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Abstract: Sillenite catalysts have shown efficient photocatalytic activity for the removal of various
pollutants from water in previous studies, thus enhancing their activity by combining them with
other materials will be very promising for environmental applications. In this context, an interesting
hybrid system containing Polyaniline (PANI) as an adsorbent and Bij;TiOyg (BTO) sillenite as a
catalyst was proposed in this work. Cefixime (CFX) has been selected as a pollutant for this study,
and its removal was evaluated using PANI (adsorption), PANI and BTO (combined system) and
the hybrid system Bi;;TiOyg/Polyaniline (BTO/PANI). First, the impact of PANI adsorption was
investigated on its own; after that, the solution was filtered to separate the adsorbent from the liquid
in order to re-treat the solution using photocatalysis (combining adsorption with photocatalysis). At
the same time, a similar technique was used involving the hybrid system BTO/PANI. The results
show that the hybrid system can remove a very high Cefixime concentration of 30 mg/L, almost
100%, within only 2 h, and this is better than previous investigations. These results indicate that it is
possible to combine photocatalysis and adsorption processes to control water pollution.

Keywords: hybrid system; photocatalysis; adsorption; degradation; Cefixime

1. Introduction

Heterogeneous photocatalysis employing semiconductors as catalysts is more effec-
tive in environmental applications because they are very effective, simple to make, and
employed in a heterogeneous method that allows them to be extracted from water [1,2].
Aside from their ability to produce charge carriers by converting light energy into chemical
energy, they also possess other qualities that make them suitable for photocatalytic reac-
tions [3,4]. These include optical and catalytic characteristics [5,6]. Most people agree that
TiO, and ZnO are among the most photoactive catalysts [7]. However, their drawbacks,
such as a high rate of photogenerated electron-hole pair recombination and low irradia-
tion sensitivity because of their wide energy bandgap, limit their applicability [8,9]. It is
required to create novel, effective, and multifunctional semiconductors with outstanding
photocatalytic activities, suitable photogenerated pair recombination rates, and a narrow
bandgap in order to address these challenges. The best core metal ion for semiconductor
synthesis for photocatalysis applications are titanium (Ti), bismuth (Bi), zinc (Zn), and tin
(Sn) [10,11]. Bismuth semiconductors, especially sillenites, have lately become extremely
desirable due to their exceptional chemical stability, powerful light absorption, low pair
recombination rate, and low optical bandgap [12-14]. Among sillenites, Bij;TiOyg has
shown promising results in various applications in previous studies [15,16].

Even though photocatalysis has proven to be incredibly efficient, there are numerous
practical instances where it just cannot be used [12]. Water can contain large amounts of
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pollutants, making their removal by photocatalysis very challenging [17]. It is well docu-
mented that the pollutants in water can occupy surface active sites available in the catalyst
(saturation), resulting in much lower degradation efficiency by inhibiting the reactants from
adhering to the catalyst surfaces, such as oxygen and hydrogen [18-23]. Considering the
drawbacks and limits of photocatalysis methods, hybrid processes have gained increased
attention in an effort to improve process performance. The researchers demonstrated that
combining processes reduces the weaknesses in the processes and that the performance
of the combined system is superior to that of the individual processes [24,25]. By creating
hybrid systems that are highly effective in removing pollutants, energy consumption may
be decreased. In recent years, several different combination techniques have been used
for the purification and treatment of complex water matrices [26]. Photocatalysis is inte-
grated with physical or chemical processes that have an impact on the chemical kinetics
and/or overall efficiency in order to enhance overall performance [27]. These combinations
boost efficiency by speeding up discrete processes’ reaction times or lowering the price of
photocatalysis alone [27-29]. Adsorption can only be effective at large concentrations of
contaminants; it could be ineffective at low quantities [30,31]. In contrast, photocatalysis
can only function at low concentrations [32,33]. Moreover, adsorption can only remove
the pollutant from the water by mass transfer into the adsorbent, where photocatalysis
can decompose the pollutant. Therefore, it is very interesting to combine those techniques
for water treatment. In addition, another advantage of combining processes is that it can
create heterojunction between the materials, which can increase the rate of photoactivity
by extending the spectral photo response of wide-band materials such as polymers, which
means more energy use and more efficiency [34-36]. Therefore, it is crucial to create systems
that have high adsorption capacity as well as strong photocatalytic activity. In this context,
combining the sillenites as catalysts with an adsorbent polymer such as polyaniline will be
very interesting [37—40]. That is because polyaniline has many advantages in the adsorption
process such as a large specific surface area, suitable porous structure, high adsorption
capacity and robustness, ease of preparation, and regeneration [41-43].

As already discussed, the combination of processes minimizes their weaknesses of
them, and also, the combined system performance is better than each process alone [44].
Furthermore, the combination can reduce energy consumption and cause fewer problems
with pollution. In this respect, this work aims to combine adsorption with photocatalysis
using the hybrid system Polyaniline/Bij» TiOyg. This hybrid catalyst has been tested in order
to enhance the removal of the antibiotic Cefixime from water. An adsorption application
using the efficient adsorbent polyaniline has been performed. This adsorbent was also
combined with a sillenite to produce an efficient hybrid process that is more efficient than
photocatalysis alone.

2. Materials and Methods
2.1. Chemicals

Cefixime (C14H15N5075;) was taken as a topical example of antibiotics for photocat-
alytic applications, and it was supplied by the pharmaceutical company Pharmalliance
in Algeria. Other chemicals and products used in the synthesis of the materials were
bismuth nitrate pentahydrate from Chem-Lab [Bi(NO3)3-5H,0] (98.5%), titanium dioxide
from Merck [TiO;] (99%), nitric acid, ammonium persulfate (NH4),S,03g (Sigma-Aldrich),
and Aniline. Polyvinylpyrrolidone (PVP K30) was also supplied by the pharmaceutical
company Pharmalliance. Distilled water was used as a solvent. All chemicals have been
used as obtained without further purification.

2.2. Synthesis of Bi;»TiOy Sillenite

The sillenite Bij» TiOy was created using the sol-gel process by combining stoichiomet-
ric proportions (1:12 ratio) of [Bi(NOs3)3-5H,0O] and [TiO;] in an aqueous solution with a
concentration of 20% volume HNOj for improved solubilization. Following solubilization,
a 15% w/w dose of PVP K30 solution was added to the initial solution as a combustion
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component. After being concentrated for 24 h by evaporation at 80 °C, the resultant solution
was transformed into a yellow gel. This gel was then burned at 200 °C for 6 h to turn it
into xerogel. To increase crystallinity and eliminate any leftover carbonated waste from
burning, this amorphous xerogel was crushed and then calcinated at 600 °C in the air for
6 h. The calcination duration of 6 h was chosen since it was discovered that calcining the
sample for more than 6 h might melt it and cause it to stick in the oven due to the maximum
calcination temperature. In addition, the crystallinity was improved and the carbonaceous
residue was eliminated from the combustion process by selecting the longest calcination
duration [45]. Figure 1 provides a schematic illustration of the sol-gel synthesis procedure.
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Figure 1. Schematic illustration of the sol-gel synthesis method.

2.3. Synthesis of Polyaniline

Polyaniline (PANI) was synthesized chemically according to the method described in
the literature [46]. A total of 0.2 mol of Aniline was dissolved in 200 mL of hydrochloric acid
HCl solution (0.5 M). The two solutions were mixed at 0 °C with stirring for 30 min. Then,
200 mL of ammonium persulfate (NHy),S,Og (0.5 M) as an initiator was added dropwise to
induce the polymerization reaction, and the reaction was carried out with magnetic stirring.
After 4 h, the residue was obtained by filtration using filter paper and washed thoroughly
with ethanol and deionized water to remove excess acid and Aniline oligomer, then dried
at room temperature for 48 h. Figure 2 represents the diagram of the synthesis.

H,O + ethanol

Aniline HCI NH,S,04 /

Vi : ) PANI
N/
Mixing for 4 h Filtration and . [ )
oce washing l = Drying

—_ —— | — | |

Figure 2. Diagram of the different stages of Polyaniline synthesis.

2.4. Preparation of the Hybrid System BTO/PANI

After obtaining the pure phase of both the catalyst Bij»TiO2g and the adsorbent Polyani-
line, they were mixed by grinding using a pestle in an agate mortar in order to obtain a
hybrid system (catalyst/adsorbent). The mixture was constantly mixed until a homogenous
powder was formed. Preliminary tests have been performed in order to find the optimal
ratio between the catalyst and the adsorbent, by changing the ratio between BTO/PANI:
100% PANI, 75% /25%, 50% /50%, 25%/75% and 100% BTO. The tests were all in the same
conditions of a pH of 6, 200 mL of 30 mg/L CFX concentration, 2 g/L of total added materials
mass (PANI + BTO), and under UV irradiation. The optimal ratio was found to be 75%/25%.
A schematic of the BTO/PANI hybrid system’s preparation is shown in Figure 3.
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BTO

Figure 3. Schematic illustration of the preparation of the BTO/PANI hybrid system.

2.5. Characterization

The materials were characterized by XRD analysis to confirm the obtaining of the
phases. XRD analysis was performed by PW 1730 Philips with monochromatic radiation
with A = 0.15417 nm. Other characterization techniques are provided in previous studies
for BTO [15,47] and for PANI [46,48,49].

2.6. Hybrid and Combined Experiments

The removal of CFX was also evaluated using PANI, PANI coupled with BTO, and
the hybrid PANI/BTO material, in order to enhance the removal rates. First of all, the
effect of PANI adsorption alone was tested; 200 mL of 30 mg/L CFX was prepared with
pH=6,and 0.5 g/L of the PANI was added and magnetically stirred in the dark condition.
Then, the adsorption rate started to be analyzed directly after adding the PANI to the
solution because adsorption is a rapid process. After reaching the adsorption equilibrium,
the solution was filtered to separate the adsorbent from the liquid; this was to re-treat the
solution using photocatalysis (combining adsorption with photocatalysis), as shown in
Figure 4a. The obtained solution was re-treated using the BTO catalyst with a concentration
of 1.5 g/L (optimal). The suspension was irradiated using ultraviolet light (UVA). A similar
procedure (Figure 4b) was adopted using the hybrid system BTO/PANI. A total of 100 mL
of 30 mg/L CFX was prepared with pH = 6. Then, 2 g/L of the hybrid system (0.5 g/L of
PANI and 1.5 g/L of BTO catalyst) was added and magnetically stirred under irradiation
using ultraviolet light UVA 24 W (Philips PL/L).

(a) (b)

Adsorption ‘ | ,
Hybrid process

Photocatalysis Adsorption/Photocatalysis

Figure 4. (a) Combined and (b) hybrid processes for Cefixime removal.
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Absorbance

2.7. Analysis Method

The concentration of CFX was determined by following the absorbance wavelength
288 nm corresponding to the molecule CFX using a UV-visible spectrophotometer (OPTI-
ZEN, UV-3220UV). The analysis was performed using UV-visible spectrometry since it is
quick and only has a little inaccuracy when compared to HPLC analysis [47]. To remove
the suspended particles from the liquid, the solution aliquots were centrifuged for 15 min
at a speed of 3000 rpm. The following equation was used to compute the degradation rate:

(Co—Ci)
0

Removal efficiency % = x 100% 1
where Cj is the initial concentration of the CFX and C; is the concentration after irradiation
at the time (t).

A calibration curve was constructed by spectrophotometry to show the absorbance of
a solution as a function of the CFX concentration. The concentrations of CFX employed
in the trials given in this study vary from 5 mg/L to 30 mg/L. The dilution was made to
prepare a series of four concentrations defeated (5 mg/L, 10 mg/L, 20 mg/L, 30 mg/L);
then, the absorbance of each solution was measured. The 0 mg/L (blank) was measured
by a tank containing distilled water. Figure 5 shows the calibration curve as well as the
associated UV spectrum of different concentrations. The calibration curve is linear over the
chosen concentration interval, so the Beer—Lambert law is verified to determine the molar
extinction coefficient. The Beer-Lambert is generally presented as the next relation.

Absorbance = ¢). LC (2)

where Absorbance is the absorbance or optical density at a wavelength A, ¢, is the molar
extinction coefficient, its value depends on the temperature and the wavelength of the
incident light, L is the thickness of the cell, and C is the attenuating species concentration
in the solution (mg/L).
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Figure 5. (a) The UV spectrum of various concentrations and (b) the calibration curve.

3. Results and Discussion
3.1. Phase Identification

The X-ray diffraction patterns of the catalyst BTO and the polymer PANI at room
temperature are shown in Figure 6. For the polymer PANI, it shows five main characteristic
diffraction peaks with a 20 value at 9.1, 14.4, 20.9, 25, 5, and 27 4, respectively, which are
very similar to that reported in the literature [50]. The polymer is semi-crystalline in nature
because the unit shows sharp peaks due to the presence of benzenoid and quinonoid groups
in the polyaniline [51]. The large width (26) of the majority of these peaks represents the
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degree of orientation of the polymer chains due to long PANI chains and a more ordered
structure and also shows good agreement with those in the literature [52]. For the catalyst
BTO, all peaks are cubic-type sillenite Bij;TiOpp with space group 123 according to the
specifications PDF-340097 and ICDD N° 98-006-2302 [53].

—BTO
—— PANI

. |I J .lllll ll”“lnh N | VT

Intensity (a.u.)

T T T T T T T T
20 40 60 80 100

20 (degrees)
Figure 6. XRD diffractogram of BTO as well as PANL

3.2. Combined and Hybrid Processes for Cefixime Removal in a Batch Reactor

The removal of Cefixime was evaluated using PANI (adsorption), PANI and then with
BTO (combined system), and the hybrid PANI/BTO material (hybrid system) in order
to enhance the performance of the removal. First, the impact of PANI adsorption was
investigated on its own; after that, the solution was filtered to separate the adsorbent from
the liquid in order to re-treat the solution using photocatalysis (combining adsorption
with photocatalysis). At the same time, a similar technique was used involving the hybrid
system BTO/PANI.

3.2.1. Cefixime Removal Using Adsorption

First of all, the effect of PANI adsorption alone was tested; with a pH of 6, 200 mL of
30 mg/L CEX was produced, and 0.5 g/L of PANI was added and magnetically swirled in
the dark. The adsorbent dose of 0.5 g/L was selected as an ideal adsorbent dose and the
most convenient for the adsorption process, first of all, based on the optimal quantities for
the hybrid system, which are 0.5 g/L PANI and 1.5 g/L BTO, as it was found in the primary
studies. Therefore, the combined process will follow the same quantities of materials in the
hybrid process in order to compare them. Another reason that this adsorbent dose is the most
convenient in the combined process is that it has a good adsorption efficiency and does not
remove a large CFX concentration, leaving the opportunity for the next step of photocatalysis
to remove the rest. A 1g/L dose was indeed found to be the optimal adsorbent dose with an
efficiency of 89.65% in 1 h for the adsorption process alone; however, a 0.5 g/L dose was more
effective in the hybrid process because of the opacity of the solution. Whereas the adsorbent
dose needs to be as low as possible to not increase the opacity of the solution, which decreases
the light penetration and decreases the photocatalytic activity due to a scattering effect for an
expansion of the dose because of the dark color of the adsorbent.

The adsorption capacity of CFX adsorbed by polyaniline in Figure 7a was calculated
according to the following equation [54]:

g= 17 3)

where g is the adsorption capacity (mg/g), C, is the initial concentration, C; is the concentration
at time (t), m is the mass of the adsorbent (0.1 g), and V is the volume of the solution (0.2 L).
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Figure 7. (a) The adsorption capacity of CFX adsorbed by PANI and (b) the pseudo-first-order kinetic plot.

Lagergren has presented the equation for the pseudo-first-order kinetics of adsorption
in the following linear form [54,55]:

In(ge — q¢) = In(qe) — Kt 4)

where g, (mg/g) and g; mean the adsorption capacity of the adsorbent at equilibrium and at
time # (min), respectively, and K (6.29 x 10~2 min ~!) is the pseudo-first-order rate constant
(min~!), which was determined by the slope and the order at the origin, respectively, from
the plot of In (g.—4:) as a function of time shown in Figure 7b.

CFX adsorption is also presented as efficiency in Figure 8a. As can be seen, the PANI
showed an efficient removal for CEX with an efficiency of 76.83% within 70 min. The
decrease happened at the point between 60 and 70 min because the adsorbent has achieved
equilibrium between the adsorption and desorption.

20

80
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20

1.8
1.6
1.4

1.2
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0.4 -

0.2 4
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a
T T T g T T T T T T T

4 60 80 0 20 40 60
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(@) (b)
Figure 8. (a) CFX removal by adsorption using PANI and (b) the pseudo-first-order kinetic plot.
The kinetics of the adsorption (Figure 8b) was studied using the following pseudo-

first-order model of the photocatalysis process (Equation (5)) in order to compare its kinetic
constant with the combined and hybrid systems.

n% — k(1) 5)
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where C and Cy are the concentrations (mg/L) of CEX at a time, t and ¢ = 0, respectively. k
is the constant called pseudo-first-order rate constant, expressed in min~! and determined
from the slope of the curve drawn between / n% and light irradiation time.

Modeling results of the adsorption efficiency of PANI on CFX were in accordance with
the first-order kinetic reaction and it was validated by the R? value (0.9448). The k constant
was calculated to be 2.64 x 1072 min ~!. This operation was repeated in light conditions
using a UV lamp. However, the same removal efficiency for CFX was obtained in dark
conditions. This means that only adsorption has happened in the presence of PANI alone
under UV irradiation.

3.2.2. Cefixime Removal Using Adsorption Combined with Photocatalysis

The previous adsorption process was combined with the photocatalysis process using
the efficient BTO catalyst, as it showed in previous parts an efficient removal of large types
of pollutants. An adsorption experiment, the same as the previous part, was tested in the
same conditions. After adsorption, the solution was filtered to separate the adsorbent from
the liquid; this was to re-treat the solution using photocatalysis (combining adsorption with
photocatalysis). The results are presented in Figure 9a. After adsorption, when an equilibrium
between the adsorption and desorption was achieved, a removal efficiency for CEX of 76.83%
was reached using PANI. After that, the photocatalysis starts by removing the adsorbent and
adding the catalyst. As can be seen, the remaining concentration of CEX was eliminated using
photocatalysis with a removal efficiency of 94.64% within 260 min. This combined system has
shown a very efficient removal for high CFX concentration (30 mg/L).

100 2.0
99
o9
e
80 ad 154 @ Adsorption
@ Photocatalysis
S
> 60 )
8 —~ 1.0
8 g
L2 o )
% 40 s
™ 0.5+
>
°
GE, 20 —&— Adsorption
4 T —a— Photocatalysis W
0.0-@
0

T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)

(a) (b)

Figure 9. (a) CFX removal by adsorption combined with photocatalysis and (b) the pseudo-first-order
kinetic plot.

The reaction kinetics of both adsorption and photocatalysis on the CFX removal
(Figure 9b) were studied using a pseudo-first-order model (Equation (5)). Modeling re-
sults of the photocatalysis and adsorption efficiency of BTO and PANI on CFX were all
following the first-order kinetic reaction and they were validated by the R? values (0.884
and 0.9448, respectively). The k constants were calculated to be 2.64 x 1072 min~! and
1.04 x 1073 min ~! for adsorption and photocatalysis, respectively.

3.2.3. Cefixime Removal Using Adsorption/Photocatalysis Hybrid Process

A similar procedure as the previous part was adopted using the hybrid system
BTO/PANI. A total of 100 mL of 30 mg/L CFX was prepared with pH = 6. An amount of
2 g/L of the hybrid system with a ratio of 75% BTO/25% PANI (0.5 g/L of PANI and 1.5 g/L
of BTO catalyst) was added and magnetically stirred under irradiation using ultraviolet
light UVA 24 W (Philips PL/L).
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The results are presented in Figure 10a. As can be seen, the CFX removal was more
rapid and efficient than in the previous experiments (adsorption alone, photocatalysis alone,
and both combined processes). The efficiency has achieved 94.95% within only 110 min;
this was unexpected. It was expected that there is an inhibition effect between adsorption
and photocatalysis; however, it was found that there is a synergistic effect between them.
This can be explained by the fact that the adsorbent PANI has a semiconductor behavior;
however, it does not work alone under UV irradiation. In a previous work, the bandgap of
the catalyst BTO was found to be 2.9 eV [47]. By adding a narrow bandgap catalyst, a het-
erogeneous effect occurred between the BTO catalyst and PANI, increasing the efficiencies
of these materials and creating a more efficient system than both alone. Whereas recent
studies have demonstrated that hetero-systems can accelerate photoactivity by broadening
the spectral optical response to a wideband material, as is the case here [46,56-58]. Another
aspect that can be a reason for this increase is the fine nature of the mixture, where the
polyaniline is always agglomerated when it is alone; however, by mixing it with the catalyst
BTO, it obtains a fine nature. This has a major role in increasing the adsorption effect by
increasing the specific surface area of the adsorbent.

__e— 99—
90 o9 2.0
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80 o—2
/°

—~ 704
S d 1.5
> 60 /
2
g 50 e %)
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% a0 = 109
] -
3 304
£
& 20+ 0.5
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T T T T T T T 00 (I‘ T T T
0 20 40 60 80 100 120 0 20 40 60
Time (min) Time (min)
(a) (b)

Figure 10. (a) CFX removal by adsorption and photocatalysis using BTO/PANI hybrid system and
(b) the pseudo-first-order kinetic plot.

The reaction kinetics of this hybrid system on the CFX was studied using a pseudo-
first-order model (Figure 10b) using (Equation (5)). Modeling results followed the first-order
kinetic reaction and it was validated by the R? value (0.943). The k constant was calculated to
be 2.822 x 1072 min—!, and it was found to be higher than the previous constants (adsorption,
photocatalysis, and combined process). The higher the rate constant, the more efficient and
quicker the degradation; this proves the previous interpretations and conclusions.

Based on previous parts and recent studies [59], the mechanism, electron, and hole
transport pathways of the BTO/PANI system in CFX degradation under UV light can be
constructed. Previous results indicate that O,*~ and *OH radicals are vital active species in
CFX degradation. Under UV light, the BTO catalyst adsorbs light and generates electrons
and holes. Then, the generated electrons are moved from the valence band (VB) to the
conduction band (CB) of BTO and the highest occupied molecular orbital (HOMO) of PANI
to the lowest unoccupied molecular orbital (LUMO) of PANI through n—7* transitions [59].

Therefore, the excited BTO electrons are readily injected into the CB of PANI or the
electrons are directly reacting with oxygen to yield active species of superoxide radicals. On
the other hand, the PANI exchanges those electrons through holes in the BTO catalyst. The
exchanged electron-hole pairs (e~ and h*) between the BTO catalyst and PANI generates
then the active species *OH and O,°~. Whereas the radical *OH is generated by oxidation
of H,O adsorbed on the catalyst surface using h* in the valence band (Vg), and the radical
0O,°~ is produced by reduction of O, adsorbed on the catalyst surface using e~ in the
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conduction band (Cpg) [33]. The obtained active species *OH and O,°~ are highly reactive
reagents in a chemical reaction, so both can perform a chemical reduction or oxidation
reaction upon contact with organic pollutants, which then causes their decomposition into
small particles.

The next reactions could describe the mechanism of CFX photodegradation over the
BTO/PANI hybrid system. Figure 11 shows a schematic depiction of the proposed mechanism.

(Bi1aTiO29/ PANI) + hv — (BiyaTiOs0/PANI)* + e~ + h™ (6)
Biy TiOy (") & PANT (k") + H,O — °*OH + H* @)
Bi15TiOyg (6—) & PANI (8_) + 0, = O° (8)
Cefixime + 0,°~ and *OH — COy+ HyO + NO3™ 4 SO4*~ + by products ~ (9)
Cefixime + by products — Adsorption — PANI (10)
CFX

0,
Degradation
0, * by-products
.

hv Bi12TiO20

Adsorption

e 4= CFx

Degradg\

by-products

Figure 11. Possible photocatalytic/adsorption CFX removal mechanism into the hybrid system
BijpTiOp9/PANIL

4. Conclusions

This work aims to test hybrid systems in order to enhance the removal efficiency of
the photocatalytic process. Starting with the characterization of the materials, the XRD
has confirmed the obtaining of the phases of BTO and PANI after synthesis. The sillenite
Bi;TiOyp was taken as a typical example for this application due to its efficiencies and
originalities. Combining this sillenite as a catalyst with an adsorbent polymer such as
polyaniline was interesting as a hybrid/combined system; for that, it was handled. The
efficiency of those materials has been tested for the removal of CFX. The polymer PANI has
shown alone an efficient removal of CFX by adsorption with an efficiency of 76.83% within
70 min. An interesting enhancement in removing Cefixime was obtained using the hybrid
system Bij»TiOyg/Polyaniline, where it almost removes a CFX concentration of 30 mg/L
within only 2 h, which is very high efficiency.
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