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Abstract: Chemical synthetic pharmaceutical wastewater has characteristics of high concentration,
high toxicity and poor biodegradability, so it is difficult to directly biodegrade. We used acid modified
attapulgite (ATP) supported Fe-Mn-Cu polymetallic oxide as catalyst for multi-phase Fenton-like
ultraviolet photocatalytic oxidation (photo-Fenton) treatment with actual chemical synthetic phar-
maceutical wastewater as the treatment object. The results showed that at the initial pH of 2.0,
light distance of 20 cm, and catalyst dosage and hydrogen peroxide concentration of 10.0 g/L and
0.5 mol/L respectively, the COD removal rate of wastewater reached 65% and BOD5/COD increased
to 0.387 when the reaction lasted for 180 min. The results of gas chromatography-mass spectrometry
(GC-MS) indicated that Fenton-like reaction with Fe-Mn-Cu@ATP had good catalytic potential and
significant synergistic effect, and could remove almost all heterocycle compounds well. 3D-EEM
(8D electron microscope) fluorescence spectra showed that the fluorescence intensity decreased
significantly during catalytic degradation, and the UV humus-like and fulvic acid were effectively
removed. The degradation efficiency of the nanocomposite only decreased by 5.8% after repeated
use for 6 cycles. It seems appropriate to use this process as a pre-treatment for actual pharmaceutical
wastewater to facilitate further biological treatment.

Keywords: pharmaceutical wastewater; heterogeneous catalyst; photo-Fenton; Fe-Mn-Cu@ATP

1. Introduction

With the rapid development of the pharmaceutical industry, the scale of synthetic
pharmaceutical production is expanding, resulting in a large increase in the amount of
wastewater generated [1]. The public faces an environmental problem of complex phar-
maceutical wastewater components, which causes them to worry about the ecological
environmental damage [2]. In recent years, due to the variation in raw materials and
production processes of different drugs, the composition of wastewater has varied widely
from location to location, which brings certain difficulties to wastewater treatment, which
is also an important reason for pharmaceutical industry wastewater treatment efficiency [3].
Therefore, combined with the actual situation of chemical synthetic pharmaceutical wastew-
ater (hereinafter referred to as chemical pharmaceutical wastewater), the type and char-
acteristics of wastewater should be studied in depth, and wastewater treatment technol-
ogy should be continuously improved to meet the development needs of the chemical
synthetic pharmaceutical industry [4]. Chemical pharmaceutical wastewater mainly in-
cludes process wastewater, washing wastewater and recovery residual liquid. Due to
its long production process and the low utilization rate of raw materials, the chemical
composition of the wastewater is complex, with high concentration of organic matter,
strong toxicity, poor biodegradability and great impact on biochemical treatment. At present,
the difficulty of chemical and pharmaceutical wastewater treatment lies in reducing pol-
lutant concentration and improving biodegradability. Traditional treatment technologies,
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such as adsorption, coagulation and biological treatment, are mainly used, but there are
some application problems, such as poor treatment efficiency, high cost, and easy to cause
secondary pollution [5]. Moreover, the highly toxic and recalcitrant substances in the
wastewater make biochemical treatment difficult to be directly applied. Therefore, an eco-
nomical, effective and eco-friendly technology is needed to mineralize these pollutants into
substances that are non-toxic or less toxic.

As an emerging wastewater treatment method, advanced oxidation technology has
attracted the attention of many experts and scholars in recent years, among which methods
heterogeneous photo-Fenton catalysis technology has been successfully applied to the
treatment of refractory organic wastewater [6]. Both homogeneous Fenton and Fenton-like
methods can effectively degrade refractory organic compounds in water, but they have
some disadvantages, such as the release of large amounts of iron ions in water, increased
chromaticity, heavy mud production, and unrecyclable catalysts. Relevant researchers have
researched heterogeneous Fenton-like oxidation technology based on solid catalysts [7].
In recent years, as a green, economical and convenient catalytic method, heterogeneous
photo-Fenton catalytic oxidation has been widely investigated [8,9]. The commonly used
oxidants and catalysts in the treatment of chemical pharmaceutical wastewater by photo-
Fenton catalytic oxidation are H,O,, TiO; and their composites, and other metal composite
materials [10-12]. Transition metals and their compound catalysts mainly refer to the
catalysts formed by transition metal elements and their oxides, as well as the composite
oxides between them [13]. The commonly used transition metals mainly include Fe,
Mn, Cu, Co, Ni, Zn, etc. Because of its high catalytic performance in the oxidation of organic
pollutants in aqueous solution, metal nano-oxide has attracted the attention of many
researchers [14,15]. In recent years, it has been reported that it is feasible to treat organic
pollutants with transition metal oxide as catalyst [15,16]. The application of active metal-
supported multiphase catalysts can not only reduce ion leaching, but also expand the pH
range and improve reusability. In addition, the application of nano-oxide in photocatalytic
oxidation can degrade many tolerant organic pollutants. Moreover, the combined action
of poly-metals causes heterogeneous catalysts with multiple active centers to have better
catalytic activity. Li prepared an Fe304/CeO, composite material by impregnation roasting
method, which played the dual role of highly efficient adsorbent and Fenton-like catalyst
for organic dyes [17]. Jauhar used the sol-gel method to prepare nano-cobalt-manganese
composite iron oxide and applied it to the degradation of dyes, and finally achieved good
treatment effects [18]. Su prepared nanometer FexMnyCu,O,, /y-Al,Oj3 catalyst by wet
impregnation and calcination, and box-Behnken studied the degradation of PVA in aqueous
solution [19]. Relevant articles indicate that polymetallic catalysts have been successfully
used in photo-Fenton treatment of organic pollutants [20].

Because the metal nanoparticles are easy to agglomerate, the active surface area of the
catalyst is small. In order to improve their dispersibility, a mature method is to combine
catalyst nanoparticles with adsorbents. Polymetallic nanoparticles are fixed to solid carriers
during the synthesis process, such as activated carbon, mineral materials, carbon nanotubes
and mesoporous materials [21-23]. Attapulgite, as a kind of natural mineral clay, not only
has large reserves and high crystal level, but also is easy to be mined in China with obvious
quality advantages [24]. Therefore, it is of great industrial application value to develop
and study this kind of cheap clay resource ore and to prepare attapulgite products with
large specific surface area. In addition, having a large specific surface area gives attapulgite
good colloidal properties such as easy decolorization and easy adsorption. Zhang prepared
an attapulgite supported Fe,O; catalyst and studied its decolorization effect on dyes in
heterogeneous Fenton reaction [25].

The focus of this study is to prepare multiphase Fe;O3-MnO-CuO composite material
loaded on modified ATP (labeled as Fe-Mn-Cu@ATP), and study catalytic performance in
degradation of organic pollutants under different conditions by using H,O, and UV irradi-
ation in actual chemical pharmaceutical wastewater. Sodium pyrophosphate was selected
as the dispersant in the purification process of ATP, and the purified ATP was modified by
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acidification [26], so that the final catalyst had high reaction activity, high stability and high
degradation rate [27]. Then the effects of pH, solid catalyst, hydrogen peroxide dosage and
light intensity on the removal of pollutants were systematically investigated. The change
rules and removal characteristics of organic compounds in wastewater before and after
the reaction were revealed by GC-MS and 3D-EEM fluorescence spectra, and the reaction
mechanism was further analyzed to evaluate the actual effect of photo-Fenton oxidation
pretreatment. Finally, decolorization, degradation of refractory organics and improvement
of biodegradability of effluent were achieved.

2. Materials and Methods
2.1. Characteristics of Pharmaceutical Wastewater

The wastewater used in the study was raw water from a pharmaceutical company in
Zhengzhou, China, producing chemical API, mainly including sulfa-medrazine sodium
and doxycycline hydrochloride. Table 1 describes the characteristics of the chemical
pharmaceutical wastewater used in the experiment.

Table 1. Characteristics of the chemical pharmaceutical wastewater.

Parameter Unit Concentration
pH - 1.0£0.1
COD mg/L 18,585 + 265
BODs mg/L 3350 + 150
BODs/COD - 0.179 + 0.015
NH3-N mg/L 15549 +17.3
TN mg/L 1780 &+ 25
NO;3-N mg/L 88.5+9
NO,-N mg/L 10.2 £ 0.8

Note: Data presented are mean = standard error.

2.2. Preparation of the Catalyst

Fe-Mn-Cu@ATP was prepared by a new aeration-coprecipitation method [28].
The experimental steps in this process are as follows. The first step is to purify and
modify ATP. ATP ore powder was mixed with deionized water in a certain proportion in a
1000 mL container, and sodium metaphosphate dispersant was added at a proportion of 3%.
After being dispersed by oscillatory ultrasonic, it was centrifugally dried and ground into
powder. Then, 10 g of purified ATP was added into 100 mL hydrochloric acid solution with
6 mol/L, stirred at 75 °C for 3 h, washed to neutral and dried. In the second step, Fe3*, MnZ*
and Cu?* with molar ratio of 1:1:2 were freshly prepared and combined in the presence
of excess oxygen (according to the analysis and comparison of the previous test). To this
end, 2.303 g anhydrous ferric sulfate (FeSO,), 1.946 g manganese sulfate (MnSO4eH,0)
and 5.751 g copper sulfate (CuSO405H,0) were dissolved in 100 mL deionized water,
respectively. In the next step, 10 g ATP after purified acidification was added to a large
flask containing 100 mL distilled water under stirring conditions, and the three solutions
were then mixed in a flask at a temperature of 70 °C at a stirring speed of 50 rpm. It was
inflated in these conditions for 30 min. Then 10% ammonia was added at a very low rate
(0.7 mL/min) to make the pH of the solution above 9, and the solution was mixed at a
mixing rate of 50 rpm for 4 h. The solution was then placed at rest until it was completely
deposited, and the resulting nanocomposite precipitated out. Finally, the formed products
were centrifuged at 3000 rpm for 10 min, washed four times with deionized water and
ethanol twice, washed, dried, and activated in a muff furnace at 400 °C for 3 h to reach
constant weight. Fe-Mn-Cu was also prepared by the new aeration-coprecipitation method.
The production process is the same as the previous steps 2 to 4, without adding carrier ATP.
Afterwards, the prepared catalysts were collected separately and stored in a desiccator at
room temperature. The above chemicals were obtained from commercial sources and were
of analytical purity.
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2.3. The Experimental Methods

Photo-Fenton catalytic degradation of chemical pharmaceutical wastewater was car-
ried out in a self-made transparent plexiglass reactor with an effective volume of 1 L
(360 mm in length, 85 mm in width, 40 mm in height and 3 mm in wall thickness).
Three groups of experiments were conducted in parallel. First, 500 mL pharmaceutical
wastewater was added into the reactor, where pH adjusted the pharmaceutical wastewater
to 3.0 by adding 1.0 mol/L NaOH or HySO4. Then a certain amount of solid catalyst
(Fe-Mn-Cu@ATP) and hydrogen peroxide solution were added in turn. After the degrada-
tion reaction was started, the UV lamp was turned on with a 40 W UV lamp as the light
source, the light distance was adjusted, and sampling was conducted regularly. The reac-
tion temperature was maintained at 25 °C. The initial pH value (1-10), Fe-Mn-Cu@ATP
dosage (1-12 g/L), hydrogen peroxide dosage (0.1-0.6 mol/L) and light distance were
continuously studied. Photo-Fenton catalytic degradation was studied by measuring COD
and other data changes of the samples. COD removal rate was determined by Equation (1):

COD removal(%) = (CODy — CODy)/CODy x 100, @)

where CODy and COD:; are the initial and residual COD concentrations at 0 and t min,
respectively.

2.4. Analytical Methods

The structure and morphology characteristics of the composite catalyst (Fe-Mn-
Cu@ATP) were characterized by using a Regulus 8100 SEM (HITACHI, Tokyo, Japan).
Before SEM observation, samples should be fixed on the silicon wafer and sprayed with a
metal film to enhance electrical conductivity. X-ray diffraction (XRD) of Fe-Mn-Cu@ATP
powder was characterized by an advanced diffractometer Bruker D8 and carried out at
40 kV working voltage and 30 mA with Kal (A = 0.15405 nm). The 26 scanning range was
10-80 degrees, and the scanning speed was 2 degrees per minute.

The Chemical Oxygen Demand (COD) and Biochemical Oxygen Demand (BODs) in-
dexes of pharmaceutical wastewater were determined according to the standard method [29].
The ultraviolet-visible (UV-vis) light absorption spectrum of the sample was scanned by an
UV-vis spectrophotometer (MAPADA /3100, Shanghai, China). The sample was placed in
a 1 cm quartz cuvette, and the wavelength scanning range was 200-650 nm [30].

The change process of refractory organic compounds in pharmaceutical wastewater
was analyzed by using a 3D-EEM fluorescence spectrophotometer (F7000, HACH, Love-
land, CO, USA). The emission wavelength (EM) was set at 250-550 nm, and the excitation
wavelength (EX) was set at 200450 nm, and the detection scanning was performed once
every 5 nm. The samples were pretreated and filtered and tested after dilution. The gas
chromatography-mass spectrometer (Agilent 7890B-5977A, Santa Clara, CA, USA) was
used for GC-MS analysis of organic species content and changes in samples.

3. Results and Discussion
3.1. Characterization of Catalyst

As shown in Figure 1a,c, the composite material has peaks related to Mny O3 (Joint Com-
mittee on Powder Diffraction Standards: JCPDS 33-0664) at 26 = 11.3° and 36.5° and peaks
related to Fe,O3 (JCPDS 24-0508) at 16.34° and 32.9°, respectively. The diffraction peaks
at 35.5° and 61.5° can be attributed to CuO phase (JCPDS 48-1548) [28,31,32]. Figure 1b
shows that attapulgite modified by acid still exhibits characteristic diffraction peaks at
13.9°,20.8°,26.6°,27.3°,50.15°, 59.87° and 68.35° [33]. Compared with Figure 1c, the peak
strength of metal oxide due to its load is significantly lower than that of the ATP carrier,
and several distinct characteristic peaks of metal are shown. To calculate the crystal size of
nanoparticles, the Debye-Scherrer formula was used (Equation (2)):

D =K\A/B cosb, )
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where D is the crystal size, K is the Scherrer constant (K = 0.89), A is the X-ray wavelength,
B is the full width half maximum (FWHM), and 0 is the diffraction angle [28,30]. Based on
Equation (2), the average size of the nanocomposite is 6.91 nm. It can be seen from the
SEM atlas that all of them are nanoscale. The smaller grain size may be related to the
coexistence of Fe, Mn and Cu in the material. In addition, it can be seen from Figure 1
that the diffraction peaks of metal oxides and ATP overlap between 20° and 37°, and the
characteristic diffraction peaks still exist, indicating that the polymetallic oxides have been
successfully loaded on attapulgite.

O ® Metallic oxide
O ATP
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Figure 1. X-ray diffraction (XRD) patterns of (a) Fe-Mn-Cu, (b) ATP and (c) Fe-Mn-Cu@ATP.

Asrevealed in Figure 2, the morphologies of the original ATP, modified ATP, Fe-Mn-Cu
and Fe-Mn-Cu@ATP catalysts were characterized by SEM.

Figure 2a,b showed that the surface of the original ATP soil was relatively flat and
smooth, with small rod-shaped particles and agglomeration, while the surface of the modi-
fied ATP soil had a convex sand dune shape and was irregularly distributed. Its particles
were larger, the structure became loose, and the colloidal impurities in the ATP pores
were effectively reduced by the modification method, which can avoid the agglomera-
tion of crystal particles to a certain extent, and help the metal particles to be loaded on
the surface. In addition, relevant studies have shown that the number of internal pores
and specific surface area of ATP soil soaked by hydrochloric acid will increase, and all
internal impurities can also be removed [26]. The decolorization and adsorption of ATP
treated with acidification will be improved, which can play a better role in the process of
environmental water treatment. In Figure 2c, the nano-polymetallic oxides showed some
irregular appearance, and agglomerations caused by inter-metal forces were mainly dense.
In Figure 2d it can be observed that, in the Fe-Mn-Cu metal oxide, particles on the surface
of ATP and dispersed evenly between the layers (compared with Figure 2b), metal oxides,
and acid modified ATP together led to the roughness of the samples increased, and par-
ticles on the surface of the ATP; a large amount of deposition may be due the process of
synthesis of metallic bonding. At the same time, Fe-Mn-Cu metal oxide particles gener-
ated on the ATP surface have smaller and more uniform particle size, and show better
dispersion and less coaggregation. Combined with XRD results, the composite catalyst
was prepared successfully.
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Figure 2. SEM photographs of (a) acid modified attapulgite (ATP), (b) Acid modified ATP, (c) Fe-Mn-Cu and

(d) Fe-Mn-Cu@ATP.

3.2. Photo-Fenton Catalytic Degradation Performance
3.2.1. Effects of Different Treatment Systems

Different treatment methods were used to degrade the actual chemical pharmaceutical
wastewater, and the COD removal rate is shown in Figure 3a. In the whole treatment
process, the removal rate of COD is less than 15% after using catalyst adsorption or UV
treatment alone. In addition, compared with the use of UV alone, adding oxidant can
improve the COD removal by about 15%, but when adding multi-metal Fe-Mn-Cu oxide
into the catalytic reaction system, the removal rate of COD can be significantly improved.
Interestingly, ATP itself is not catalytic, and the removal effect of COD cannot be well
improved. However, the COD removal rate of the composite catalyst catalytic system
(UV /Fe-Mn-Cu@ATP /H,0,) was 64.9%, nearly 16% higher than that of the polymetallic
catalytic system (UV /Fe-Mn-Cu/H;O;). The most likely reason is that nano polymetallic
oxides are fixed and supported on the high surface area, which can not only prevent the
accumulation of polymetallic oxides, but also prevent their loss to the water sample and im-
prove their catalytic activity. So far, various materials have been applied to the carrier in the
research process, such as graphene, activated carbon and bentonite [34,35]. Although they
have a high external surface area and can help to remove COD through adsorption, their re-
moval efficiency is still limited by the quality of wastewater and coulomb repulsive-force.
Here, the acidified ATP was selected, and the surface of ATP was chemically functionalized
to enhance its optimization potential and increase the formation density of ¢OH. ATP with
high adsorption capacity and microporous structure is proved to be a low-cost carrier



Water 2021, 13, 156

7 of 18

for the removal of pollutants from wastewater [27]. Therefore, the composite catalyst
(Fe-Mn-Cu@ATP) has been shown to perform well in photo-Fenton catalytic oxidation.

70 0.45
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Figure 3. (a) COD removal and (b) BOD5/COD change of the chemical pharmaceutical wastewater by different treat-

ment systems.

According to the research results, the UV assisted Fenton can significantly improve
the biodegradability of chemical pharmaceutical wastewater [36]. Figure 3b shows the
treatment of BOD5/COD by different systems in the catalytic oxidation process of UV /Fe-
Mn-Cu/H0O,. After 180 min of treatment, BOD5/COD in the pharmaceutical wastewater
was not significantly increased by photolysis alone or catalyst adsorption, indicating that
the biodegradability of the wastewater was not significantly changed by its use alone.
Another key factor affecting the B/C value is HyO,. When its dosage as an oxidant
increases from 0 to 0.5 mol/L, the B/C value also increases slightly. In contrast, UV /Fe-Mn-
Cu/H;0; system can significantly improve BODs5/COD, indicating that nano polymetallic
oxides have certain catalytic activity and play a certain catalytic role in the photocatalytic
oxidation process, but the highest BOD5/COD is 0.309, and the biodegradability of effluent
is not high. After replacing the catalyst with the prepared Fe-Mn-Cu@ATP, the effluent
BODs5/COD reached 0.387, proving that Fe-Mn-Cu@ATP has stronger catalytic activity
than the single polymetallic oxide, which may be related to the reduction of particle
aggregation due to the loading of polymetallic materials with large specific surface area.
It has been proved that ATP has high adsorption capacity, can decolorize and adsorb
pollutants in wastewater, and has low cost. Moreover, the composite nano Fe-Mn-Cu@ATP
is more exposed to ¢OH than the polymetallic oxide Fe-Mn-Cu, so it can be proved that
the composite catalyst performs better in photo-Fenton catalysis.

3.2.2. Effect of the Initial pH

Initial pH of solution is the main operating parameter that affects the efficiency of the
system. In order to more reliably analyze the effect of initial pH for processing, according to
the previous experimental data, the influence of initial pH on pharmaceutical wastewater
was analyzed under the conditions of peroxide concentration of 0.5 mol/L, catalyst dosage
of 10 g/L and optical distance of 10 cm.

Figure 4 showed the effect of initial pH on COD removal rate and the change of
BOD5/COD in pharmaceutical wastewater. It can be seen from Figure 4a that when pH
increased from 1.0 to 10.0, the COD removal rate first increased and then decreased, indi-
cating that the catalyst activity has a significant dependence on pH. At the initial pH of 2.0,
the COD removal rate was optimal. Initial pH solution for lower or higher are unfavorable
to COD removal. The reason may be that the hydroxyl free radical (¢OH) oxidation reduc-
tion potential is higher; under the low pH value, its formation rate increased, but when
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the pH is too low, an excess of H+ in the solution can react with hydroxyl radicals, thus af-
fecting the reaction system of organic pollutants treatment effect. When pH continues
to rise to neutral or even alkaline, HyO, will be decomposed into O,, and H,O, will be
inhibited to decompose into hydroxyl radicals, thus reducing the production of hydroxyl
radicals. On the other hand, under alkaline conditions, the negative charge on the surface
of the catalyst is not conducive to the adsorption of pollutants to its surface, thus reducing
the catalytic effect. In the hydroxyl radical oxidation pharmaceutical wastewater system,
under the condition of low pH, chlorine ion accelerated the degradation process, while un-
der the condition of high pH, chlorine ion significantly inhibited the degradation process.
This phenomenon is consistent with the results of this study. According to the results,
the UV /Fe-Mn-Cu@ATP /H,0, system can specifically adsorb and degrade organic pol-
lutants. Compared with the single photocatalysis or Fenton-like system, it is more effec-
tive and more suitable for chemical pharmaceutical wastewater. According to Figure 4a,
pH of 2.0 leads to a slightly higher BODs/COD value. This result can be interpreted that,
under the condition of pH = 2.0, there are more hydroxyl radicals produced, which can
attack organic compounds in chemical pharmaceutical wastewater and lead to further
mineralization, and the reaction conditions are the most favorable [37]. This is consistent
with the above analysis.
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Figure 4. Effect of initial pH on (a) COD removal and (b) BOD5/COD of chemical pharmaceutical wastewater (Fe-Mn-
Cu@ATP dose =10.0 g/L, hydrogen peroxide concentration = 0.5 mol/L, light distance = 20 cm).

3.2.3. Effect of the Catalyst Dosage

After initial pH was determined to be 2.0 and other conditions remained unchanged,
the dosage of catalyst was changed from 2.0 g/L to 12.0 g/L to investigate the treatment
effect of catalytic oxidation pharmaceutical wastewater.

Figure 5 showed the effect of catalyst dosage on COD removal and BODs5/COD
value. The results showed that the COD removal rate increased from 33.7% to 53.3%
when the catalyst dosage increased from 2.0 g/L to 12.0 g/L. When hydrogen peroxide
is an oxidant, the higher the dosage of the catalyst, the more metal active sites can be
provided for H,O,. However, when the Fe-Mn-Cu@ATP dosage is increased from 2.0 g/L
to 10.0 g/L, the COD removal rate reached the highest. Some studies have shown that
when the catalyst content in the reaction system is low, there are fewer active sites in the
system, which are not enough to promote the rapid decomposition of H,O; to produce
hydroxyl radicals, thereby affecting the degradation effect [33]. However, no significant
advantage in COD removal was observed when too much catalyst was used. The high
catalyst dosage will limit the further acceleration of the reaction rate, and easily lead
to the generation of electron-hole effect to generate superoxide radicals with weaker
oxidation capacity than that of «OH, which will reduce the catalytic performance of the
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reaction system. In addition, this phenomenon can also can be attributed to the reaction
between excess Fe(IT), Cu(I), Mn(II) active sites and eOH on the surface of Fe-Mn-Cu@ATP
(Equations (3)—(5)). Excess catalyst may consume part of ¢OH, which acts as a hydroxyl
radical scavenger [39].

COD Removal 25)

eOH + Fe** — Fe?* + OH™, 3)
eOH + Mn?* — Mn*" — Mn** + OH™ (4)
eOH + Cu* — Cu** + OH ", (5)
0.5 80
| BOD,/COD ()

- 70

—B— 0D Removal

COD Removal(%)

80 100 120 140 160 180 : 0 2 4 ] 8 10 12

Time (min) Catalyst dosage(g/L)

Figure 5. Effect of catalyst dosage on (a) COD removal and (b) BOD5/COD of pharmaceutical wastewater (initial pH = 2.0,

hydrogen peroxide concentration = 0.5 mol/L, light distance = 20 cm).

In addition, the effect of catalyst dosage on biodegradability is shown in Figure 5b.
In the photo-assisted Fenton-like catalytic oxidation process, increasing the amount of
catalyst has a good effect on improving BODs/COD. The results showed that the biodegrad-
ability of all samples was increased to varying degrees after being treated for 180 min.
The BODs/COD without catalyst was 0.273, while that of 10.0 g/L nano-Fe-Mn-Cu@ATP
was 0.387. This may be related to the more active sites of UV and hydroxyl radical inter-
action with the increase of catalyst and dosage, which led to the significant enhancement
of biodegradability of pharmaceutical wastewater. Therefore, 10.0 g/L was chosen as the
catalyst usage in the experiment.

3.2.4. Effect of the Peroxide Concentration

In order to reveal the influence of hydrogen peroxide concentration, at room tem-
perature, other conditions were kept constant, and the catalytic degradation effect of the
amount of oxidant HyO, on pharmaceutical wastewater was investigated.

Figure 6a showed the degradation effect of Fe-Mn-Cu@ATP system on wastewater
under different oxidant dosages. The COD removal rate increased from 33.09% at 0.1 mol/L
to 64.98% at 0.5 mol/L. It can be seen that with the increase of oxidant concentration,
the COD removal rate will directly improve [40]. In the experiment, within a certain range,
as the dosage of HyO, increases, it will promote the production of more «OH. However,
excessive use of HyO, may lead to the quenching of hydroxyl radical, thus reducing
the catalytic effect [41,42]. This phenomenon can be expressed as the following reaction
(Equations (6) and (7)).

oOH + H202 — HOZO + HQO, (6)

¢OH + HOze — O+ H50, (7)



Water 2021, 13, 156 10 of 18
70 0.5 80
L — =0, Imol/I. (3)4 B 50D /COD (b)
eo L —® 0.2moliL A —m— COD Removal nikd
—&— (.3mol/L T 0.4 |-

v 0.4mol/L A -
%0 = —«—0.5mollL - - ¥
% i
§ »— 0.6mol/l. o — F
= e
= a 3
o =) 2
Q
o) by ~
e s
© o
1 1 L 1 1 1 1 L 1
0 20 40 80 50 100 120 140 160 180 0 0.1 0z 0.3 0.4 0.5 08
Time {(min) H,0, Concentration{mol./T.)

Figure 6. Effect of HyO, concentration on (a) COD removal and (b) BOD5/COD of pharmaceutical wastewater (initial
pH = 2.0, catalyst dosage = 10.0 mol/L, light distance = 20 cm).

As shown in Figure 6b, the higher the oxidant concentration, the higher the BOD5/COD
value. When H,O, concentration increased from 0.1 mol/L to 0.5 mol/L, the value of
BOD5/COD increased from 0.23 to 0.387. In the process of photo-assisted Fenton-like
treatment, the gradual degradation of organic base system made the B/C value increase
gradually, including the degradation of organic compounds that can improve the biodegrad-
ability, degradation or reduction of toxic substances in wastewater, and oxidation of organic
matter into carbon dioxide, water and inorganic compounds. Therefore, in the heteroge-
neous system, the higher oxide concentration can improve BOD5/COD, but the further
increase of the amount of H,O, did not significantly improve the removal rate of COD and
BODs5/COD. Therefore, 0.5 mol/L HyO, was selected for further study.

3.2.5. Effect of UV Light Distance

The chemical pharmaceutical wastewater with initial pH of 2.0 was placed in the
reactor, the catalyst dosage was 10 g/L, the H,O; concentration was 0.5 mol/L, the illu-
mination distance was changed, and the blank sample was controlled to investigate the
effect of light intensity on COD removal rate and BOD5/COD. The experimental results
are shown in the Figure 7.

70 045 80
" Sem o B BOD /COD )
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Figure 7. Effect of light distance on (a) COD removal and (b) BOD5/COD of pharmaceutical wastewater (initial pH = 2.0,
hydrogen peroxide dosage = 0.5 mol/L, light distance = 20 cm).
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300
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It can be seen from Figure 7 that the change of light distance makes no obvious change
in the removal of COD and the improvement of biodegradability. On the whole, as the
illumination distance decreases gradually, the catalytic effect (including COD removal
and BODs5/COD) first increases and then decreases. The smaller the optical distance,
the greater the light intensity, and the more photons that hit the surface of the catalyst,
the more electron-hole pairs can be excited. With the further reduction of the light dis-
tance and the increase of light intensity, COD removal and BOD5/COD both decrease
instead of increasing [43]. This may be due to two reasons: one is the inhibition of chlo-
rine ions. There are a large number of chlorine ions in wastewater, which compete ¢« OH
with organics matter. Studies have shown that the reaction rate of chlorine ion with
eOH (Keop.c1~ = 4.3 x 10° L-(mol-s)~1), which is higher than that of some organic com-
pounds with eOH, thus inhibiting the degradation reaction of chemical pharmaceutical
wastewater [34]. On the other hand, there is an addition reaction. When the light intensity
is too high, the chlorine ions in the wastewater will compete for oxygen with the organic
matter and generate hypochlorous acid. Under the strong light radiation, chlorine free
radical will be generated, and then the addition reaction will occur with the organic matter
to increase the COD. Secondly, when the light distance is too small, the ultraviolet lamp
will heat the solution for a long time, which will cause secondary pollution. Therefore,
the illumination distance of 20 cm was chosen as the best in this experiment.

3.3. Variations of Organic Compounds
3.3.1. 3D-EEM the Fluorescence Spectrum Analysis

In order to better understand the changes of organic matter in the wastewater treated
by UV/Fe-Mn-Cu@ATP /H,0,, the chemical changes of organic matter in pharmaceutical
wastewater were determined by using 3D electron microscope (3D-EEM) spectroscopy.

According to the literature research [44], the fluorescence spectrum can be divided
into five major areas, which represent aromatic protein substances I(I), aromatic protein
substances II(Il), fulvic acid (FA) chemicals (III), soluble microbial metabolites (IV)and
humic acid (HA) substances (V). It can be seen from Figure 8a that, before the reaction,
there is obviously a major EEM peak in pharmaceutical wastewater: The peak A, at EX/EM
of 450/525 nm, was labeled as HA substances. At this time, the complex component of
FA and HA in wastewater was the largest. This indicated that the water sample was in a
difficult state before pretreatment.

I 10, 00 600

500

10, 00

400

I
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I 300
500, 0

200 "
500 600 700 300 400 500 600 700

3
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Figure 8. 3D-excitation emission matrix fluorescence spectroscopy of (a) input pharmaceutical wastewater and (b) treated

pharmaceutical wastewater.

As can be seen from Figure 8b, the maximum fluorescence intensity EX/EM of the
new peak (B) was 440/505 nm after the catalytic treatment for 180 min, which may be
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derived from visible HA compounds. This may be caused by the accumulation of non-
degradable humus. After catalytic reaction with Fe-Mn-Cu@ATP, the peak A shifted and
the fluorescence intensity was significantly reduced, indicating that some FA and HA
were effectively degraded into substances without fluorescence characteristics, which was
consistent with the analysis results of GC-MS, indicating that FA and HA were effectively
degraded into small molecules or removed, thereby improving the biodegradability of the
effluent [40].

3.3.2. GC-MS Organic Compounds Change Analysis

Gas chromatography-mass spectrometry (GC-MS) was used to detect the raw water
and treated effluent of chemical pharmaceutical wastewater. The analysis of the change of
organic matter is shown in Table 2.

Table 2. Organic matter changes in pharmaceutical wastewater before and after the reaction.

Initial Values Final Values

Organic Compounds
Peak Area P (%) Peak Area P (%)
Pyrimidine, 2-chloro 134,337,798 18.86 112,957,014 31.23
2,6-Dichloropyrazine 311,329,997 43.72 2,072,863 0.57
Pyrimidine, 4,6-dichloro 109,383,005 15.36 86,220,168 23.84
Diethyl carbitol 532,383 0.07 N.D. N.D.
4-Amino-2,6-dichloropyridine 180,401 0.03 N.D. N.D.
2,4-Dihydroxybenzaldehyde, 2TMS derivative 358,603 0.05 472,319 0.13
Cyclo-penta-siloxane, deca-methyl 3,375,447 047 2,703,467 0.75
Pyrimidine, 2,4,6-trichloro 145,047,498 20.37 21,144,132 5.85
Benzoic acid, 2,6-dichloro-, 2-acetylphenyl ester 158,224 0.02 N.D. N.D.
Benzene,1-chloro-3,5-difluoro- 228,041 0.03 N.D. N.D.
Pyrimidine, tetrachloro 371,995 0.05 N.D. N.D.
4-Chloroquinoline 300,677 0.04 N.D. N.D.
Cyclo-hexa-siloxane, dodeca-methyl 4,558,815 0.64 3,698,006 1.02
2-Bromo-1,3-thiazole-5-carbaldehyde 618,021 0.09 N.D. N.D.
Benzenamine, 2,3,4-trichloro 166,015 0.02 N.D. N.D.
Cyclo-hepta-siloxane, tetra-deca-methyl 800,715 0.11 1,155,308 0.32
2,4-Dichloroquinoline 422,801 0.06 N.D. N.D.
1,3-Dioxolane N.D. N.D. 240,275 0.07
4-Methyl-2,4-bis(p-hydroxyphenyl) pent-1-ene, 2TMS derivative N.D. N.D. 10,638,907 2.94
Imidazo[1,5-a]pyridine, 3-phenyl N.D. N.D. 357,153 0.10
Pyrimidine, 4-chloro-2-methyl N.D. N.D. 119,229 0.03
N-(2,6-Diethylphenyl)-1,1,1-trifluoro-methane sulfonamide N.D. N.D. 117,811,503 32.58
Cyclotrisil-oxane, hexamethyl N.D. N.D. 998,827 0.28
Naphthalene, 2-chloro N.D. N.D. 338,243 0.09
2H-imidazole-2-thione, 1,3-dihydro-4-(2-methylpropyl) N.D. N.D. 177,569 0.05
1-Nonadecanol, TMS derivative N.D. N.D. 236,706 0.07
Ethyne, 1-bromo-2-trimethylsilyl N.D. N.D. 99,410 0.03
3,4-Dihydroxyphenylglycol, 4TMS derivative N.D. N.D. 156,565 0.04
2,5,8-Triphenyl benzo-tristriazole N.D. N.D. 63,392 0.02

P (%): mass percentage, was calculated according to the peak area. N.D.: not detected.

After optimizing the catalytic conditions, the species and mass percentage of or-
ganic compounds obtained by UV /Fe-Mn-Cu@ATP /H,0O, treatment were significantly
changed compared with raw water. The peak areas of 2,4-Dihydroxybenzaldehyde and
Cyclo-hexa-siloxane, dodeca-methyl increased slightly after treatment, while the peak
areas of other types of structurally complex organic substances all decreased signifi-
cantly. In the original pharmaceutical wastewater, 17 organic pollutants were detected,
among which nine organic pollutants were completely removed in the catalytic reaction.
This was especially true for heterocyclic compounds, esters, and ethers, such as 4-Amino-2,
6-dichloropyridine, Pyrimidine, tetrachloro, Diethyl carbitol, Benzoic acid, 2,6-dichloro-,
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2-acetylphenyl ester, etc., have been well removed. Among them, the removal effect of
heterocyclic compounds was the most obvious. The results showed that the Fenton-like
method with the participation of a catalyst could degrade nitrogen-containing heterocyclic
organic compounds into degradable substances. The most likely reason for this result
is that heterocyclic compounds and long-chain hydrocarbons were destroyed by eOH,
which formed some intermediate products or eventually become carbon dioxide and water.
The addition of intermediate products such as alkanes (derivatives) and alkynes in the
effluent indicated that organic pollutants in the original wastewater were attacked by eOH,
promoting their transformation into simpler substances. The literature mentions that HyO,
reacts with metal oxides composite catalyst to accelerate the formation of €OH, which also
proved the ability of the multi-metal composite catalyst to quickly catalyze hydrogen perox-
ide to produce ®OH, accelerate the oxidation process of the system, and further mineralize
pharmaceuticals wastewater [19]. Similar results were obtained in earlier studies [45,46].

There are probably three main reaction mechanisms in the Fe-Mn-Cu@ATP catalyzed
photo-Fenton treatment system: ultraviolet reaction with hydrogen peroxide, direct re-
action between catalyst and hydrogen peroxide, and indirect reaction between free radi-
cals generated by interaction between UV and hydrogen peroxide and catalyst reaction.
All these three reactions can take place on the surface of the catalyst and in the solution,
while Fe-Mn-Cu@ATP has a certain adsorption effect. On its surface, it can react with HyO,
and organic matter, the consumed metal ions can be effectively regenerated under UV light,
and eOH can be converted into intermediate products catalytically, finally generating small
molecules of organic matter with simple structure, which is convenient for subsequent
further treatment [47,48]. These envisaged mechanisms could be simplified as follows
(Equations (8)—(16)):

Fe-Mn-Cu@ATP + H,O, — ¢OH + OH ™, (8)
= Fel + H,0, — Fe'' + «OH+ OH, 9)
=Fel + OH™ + hv — Fell + eOH, (10)
=Mn" + H,0, — Mn™ — Mn'V +eOH+ OH™, (11)
=Mn" + OH™ + hv — Mn! — Mn"' + ¢OH, (12)
= Cu' + H,O, — Cu'l + ¢OH + OH ™, (13)
=Cu + OH™ + hv — Cu' +eOH, (14)

oOH + ATP(Organic matter) — ATP + degraded products — CO, + H,O,  (15)
o¢OH + (Organic matter) — degraded products — CO, + H,O, (16)

3.3.3. UV-Vis Absorption Spectrum Analysis

Figure 9 shows the change process of ultraviolet-visible (UV-vis) spectrum with
photo-Fenton catalytic oxidation time. It can be observed that the shape and trend of
UV-vis pattern at different processing times are similar, and the overall absorption intensity
increases gradually with the decrease of wavelength. The initial spectrum has a very
distinct shoulder around the wavelength of 270 nm. During the treatment, as the reaction
time goes by, a significant decrease in absorbance can be observed, which was due to
the oxidative degradation of the chromogenic part of the soluble organic compounds.
This result is consistent with Ma’s previous research [30]. During the reaction process,
oOH has a tendency to preferentially attack the organic part that was absorbed in the
260-280 nm wavelength range. After 180 min of UV /Fe-Mn-Cu@ATP/H,0, catalytic
oxidation reaction, the shoulder almost disappeared completely.
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Figure 9. Evolution of UV-vis spectrum in catalytic oxidation of chemical pharmaceutical wastewater.

3.4. Degradation Mechanism of Photo-Fenton Catalytic Oxidation

In order to study the mechanism of the Fe-Mn-Cu@ATP catalyzed photo-Fenton
reaction system, a free radical quenching experiment was carried out. According to the
literature reports, hydroxyl radicals (¢OH) are the main active factors that play a role in
the photo-Fenton system, and superoxide radicals (¢O, ) and holes (h*) are also common.
Therefore, this experiment designed a capture experiment for hydroxyl radicals. During
the reaction, tertiary butyl alcohol (C4H;0O, capture of «OH), KI (capture of h* and ¢OH),
para-benquinone (BQ, capture of eO, ) and ethylenediamine tetra-acetic acid disodium
sodium (EDTA-2Na, capture of h*) were used as capture agents to detect free radicals in
the reaction process. The results are shown in the Figure 10.
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Figure 10. Effects of different group capture factors on COD removal of pharmaceutical wastewater.
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After 180 min of photo-Fenton catalysis, it was found that the addition of EDTA-2Na
had no significant effect on the degradation effect of COD compared with the treatment
effect without capture agent, indicating that h* only accounted for a very small part of
the reaction process and was not the main active factor, which was also confirmed from
the change curve results of adding BQ and KI. The addition of C4H;¢pO and BQ capture
agents both reduced the treatment efficiency and inhibited the oxidative activity of their
respective groups to varying degrees, and the inhibitory effect was C4H;oO > KI > BQ.
In summary, when the Fe-Mn-Cu@ATP catalyzed photo-Fenton reaction system degraded
pharmaceutical wastewater, #OH played the most important role in the system, and is the
main active free radical in the process of single bond oxidation and catalytic oxidation [49].

3.5. The Stability of the Catalyst

The stability of the recoverable catalyst is an important index to evaluate its perfor-
mance. Therefore, the repeatability test was carried out after the recovery and retreatment
of the catalyst in pharmaceutical wastewater. The catalyst was recovered through filtration
and calcination. As shown in Figure 11, after six cycles of recycling, the catalyst still
maintained its original catalytic activity and the COD removal was 59%. Compared with
the first treatment, slight loss was observed, indicating that the prepared catalyst was of
good stability. Different from the traditional binary ferrite, the catalyst has higher catalytic
activity and cycling stability [50]. This work could provide a new research idea for the
design of a photo-Fenton catalyst.

70 |-

COD Removal (%)

Fresh 1 2 3 4 5 6

Cycles

Figure 11. Effect of recycling the catalyst on COD removal (initial pH of 2.0; Catalyst dosage of
10.0 g/L; The concentration of HyO5 is 0.5 mol/L; The illumination distance is 20 cm).

4. Conclusions

Photo-Fenton combined with nano Fe-Mn-Cu@ATP catalyst (UV/Fe-Mn-Cu@ATP/H,0,)
has been proved to be an effective advanced oxidation degradation technology for pretreat-
ment of refractory pollutants in pharmaceutical wastewater. When the catalyst dosage was
10 g/L, the hydrogen peroxide dosage was 0.5 mol/L and the pH was 2.0, the COD removal
reached 64.9%, and the BOD5/COD increased from 0.179 to 0.387 after 180 min of reaction
time. The results of GC-MS and 3D-EEM showed that refractory compounds, such as
humic and fulvic acid (HA and FA), were degraded to low molecular weight intermediates
by photo-Fenton, and the biodegradability of wastewater has been improved through a
low-cost degradation system, which could be further promoted by a biological process.
Finally, it was speculated that the nano Fe-Mn-Cu/ATP catalyst treated the formation
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of «OH and clarified the main mechanism of the degradation of refractory pollutants by
photo-Fenton combined with a nano Fe-Mn-Cu-ATP@ATP catalyst.
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