues [47].

The current study aimed to develop a novel catalyst
for heterogeneous Fenton oxidation by depositing iron
nanoparticles on a natural zeolite analcime for the treat-
ment of PhACs. The PhACs targeted in this study were
theophylline (C;H,N,O,). Theophylline belongs to the class
of xanthine having a chemical composition of 1,3-dimeth-
ylxanthine commonly applied for the treatment of asthma.
This xanthine derivative is prescribed to treat chronic
obstructive pulmonary diseases. It is also used as a diuretic
and cardiac and central nervous system stimulant. In addi-
tion, theophylline is a major constituent of black and green
tea. The widespread use of this methylxanthine and its
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occurrence, as a metabolite of caffeine, resulted in its pres-
ence in wastewater across the globe [48-50]. Hence, it was
selected as the target contaminant.

The current study is useful for determining the effec-
tive treatment method for a pollutant that has wide occur-
rence belonging to the emerging class of contaminants. The
novel catalyst prepared can further be used for the treat-
ment studies of similar pollutants.

2. Materials and methods
2.1. Reagents

Analytical grade theophylline (C,H,N,O,) and sodium
zeolite (analcime) having a chemical composition of
(Na, AL Si O, - 16H,0) were purchased from Sigma-Aldrich
(Singapore). For co-precipitation of iron nanoparticles, hexa-
hydrated ferric chloride FeCl,-6H,0O and hepta-hydrated
ferrous sulfate FeSO,-7H,O were used. Hydrogen peroxide
(H,O,) was used as an oxidant and purchased from Merck
(Singapore). 0.1 N NaOH or H,SO, were used for the pH

adjustments whenever required.

2.2. Preparation of heterogeneous catalyst

Iron nanoparticles deposited (Na, Al Si,,0,,-16H,0)
were prepared by the co-precipitation of FeCl-6H,O and
FeSO,7H,O. Appropriate quantities of aqueous solutions
of FeCl,-6H,O and FeSO,7H,O were heated together to
90°C on a hot plate. Then, to this mixture was added, 26%
NH, solution. The NH, containing the mixture was then
transferred instantaneously into zeolites solution and vig-
orously mixed together. The pH of the mixture was kept at
10. After 30 min of heating at 80°C, the mixture was then
cooled to room temperature. Zeolites were separated from
the solution through vacuum filtration. Black-colored iron
nanoparticles were deposited onto zeolites. These were
then washed with deionized water, dried and stored in an
air-tight container for further use [51].

2.3. Characterization of a heterogeneous catalyst

Raw sodium zeolites and the prepared heterogeneous
catalyst were analyzed for elemental composition through
CHNSO Analyzer (4010 Costech ECS, USA) and atomic
absorption spectrometer (400 PerkinElmer Analyst, USA).
Litesizer 500 (Austria) was used to determine the parti-
cle size and its distribution of iron nanoparticles on raw
sodium zeolite. Brunauer—-Emmett-Teller quantachrome
analyzer (NOVA 2200e, USA) was used to measure the spe-
cific surface area of the developed catalyst. Agilent Cary
630 FTIR spectrometer (USA) was used to determine the
characteristic peaks of the elements present in the raw
and prepared catalyst. X-ray diffraction peaks for both
catalysts were obtained, employing powder diffractom-
eter, at various 20 values. The 20 values ranged between
10° and 90°. The chemical nature of deposited Fe was esti-
mated using the modified 1,10-phenanthroline method.
In this method, the chemical nature of iron is estimated
by quantifying iron (as total and as Fe*") [52].

2.4. Design of experiments

The effect of process parameters on the response is con-
ventionally established by varying one-parameter-at-a-time
(OPAT) while keeping all others constant in experimenta-
tion. Although widely used, the OPAT approach needs to
be replaced with a statistically designed set of experiments.
Design of experiments (DOE) is a statistical technique used
for the systematic planning of experiments. The advantage
of DOE over OPAT is that DOE enables the establishment
of cause-effect relationship between the response and pro-
cess parameters. Moreover, the interaction between vari-
ous process parameters can also be identified through DOE
which is not possible otherwise. DOE also identifies vital
parameters which affect the process response. Furthermore,
for achieving desired response, DOE aids in determining
the optimized set of process parameters through numer-
ical optimization. Lastly, DOE offers less number of exper-
iments with reliable statistical analysis of the results as
compared to the OPAT approach [53].

Given the benefits of DOE, the present study was
designed based on a frequently used, user-defined, response
surface methodology [54,55]. The software, Design-Expert v.
10.0 was used to design the experiments of heterogeneous
Fenton oxidation of theophylline. The parameters that
affect the oxidation included pH of the reaction (3,5,7), oxi-
dation time (30, 45, 60 min) and Fe:H,O, ratio (1,2,3). These
were selected through screening experiments.

The DOE resulted in 27 experimental runs by varying
combinations of different levels of the above-mentioned
parameters. These experiments were conducted in triplicate
and the corresponding average removal (response) of the-
ophylline was noted (Table 1).

2.5. Experimental

1 g of theophylline was dissolved in 1,000 mL of deion-
ized water to make a 1,000 mg L stock solution. The stock
solution was then further diluted to prepare standard solu-
tions of; 10, 20, 30, 40, 50 and 100 mg L-'. These solutions
were analyzed through the high-performance liquid chro-
matography (HPLC) technique. HPLC with a UV detector
(L-2420), of Hitachi Elite Gradient, was used for the anal-
ysis of theophylline. The column used was Inertsil ODS-3
(Dimensions: 4.6 mm x 250 mm). The mobile phase used
for the detection of theophylline was methanol:water on
a 60:40 v/v basis. The temperature and mobile phase flow
rate employed to the column was 25°C and 0.75 mL min™,
respectively.

2.5.1. Batch mode heterogeneous Fenton oxidation

Heterogeneous Fenton oxidation (HFO) of theophyl-
line was carried out in batch mode. 100 mL of 100 mg L
of theophylline solution was taken in Erlenmeyer’s glass
reactors. The pH of the solution was adjusted as per DOE
using 0.1 N NaOH and H,SO,.

An appropriate amount of prepared catalyst (2 x 107 M)
was added to the glass reactor to maintain the iron concen-
tration of 0.002 M. Hydrogen peroxide was then added,
into the reactor, in the required quantity to maintain the
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Fe:H,O, ratio as per the suggested combinations (2 x 107 M,
4 x10° M and 6 x 10° M for 1:1, 1:2 and 1:3 Fe:H,O, ratio,
respectively). The reaction mixture was agitated at 90 rpm for
various oxidation times according to the DOE.

After designated oxidation time, the reaction was ceased
by increasing the pH of the mixture to 10. This was done
with the addition of 0.1 N NaOH. The reaction mixture was
further heated in an oven for 10 min to eliminate excess
H,O,. The catalyst was then recovered from the reaction
mixture using 0.45 pm filter paper. The residual theophyl-
line concentration was then determined using the HPLC
technique. Several tests of quality assurance (QA) and qual-
ity control (QC) were performed during the analysis of
theophylline using HPLC analysis. These include standard
calibration, blank injection, precision and accuracy.

Catalyst stability is a vital parameter in the selection of
catalysts. It was evaluated by determining the iron leach-
ing from catalyst during treatment. The performance of the
catalyst was evaluated based on its reusability in succeed-
ing experiments under similar conditions. For this, the cat-
alyst was reused for three successive runs, each of 60 min,
for the removal of theophylline.

Table 1

Experimental combinations and respective removal of

theophylline
Run pH Oxidation time Fe:H,0, Removal
no. (min) ratio (%)
1 5 30 3 91
2 7 45 2 83
3 5 30 1 73
4 7 45 3 96
5 7 30 2 89
6 5 45 2 87
7 3 60 2 98
8 7 60 3 97
9 5 60 1 72
10 3 30 1 74
11 3 45 2 99
12 7 30 3 92
13 7 60 1 81
14 7 60 2 93
15 3 60 1 99
16 7 30 1 74
17 3 45 3 96
18 3 60 3 100
19 3 45 1 99
20 5 60 3 82
21 5 30 2 94
22 7 45 1 74
23 3 30 3 99
24 5 45 3 100
25 3 30 2 98
26 5 60 2 88
27 5 45 1 76

2.5.2. Fate of theophylline in HFO

Standard solutions of 10 mg L™ of theophylline and its
probable degradation products were prepared. These were
then analyzed through a UV spectrophotometer. The ana-
lytical wavelength ranged from 400-700 nm. The peaks
of each compound were identified corresponding to their
respective lambda max (A__ ). The range of analysis was
narrowed down depending on the presence of specific
peaks. Afterward, the parent compounds and the degrada-
tion products were mixed and analyzed within a narrower
wavelength. The respective peaks of parent compounds and
degradation products in the mixture were noted.

The treated theophylline solutions after optimized HFO
were then analyzed within the reduced wavelength range.
Peaks of each compound were identified at their respective
L., and their absorbance was noted. The respective con-
centration of each compound was then determined pro-
portionally to the absorbance of standard peaks of these
compounds in a mixture. This indicated the type and quan-
tity of the degradation product formed after the hetero-
geneous oxidation of theophylline.

2.6. Data analysis

Results obtained from experimental runs were fitted
to various regression models. The best-fitted model was
selected based on its statistical adequacy determined by
analysis of variance (ANOVA). The selected model was fur-
ther employed to study the effect of process variables and
their interaction on the removal of theophylline. Significant
terms of the selected model were identified using ANOVA
results. Process parameters were optimized to obtain the
optimal conditions for the removal of theophylline.

3. Results and discussion
3.1. Characterization of the prepared catalyst

The elemental composition of raw and modified zeolites
is presented in Table 2.

The size of iron nanoparticles ranged from 40.5 to 85 nm
with a mean particle size of 60 nm. The size of particles
was observed to lie between 1-100 nm, hence considered as
nanoparticles. The specific area of the catalyst, after depo-
sition of iron nanoparticles, was noted to be 20.65 g m™
Using the modified 1,10-phenanthroline method, it was

Table 2
Elemental composition of raw and modified zeolites

Element Proportion (%)
Raw zeolites Iron-deposited zeolites
Na 10.44 715
Al 12.26 8.4
Si 25.51 17.47
H 0.92 0.63
O 50.87 34.84
Fe Nil 31.5
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revealed that the iron species were deposited on the catalyst
in Fe**/Fe* ratio of 0.35 + 0.05.

The Fourier-transform infrared spectroscopy (FTIR) of
zeolites, both raw and iron-deposited, are shown in Fig. 1a
and b. Peaks of Si-O stretching were indicated in the spec-
trum of raw zeolites at 1,171 and 1,121 cm™ (Fig. 1a).
Similarly, the characteristic peaks of sodium aluminosilicate
zeolite were represented by the peak of Al-(O) at 832 cm™
and that of (O)-Na—(O) at 1,036 cm™. The additional peaks
at 1,632 cm™ (-OH bonding) and 3,423 cm™ (-C=0O) could
be due to the polymer added in the synthetic zeolite. The
spectrum of iron-loaded zeolites (Fig. 1b) denotes compa-
rable forms of peaks like that of raw zeolites, with an extra
peak at 668 cm™, of Fe—(O). This additional peak represents
the effective deposition of iron on zeolites.

The characterization of zeolites was also performed
using the X-ray diffraction (XRD) technique and the result-
ing patterns are shown in Fig. 2a and b. The typical diffrac-
tion peak of sodium aluminosilicate is indicated in Fig. 2a

171

at 20 values of 15.8°, 25.9° and 30.5°. In the XRD pattern
of iron-loaded zeolites, two additional peaks were shown
at 20 of 43° and 45.5° (Fig. 2b). These peaks represent the
presence of Fe-O-Al and (Fe-O-5i), respectively.

The conclusions of XRD patterns agreed with the results
obtained by FTIR spectra, both signifying the successful
iron deposition onto zeolites. The distribution of iron as Fe?'
and Fe* adhered on the zeolites in form of nanoparticles
was determined, as discussed in section 2.3. This distribu-
tion is represented as a ratio of Fe*" to Fe*, which came out
to be 0.35 + 0.05.

3.2. Regression analysis

It can be observed in Table 1, that the theophylline
removal ranged from 72% to 100% with an average removal
of 89%. The theophylline removal data were then fitted to
the regression analysis to determine the best fit model
equation. Among various models, quadratic was found to
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Fig. 1. Fourier-transform infrared spectroscopy of raw and modified catalyst. (a) Raw zeolites and (b) Modified zeolites

(Iron deposited).
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Fig. 2. X-ray diffraction results for raw and modified catalyst. (a)

be the best in representing theophylline removal through
HFO. Selection of the most suitable model was based on
p-value (for quadratic model 0.03 < 0.05), the lowest stan-
dard deviation of 5.98 and lowest predicted residual error
of sum of squares (PRESS) of 1,662 with a regression coeffi-
cient of 0.76, for the quadratic model.

The quadratic model initially fitted to the removal of
theophylline in terms of the coded factors given in Eq. (9).

R.E.=88.81-4.61A+1.44B+7.28C - 0.83AB+2.75AC

—2.83BC+6.39A% +1.44B> — 4.61C* )

where A = pH; B = oxidation time (min); C = Fe:H,O, ratio.

3.3. Analysis of variance

The significance of the quadratic model was deter-
mined through ANOVA. The results for the response sur-
face quadratic model fitted to the HFO of theophylline are
presented in Table 3.

The model p-value of 0.0007 < 0.05 indicated that there
are only 0.07% chances that the results obtained are by
chance. Moreover, the F-value of 6.06 is greater than F of
2.49 which implied that the model is significant.

critical

(b)

Raw zeolites and (b) Modified (iron deposited) zeolites.

Based on Prob. > F values, the significant model terms
were identified. The terms A (pH), C (Fe:H,O,) have a
p-value < 0.05, hence are the significant terms of the model.
Similarly, quadratic terms of these parameters (A? and C?)
also have p-value < 0.05 indicating their significance. The
p-value (0.0751 > 0.05) of B (contact time) indicated that it
is relatively less significant than the pH and Fe:H,O, ratio
for the theophylline removal. The influential parameters
for theophylline were also determined by estimating their
percentage contribution in the removal using the following
equation.

mean square of each factor

(10)

% Contribution =
sum of mean squares of all factors

The results are presented in the form of a Pareto chart
[56] as shown in Fig. 3.

It is evident from Fig. 3 that Fe:H,O, was the most influ-
ential factor (48.79%) affecting the oxidation of theophyl-
line. pH also showed a significant (19.59%) contribution
in theophylline removal. The higher-order terms of these
two parameters also contributed significantly to theophyl-
line removal. The rest of the parameters did not contribute
considerably.
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ANOVA for results of selected model (quadratic) for theophylline
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Source Sum of squares Degree of freedom, df Mean square F-value p-value Prob. > F
Model 1,954.08 9 217.12 6.06 0.0007
A-pH 382.72 1 382.72 10.69 0.0045
B-contact time 37.56 1 37.56 1.05 0.0751
C-Fe:H,0, 953.39 1 953.39 26.62 <0.0001
AB 8.33 1 8.33 0.23 0.6357
AC 90.75 1 90.75 2.53 0.0999
BC 96.33 1 96.33 2.69 0.1194
A? 24491 1 24491 6.84 0.0181
B? 12.52 1 12.52 0.35 0.5622
c? 127.57 1 127.57 3.56 0.0463
Residual 608.88 17 35.82
Cor. total 2,562.96 26
100%
0%
[
& 80%
=
3 70%
3 60%
=)
=]
& 50%
—
= 40%
1]
i 30%
o
o
= 20%
10%
.64 0.43
0%
ry 2 o > f ) & &
s ] 5 & & £ & 2 &
& & A E & = & &
& £ 3 & Hy &£
3 i aF g
& &F e
“_ Ll:;- $?'*"
F
B

Fig. 3. Pareto chart showing the effect of parameters on the removal of theophylline.

3.4. Interaction among process factors

The regression Eq. (9) suggested that interaction of pH
and Fe:H,O, ratio also influence the theophylline removal
in addition to pH and Fe:H,O, ratio. The contour plots are
shown in Fig. 4 shed light on the interaction between the
above-stated parameters.

The elliptical contour lines indicate the presence of
interaction among pH and Fe:H,O, ratio. Contour plots at
a contact time of 30 min (Fig. 4a) suggested that removal
greater than 95% (orange shaded region) can be achieved

within a narrow pH of 3-3.2 with Fe:H,O, ratio ranging
from 1.3-3. However, significant removal from 80%-90% can
be achieved at a wide range of pH and Fe:H,0, ratio (blue
shaded region).

A similar pattern can be observed when the contact
time was increased from 30-45 min. In addition, orange
shaded region indicating >95% removal started appear-
ing at pH 7 and Fe:H,O, ratio of 2.5-3. This region became
prominent when the contact time was further increased to
60 min. This indicated that the acidic pH required for the
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Fig. 4. Contour plots for heterogeneous Fenton oxidation of theophylline.

homogeneous Fenton process can be avoided in HFO if the
contact time and Fe:H,O, ratio is increased to 60 min and
2.5-3.0, respectively.

The homogeneous Fenton reactions are favored under
acidic pH as iron precipitate outs as Fe(OH), sludge at
pH > 4. However, this limitation was not present for HFO
(Fig. 4), where better removal was achieved even at around
neutral pH. This is a key benefit of the heterogeneous
Fenton process. This can be attributed to the availability
of Fe?" catalyst in active form in HFO at or near neutral pH
rather than in the form of Fe(OH), sludge in homogeneous
Fenton oxidation.

3.5. Numerical optimization

Numerical optimization was carried to determine the
optimal settings of the process parameters based on the
desirability function. It furnished the combinations of
treatment variables that could attain desired output levels
(removal) with a specified range of input parameters.

The criteria for pH, contact time and Fe:H,O, ratio was
set to be “within range” whereas the removal of theophylline

was “maximized” to achieve maximal oxidation of theoph-
ylline. These criteria were combined into a single desir-
ability function which was then maximized by the Design-
Expert 10.0 to achieve the optimal parameter settings for
the removal of theophylline through HFO. The graphi-
cal view of the numerical optimization is shown in Fig. 5.

Theophylline removal up to 95% is expected at opti-
mized pH of 7, 60 min contact time, and Fe:H,O, ratio of
3. The desirability of 0.753 indicated the favorability of the
solution.

3.6. Degradation products of theophylline

The potential persistent degradation products of the-
ophylline along with their A and corresponding absor-
bance for 10 mg L™ solution are shown in Table 4.

Theophylline is converted into various degradation prod-
ucts during its mineralization into CO, and H,0. However,
not all degradation products persisted after the comple-
tion of heterogeneous oxidation. The degradation prod-
ucts that lasted even after the completion of heterogeneous
oxidation are shown in UV spectra in Fig. 5.
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Fig. 5. Numerical optimization ramps for heterogeneous Fenton oxidation of theophylline.

Table 4
A, and absorbance of degradation products of theophylline

‘ma:

Sr.  Degradation product 2 Maximum absorbance

‘max

no. (nm)

1. 1-Methyluric acid 231,284 2.59
2. 1,3-Dimethyluric acid 231,287 1.63

Two distinct peaks are observed in Fig. 6. The peak-1 at
231 nm was characteristic of derivatives of uric acid while
the peak-2 at 284 nm indicated the presence of 1-methyluric
acid. The concentration of 1-methyluric acid corresponding
to peak-2 was 8.72 mg L. This indicated 87% mineralization
of theophylline into simpler products including CO, and
water.

3.6.1. Proposed mechanism for the conversion of theophylline
to degradation products

Degradation of theophylline into persistent compounds
showed that it underwent a series of reactions that resulted
in by-products. It may be presumed that hydroxyl radical
initiated the oxidation process through hydroxylation
in which the C-H bond is broken by OH radicals and
converted into C-O-H bond. Further hydroxyl radical
abstracted the hydrogen atom and converted initially into
1,3-dimethyluric acid; which was unstable. Therefore,
undergone demethylation, that is, removal of methyl
(-CH,) group and converted into 1-methyluric acid as
shown in Fig. 7. 1,3-dimethyluric acid was observed to
persist even after oxidation of theophylline.

4. Catalyst stability and performance

The presence of iron was examined in the filtrate of
treated theophylline samples. Leaching of iron was detected
in only one out of five samples in which iron concentra-
tion was 0.013 mg L. In the rest of the analyzed samples,
iron concentration was less than the detection limit (i.e.,
0.0005 mg L™). This indicated the stability of the prepared
catalyst which did not leach out in the treated sample.

Hence the experimental conditions sustained the heteroge-
neity of the reaction.

Along with leaching, the reusability of the catalyst is
another key indicator of its performance. To assess its reus-
ability potential, the catalyst was reused in 3 successive
batches, each of 60 min, for the removal of theophylline.
The removal of theophylline observed was 97.7%, 96.8%
and 96.9% in the first, second, and third run, respectively.
The removal of theophylline in three successive batches is
shown in Fig. 8.

A good average removal was obtained (i.e,
95.8% + 0.709%). The reusability of catalyst is evident in at
least 3 successive runs, each of 60 min, without significant
loss in catalyst activity.

5. Cost analysis

Cost is one of the deciding parameters in the selection
of the treatment process. Hence, cost estimation is relevant.
In this study cost calculations such as (1) synthetic zeolites,
(2) pH adjustment, (3) deposition of iron nanoparticles and
(4) oxidant. Table 5 presents the treatment cost per m® of
water for the novel catalyst.

As shown in Table 5, per m® cost for treatment the-
ophylline through HFO was $14.41. The treatment cost
is quite less as compared to the cost of treatment for other
pollutants treated through homogeneous Fenton oxida-
tion, that is, $43.4/m? for butyric acid, $88.1/m> for propanol
and $57.1/m? for Eriochrome black T [57].

6. Conclusions

The zeolite-supported iron nanoparticles were found
effective for the treatment of theophylline from aqueous
solutions. More than 95% removal of theophylline was
observed at neutral pH of 7 with high iron to oxidant
ratio and contact time. Theophylline removal was not lin-
ear with respect to the process parameters. Interaction
among the process parameters including pH and Fe:H,0O,
ratio was observed to be present and significantly affect-
ing the removal of theophylline. HFO did not result in
the complete mineralization of theophylline into car-
bon dioxide and water. It was found to transform into
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1,3-dimethyluric acid, though in low (8.72 mg L) but
persistent concentration. The cost of HFO of theophylline
was estimated to be $14.41/m?. The prepared catalyst was
found stable and durable and can be reused for at least

3 successive runs. Since the current study was carried
out in batch mode at a laboratory scale, these optimized
parameters can initially be used for conducting pilot-scale
studies.
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Table 5
Cost of heterogeneous Fenton oxidation of theophylline

Quantity consumed (kg) Unit cost ($/kg) Total cost ($)
Cost of preparation of 1 kg catalyst
Zeolites 0.66 57.20 37.75
FeSO,-6H,0 0.28 35.20 9.85
FeCl,-7H,0 0.40 33.40 13.56
Total cost 61.17
Cost of treatment of 1 m® water

Quantity consumed (kg m) Unit cost ($/kg) Total cost ($/m?)
Prepared catalyst 0.25 61.17 12.23
H,0, 0.10 21.88 2.18
Total cost 14.41

7. Funding sources
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funding agencies in the public, commercial, or not-for-profit
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