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ABSTRACT: A novel material, Tris coated magnetic nano structured adsorbent (T-MNSA) was synthesized using
incipient wetness impregnation method for removal of bisphenol A (BPA). T-MNSA maximum adsorption capacity
was 160 mg/g and sorption density was 0.078 mole BPA/mole of Tris. In addition, degradation using ultrasound
assisted bismuth ferrite (BF) sono-catalyst was studied for removal and cost efficiency differences. The degradation
results show a complete removal of BPA at condition of 0.10 g/l of BF, 100% power, and 72 kHz frequency. The
mechanism study reveals that T-MNSA forms biomolecules and covalently attaches to BPA, but BF generates large
amount of H2O2 molecules and breaks down BPA to non-toxic CO2 and water. Cost analysis study reveals that T-MNSA
is more economical than BF due to lower production and removal cost, almost ten times lower than degradation process
using BF, and the material can be commercially produced in bulk quantities.

KEYWORDS: adsorption materials, sonocatalytic degradation, endocrine disrupting compounds, mechanism of BPA
removal

INTRODUCTION

Endocrine disrupting compounds (EDCs) were defined
as exogenous substances or a mixture that modifies the
function(s) of the endocrine system and causes adverse
health effects in an intact organism or population [1].
Many papers have reported the presence of EDCs in
water sources particularly for drinking purpose. Expo-
sure to EDCs in water has been associated with adverse
health effects. Fent et al has confirmed that EDCs even
at very low concentrations as ppb to ppt level can cause
serious health risks to living organisms. For instance,
the effect in relation to fish reproduction is caused by
feminization and masculinization of fish in the aquatic
wildlife [2–4]. In this research, bisphenol A (BPA) has
been selected as the model pollutant.

In the environment, BPA was released mainly by
anthropogenic activities by humans. BPA was found
in a very low concentration usually from nanograms
to micrograms per litre in water. BPA is naturally
degradable under aerobic condition but still exists in
the surface water and aquatic organisms due to its slow
biodegradation and good stability properties [5].

Among conventional treatment system, adsorption
is the most desirable method due to its high yield,
easy handling, and cost efficiency [6]. Furthermore,
adsorption materials such as nano structured silica
(NSA), activated carbon (AC), and iron oxide are
readily available, widely used, and inexpensive [7–9].
New and innovative adsorbents with a higher sorption
rate and capacity are preferred because they have a
longer lifespan and are cost-efficient and reusable [10].

Regeneration and reusability are additional require-
ments, which enhance the sustainability and reduce
the operational and maintenance costs [11].

Sonolysis is an energy-intensive treatment process
that requires an ultrasound (US) generator to produce
sound waves with the adjustment of frequency and
power. The application of sono-catalyst optimizes the
sonolysis process and may reduce the energy required
to achieve maximum output. The acoustic cavita-
tion effect (degradation) from ultrasonic irradiation
forms micro bubbles that grow and collapse [12–14].
The formation and collapse of these micro bubbles
produces an effect called sonoluminescence and hot
spots with extensive amounts of heat (up to 5000 K)
and high pressure (above 1000 atm) [15, 16]. This
is followed by the compression of water molecules
to form hydroxyl (.OH) and radical hydrogen species
(.H) [17, 18]. The (.OH) radical is a strong and non-
selective oxidant with the ability to decompose organic
pollutants in the wastewater immediately [13, 19].

The cost analysis refers to the determination of ex-
pense in relation to synthesize and operation of a treat-
ment system. These costs consist of direct costs such
as materials, manpower, and energy. It is surprising to
find that very limited literatures have focussed on the
cost analysis of adsorbents and sono-catalyst. Only few
studies have indicated that the materials synthesized
were costly but did not provide any substantial cost
details for removal of EDCs particularly [20, 21]. In
this work, a cost analysis was performed using the
typical parameters to determine the removal cost of
BPA using adsorption and degradation.
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MATERIALS AND METHODS

Synthesis of Tris coated magnetic nano structured
adsorbent (T-MNSA)

Materials for T-MNSA synthesis

Iron (II) sulfate heptahydrate (FeSO4 ·7 H2O) and
potassium permanganate (KMnO4) were purchased
from MERCK (Darmstadt, Germany) and used in
the synthesis of nano-magnetite. Pluronic P123
(EO20PO70EO20) and silicon dioxide (SiO2) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA)
and R&M (Kuala Lumpur, Malaysia), respectively.
Pharmaceutical grade (99.9% purity) BPA was pur-
chased from Sigma-Aldrich. Tris (99.5%), 2-Amino-
2-(hydroxymethyl) propane-1,3-diol, were purchased
from Sigma-Aldrich.

Synthesis process of T-MNSA

A silica solution was prepared by dissolving 1 M of
SiO2 into 1 M NaOH and continuously stirred at
45 °C for 20 h [22]. Another suspension containing
nano-magnetite was prepared separately. The nano-
magnetite was synthesized using a modified method
of Schwertmann and Comell [23]. Forty grams of
FeSO4 ·7 H2O was dissolved in 500 ml deionised water
(DI) at room temperature. The solution was heated
to 80 °C, and the alkaline solution was added slowly.
Separately, the alkaline solution was prepared using
22.4 g NaOH and 3.3 g KNO3 in 415 ml of DI water.
The color of the solution changed from yellowish to
dark purplish, and then to black. The solution was
stirred at 80 °C for 1 h and then stirred overnight
at room temperature around 25 °C. The precipitated
nano-magnetite was obtained by centrifugation, fol-
lowed by washing for several times with deionized
water and later dried in an oven at 60 °C [24].

A predetermined mass (1 g) of nano-magnetite
was added into the 60 ml acidic solution containing
pore-templating agent Pluronic P123 (4.25 g) and
hydrochloric acid (2 M). The suspension was heated
at 45 °C for 2 h. Then, 30 ml of silicate solution
was added into the 60 ml suspension containing nano-
magnetite. The mixed solution was stirred at 200 rpm
for 3 h. The mixture was stirred continuously at
room temperature overnight and then transferred to
an autoclaved container and aged at 90 °C for 20 h.
The precipitated solid and liquid were centrifuged at
2,000 rpm, and the solution was decanted. The solids
were washed with DI water and ethanol (50%) and
dried at 60 °C for 24 h. The dried samples were
calcined at 500 °C for 6 h using a Western furnace. This
material is called magnetised nano structured silica
adsorbent (MNSA).

MNSA was dried in the oven at 60 °C prior to
the impregnation of Tris. Tris was impregnated into
MNSA using a wetness impregnation method. One
mmol of Tris was dissolved in 10 ml methanol and

stirred for 1 h. This solution was added drop wise into
1 g of MNSA and mixed homogenously. The material
is called as Tris coated magnetised nano structured
silica adsorbent (MNSA), denoted as T-MNSA. The
molar ratio of the material was calculated based on the
amount of Tris incorporated in one gram of MNSA and
divided by the molecular weight of each compound.
The T-MNSA synthesis ratio determine was 0.14 Fe3O4:
1 SiO2: 1 NaOH: 0.1 HCl: 0.013 Pluronic: 167 H2O:
0.001 Tris.

Synthesis of bismuth ferrite (BF) catalyst

Materials for BF sono-catalyst synthesis

Bismuth nitrate pentahydrate (Bi(NO3)3 ·5 H2O) was
purchased from Sigma-Aldrich. Iron (II) nitrate hep-
tahydrate (Fe(NO)3 ·7 H2O), BPA, methanol, absolute
alcohol, and ethylene glycol were bought from MERCK.
All chemicals were of analytical grade and used with-
out any modification or purification. Laboratory DI
was used for the preparation of all solutions.

Synthesis process of BF

Bismuth nitrate was accurately weighed (8 mmol)
and dissolved in ethylene glycol and sonicated for
15 min. Stoichiometric proportion of Fe(NO)3 ·7 H2O
was added into the solution and sonicated for another
20 min to obtain a brown reddish solution. The mix-
ture was then transferred into a Teflon autoclave and
stored in the oven at 80 °C for 8 h to form a xenogel,
a solid-liquid gel state. The xenogel was transferred
to a crucible and calcined at 400 °C for 1.5 h. The
calcinated powder was transferred to a vacuum filter
apparatus, washed with water and absolute alcohol for
several times, and finally was dried in the oven at 70 °C
overnight.

Removal of BPA via adsorption using T-MNSA

The removal of BPA by T-MNSA was investigated via
series of kinetic experiments. In a conical flask, 50 mg
of T-MNSA was added into 200 ml solution containing
BPA (0.25 g/l dosage). Then, the solution was shaken
at 200 rpm for 8 h using an orbital shaker. The
solution and adsorbent were separated using a simple
laboratory magnet to remove the adsorbent from the
solution. The solution was tested for the remaining
BPA in the solution.

Removal of BPA via ultrasound degradation using
BF

The degradation of BPA was analyzed using 2 sets
of data: a blank solution and a sample of 5.0 mg/l
BPA solution in ultrasound without BF sono-catalyst.
The amount of H2O2 generated was determined using
KI dosimetry method and UV-vis spectroscopy. The
effects of BF catalyst addition on degradation of BPA
by ultrasound was assessed by adding 0.05 g/l of
BF catalyst into the 1 l BPA solution prior to the US
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treatment. Then, 8 ml of sample was taken every
10 min until 1 h. The sample was calibrated with
KI dosimetry method and tested with UV-vis for the
absorbance value. The result was compared with BPA
degradation by US without adding of BF catalyst. The
sonification analysis was done using a customize ul-
trasound sonicator. Different concentrations (0.10 g/l
and 0.20 g/l) of BF were added into the BPA solution
to determine the concentration of BF catalyst that is
required to remove BPA from water. Other parameters
such as ultrasound frequencies (72 kHz), applied ul-
trasound powers (50%), and temperatures (25±1 °C)
were maintained constant, and the experiments were
repeated.

Cost analysis

The cost analysis was performed based on 3 major
factors: materials, energy, and manpower. The ma-
terial cost determination was done using the main
materials and chemicals utilized in the synthesis of
the adsorbents and sono-catalysts. The price of silica
was around RM 5.60 per kg. Bismuth and iron nitride
were laboratory grade (purity above 95%) chemicals
purchased at RM 1.00 per gram for bismuth and RM
0.52 per gram for iron nitride. Energy consumption
was determined by taking into consideration only the
major equipment applied in this work. The stan-
dard calculation of energy was based on the formula:
E(energy) kWh = (power (Watt)×H (hours of us-
age)/1000). Major electrical equipment was taken
into consideration including hot plates, oven, fur-
nace, shaker, stirrer, and ultrasound reactor in the
energy determination process. Electricity price was
RM 0.435/kWh; the tariff rate by Tenaga Nasional
Malaysia for industrial customers was used to deter-
mine the energy cost.

The manpower cost was calculated by estimating
number of hours spent by a person to complete the
synthesis and removal by either adsorption or degra-
dation. It is assumed that this task was performed by
a technician or an executive level staff with salary of
around RM 3000 per month. Based on 8 hours of work
and 26 days a month, per hour salary (manpower cost)
will be RM 14.42. This value RM 14.42 was multiplied
by the number of hours estimated for each task to be
completed to calculate the manpower cost.

RESULTS AND DISCUSSION

Physical properties of T-MNSA

N2 gas adsorption and desorption results in Fig. 1A
shows that MNSA available surface area is 5.76 ×
1020 nm2 (576 m2/g) determined using Brunauer-
Emmett-Teller (BET) measurement technique. Three
mmol Tris was coated into MNSA via an incipient wet-
ness impregnation method to ensure that all molecules

Fig. 1 (A) BET surface area, (B) BJH pore size distribution
of MNSA and T-MNSA, and (C) TEM image of T-MNSA.

of Tris are well incorporated to form T-MNSA. Based
on the acid-base back titration method, a molecule
of Tris can occupy 2.88 nm2 of surface of nano-SiO2
[25]. This was used to interpret that a molecule of Tris
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occupied 0.96 nm2 surface area of T-MNSA, deducing
that the pore structure of T-MNSA was supersaturated
with 3 mmol of Tris. After the incorporation of Tris,
T-MNSA surface area was reduced to 42.2 m2/g, pore
volume matched with the IUPAC hysteresis loop Type
IV H2 as shown in Fig. 1A [26].

The mean Barrett-Joyner-Halenda (BJH) desorp-
tion (Fig. 1B) shows that the pore diameter of MNSA
was 6 nm and reduced to 4 nm after the incorporation
of Tris (T-MNSA). This reduction in diameter is a re-
sult of silicate condensation during calcination via the
incorporation of Tris [27]. T-MNSA could have lower
thermal stability (up to 600 °C), which is due to the for-
mation of weaker bonds between the condensed silica
walls. TEM image in Fig. 1C reveals the formation of
a homogenous surface of T-MNSA. The darker cloudy
area seen in the TEM images observed was due to the
impregnation of nano-magnetite into the adsorbent.
The pores of T-MNSA are homogenous, which enhance
the adsorption process of the adsorbate.

Physical properties of BF adsorbent

X-ray diffraction analysis was performed to determine
the phase composition of BF sono-catalyst. The XRD
pattern and matching peaks (Fig. 2A) were matched
using 2 standard reference compounds: bismuth ferrite
(III) (ICSD Code: 245827) and bismuth oxide (ICSD
Code: 417638). The results show that the BF sono-
catalyst has matching peaks with the bismuth ferrite
and bismuth oxide standards. The presence of bismuth
oxide peak impurities was due to slow quenching
process of the material at room temperature. The XRD
matching peaks revealed that the BF forms a hexagonal
structure with space group type R3c obtained from the
standard reference [28]. Diffraction peak of (1 1 0)
was selected as reference for the lattice space constant
determination of BF. The d-spacing value determined
from the XRD data is 3.96382 Å.

The physical and chemical properties of BF were
further analyzed using field emission scanning elec-
tron microscopy (FESEM) and energy dispersive spec-
troscopy (EDS) that were performed at working volt-
age between 1–5 kV (Fig. 2B and C). The BF surface is
homogenous, and it is compactly packed with uniform
particle size. The red box is the selected area for the
EDS elemental analysis. Two spots were chosen for
the EDS analysis at working voltage of 10 kV. The EDS
analysis (Fig. 2C) results indicated that the elemental
ratio of Bi, Fe, and O in the BF nanoparticles is 1:1:3,
which suggests the molecular formula as BiFeO3. The
production of small crystallite size of BF nanoparticles
in this work could be due to the faster nucleation rate
than the crystal growth itself during the ultrasound
process. This finding demonstrates that ultrasound is a
suitable method for preparing BF particles in nanoscale
with uniform distribution of particles [29].

Fig. 2 (A) XRD peaks of BF catalyst and reference patterns,
(B) FESEM, and (C) EDS images of BF.

Adsorption of BPA using T-MNSA

The kinetics of BPA removal by T-MNSA was inves-
tigated (Fig. 3). MNSA presents smaller adsorption
capacity for BPA compared to T-MNSA. The equilibrium
time required to reach plateau was around 300 min
with adsorption capacity reaching up to 160 mg/g.
The adsorption data was fitted with the pseudo 2nd
order kinetic model with R2 value of 0.991, signifying
that the removal of BPA is a heterogeneous adsorption.
The sorption density was 0.078 mole BPA/mole N of T-
MNSA.
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Fig. 3 Time resolved uptake of BPA by MNSA and T-MNSA
matching pseudo second order model.

Fig. 4 BPA degradation using BF at different concentrations.

The adsorption of BPA by T-MNSA shows higher
capacity than that of MCM-41 and SBA-15 (nano
structured silica adsorbents), commercial activated
carbon (CAC) [30, 31], and fruit shell activated carbon
[32, 33]. The MNSA without any functionalization
demonstrated much lower adsorption capacity for BPA
(Fig. 3). This result shows that surface modification
and functionalization of adsorbent with TRIS improved
the adsorption capacity of T-MNSA.

Degradation of BPA using BF sono-catalyst

The determination of optimum condition of sono-
catalyst required for the degradation of BPA was per-
formed using different amounts of BF catalyst (Fig. 4).
It was observed that the addition of BF sono-catalyst
(0.05–0.20 g/l) reduced the concentration of BPA in
the solution compared to the condition without the
BF catalyst. The BF concentration of 0.10 g/l, 100%
power, and 72 kHz frequency yielded the maximum
removal of BPA, and further increase of catalyst did
not increase the degradation of BPA as shown in Fig. 4.
The generation of hydrogen peroxide (H2O2) during
the degradation was measured, and the results show

Fig. 5 (A) Adsorption of BPA with T-MNSA. (B) The increase
in H2O2 concentration with the addition of BF catalyst.
(C) Ultrasound degradation mechanism.

that the increase of the BF catalyst increases the pro-
duction of H2O2 until it reaches maximum production
at 0.10 g/l.

Comparison of adsorption and degradation
mechanism of BPA removal

The incorporation of Tris into MNSA has enhanced
its removal capacity and adsorption rate significantly.
Adsorption of T-MNSA with BPA leads to formation
of biomolecules [34]. These biomolecules are active
and able to covalently attach to the pollutant. There
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is possible exchange of electrons and ions during the
interaction of biomolecules and BPA. The biomolecules
may form hydrogen bonding with the amine group
of T-MNSA as shown in Fig. 5A. The formation of
biomolecule and bonding indicates that chemisorption
is more prevailing than physical sorption. The pro-
posed mechanism here has similarities with the ad-
sorption of earlier reported work of carbon nano tubes,
mesoporous silica, and activated carbon [5, 7, 24] with
protein and enzyme [35].

The experimental data show that the BF has as-
sisted the degradation of BPA via producing high inten-
sity ultrasound activity causing rapid increase of H2O2
concentration in the solution (Fig. 5B). The increase
in frequency (72 kHz) and power (100%) enhanced
the acoustic cavitation, which subsequently improved
the sonocatalytic activity in the solution [35]. To
achieve high ultrasound activity, rapid production of
collapsing bubbles, which can generate high local tran-
sitory temperature and pressure, is required [36]. The
addition of BF sono-catalyst enhanced the acoustic
cavitation through a chemical influence termed as
chemical-sonocatalytic effect (Fig. 5C) [37]. Accord-
ing to Soltani & Entezari, the chemical sonocatalytic
impact can only take place if the energy supplied is
above the required band gap energy, enabling the
degradation process to occur [38]. In this case, high
amount of H2O2 molecules broke down to free radicals,
which dissociate the BPA molecules and decompose
them to CO2 and H2O (Fig. 5B).

Economic consideration

The material cost was calculated based on the raw
material prices and amount of materials and chemicals
used for the synthesis of adsorbents and sono-catalyst.
The calculated values show that total material cost
per gram for synthesis of adsorbent was RM 0.72 for
T-MNSA and RM 5.64 for BF sono-catalyst (RM 1 =
USD 0.23). The energy cost for T-MNSA adsorption
was RM 0.91 per gram, while cost for degradation was
higher for BF (RM 3.13). Nevertheless, it was impor-
tant to note that the sono-catalyst amount used for
degradation was much lower (0.10 g) when compared
with adsorption (1 g). The manpower cost was higher
for treatment by BF compared to that of T-MNSA. The
difference in the cost per gram is due to the amount
of the yield produced; BF sono-catalyst produced was
0.84 g almost ten times lower compared to T-MNSA,
which was 7.22 g.

Cost efficiency analysis

The comparison analysis in this section focusses on
both adsorbents and sono-catalysts that were used for
removing BPA. By applying all 3 main parameters:
raw material, energy, and manpower, the total cost
ascertained was RM 74.24 per gram of BF and RM
12.35 per gram of T-MNSA (Table 1). The comparison

Table 1 Total removal costs using adsorption and
degradation†.

Material Raw material Energy Manpower Total cost
cost (RM) cost (RM) cost (RM) (RM)

T-MNSA 0.72 1.43 10.20 12.35
BF 5.64 3.57 65.03 74.24

† Per gram synthesis of material.

Table 2 Comparison of removal cost efficiency.

Adsorbent/ Pollutant RC* Total cost RCE*

Catalyst (mg/g) (RM/g) (mg/RM×100)

T-MNSA BPA 4.72 12.35 38.53
BF BPA 1.50 74.24 2.021

* RC = Removal Capacity (Qeq), RCE = Removal Cost
Efficiency.

of cost efficiency was performed based on the removal
capacity and cost incurred.

The values in Table 2 signified that each gram of
T-MNSA can remove 4.72 mg of BPA from the solution
at the cost of RM 12.35. This is lower compared to the
cost of using BF when each gram can remove 1.50 g of
BPA at the cost of RM 74.24. In terms of cost efficiency,
T-MNSA is 20 times cheaper than BF sono-catalyst.
Therefore, in terms of practical application, T-MNSA
is more capable of treating higher volume of polluted
waters with the same concentration of pollutant.

The synthesis costs for all materials studied in this
work can be further lowered if the equipment was used
at full capacity. For instance, in energy consumption
determination, many of the equipment that were used
for synthesis have high-capacity usage. However, the
capacity of the equipment was underutilized. In the
actual manufacturing scenario, the cost will be much
lower because the equipment will be used at maximum
capacity, unlike in the laboratory. Furthermore, all
calculations were based on the chemicals that were
of analytical grade. In an industrial manufacturing
setting, all these materials will be able to produce in
bulk using industrial grade chemicals, which are much
cheaper than the analytical grade.

CONCLUSION

BF sono-catalyst and T-MNSA were produced via low
energy synthesis routes. Both materials were able to
assist in removing the BPA from solution, indicating
their suitable application in water purification process.
T-MNSA exhibited high adsorption capacity for BPA, al-
most 4 times more than intermediate adsorbent MNSA
without Tris, whereas BF was able to remove 100% of
BPA within a short period depending on the concen-
tration of the catalyst. The modified T-MNSA has been
proven to have higher adsorption capacity and better
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binding affinity for BPA, and hence has improved the
removal of BPA. The BF, on the other hand, produced
free radicals and electrons that eventually increased
the amount of H2O2 in the solution and degraded the
BPA. The cost analysis study revealed that T-MNSA is
the best material for removing BPA compared to BF. BF
is considered compliance as it can degrade BPA quickly.
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