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Abstract

In recent decades, the concentration of pharmaceutical residues and narcotics has increased in municipal wastewater. Decom-
posing these toxic organic chemicals is challenging and requires new techniques and advanced catalytic materials. Precur-
sors of metal composites were prepared by calcining an aqueous suspension of natural clay—based kaolin with Mn and Cu,
binding chemically the active metals to the aluminosilicate frame structure of the precursor. The specific surface area of
Mn and Cu composite was 67 m*/g and 81 m?/g, respectively. The mechanical durability was determined in terms of com-
pressive strength, and 3.3 MPa and 3.6 MPa were obtained, respectively. In the CWAO of pharmaceutical wastewater, Mn
composite gave the highest conversions of 54% and 46% of the chemical oxygen demand (COD) and total organic carbon
(TOC), respectively. Metal composites were mechanically and chemically highly durable, inducing only 1.2 wt.% and 1.4
wt.% mass loss. In CWAO, Mn and Cu composite increased the biodegradation of organic species in the wastewater by 65%
and 75%, respectively.

Keywords Metakaolin - Alkali-activated material - Transition metal - Catalytic wet air oxidation - Pharmaceutical
wastewater

1 Introduction

Globally, the research and production of diverse medicinal
products have been growing for some time. Also, in waste-
water, the concentration of dissolved pharmaceutical and
narcotic residues has grown in recent decades, which is a
clear health threat to humans and the entire environment.
Discharges of drug residues from several diverse sources
(the pharmaceutical industry, hospitals, households, and
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research activities) occur much faster than their repair or
automatic decomposition [1]. Because wastewater treat-
ment plants are designed to process easily and moderately
degradable organic compounds, they are unable to fully
decompose pharmaceuticals. High stability, low biodeg-
radability, and high lipophilicity are generally typical of
pharmaceutical compounds [2]. Various methods and
technical solutions are constantly being researched to
remove residues from water, focusing on water treatment
efficiency, current emission standards, and environmental
limitations [3]. These residues are excreted directly from
users and have already been detected in drinking water
and in the human bloodstream. For example, bisphenol A
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(BPA, 4,4'-(propane-2,2-diyl)diphenol)) is typically used
in the production of plastic materials. It is soluble to some
extent in water, from which it can be transferred to food
and wastewater [4].

The use of water as a medium in various industrial pro-
cesses has increased the need to reduce or remove toxic
organic compounds from process and wastewater streams
[5]. Catalytic wet air oxidation (CWAOQ) is an economi-
cal, environmentally friendly, and advanced oxidation pro-
cess for toxic, hazardous, and nonbiodegradable pollutants
under mild conditions. For organic compounds, free radical
(homolytic) and ionic (heterolytic) oxidation reaction mech-
anisms have been proposed in CWAO [6]. The homogeneous
CWAQO process effectively treats even high concentrations of
organic wastewater, but since a catalyst cannot be recovered,
secondary pollution occurs [7]. The heterogeneous CWAO
process is effective even at low reaction temperatures and
pressures, such as 100-160 °C and 1.5-5.6 MPa [8, 9].

Inexpensive and active catalysts with longer lifetimes
and high mechanical and chemical stability are a significant
factor in the development of new water treatment technolo-
gies compared to expensive precious metals such as gold,
platinum, ruthenium, and silver, which are still commonly
used as catalysts [10-12]. It should also be noted that even
when inexpensive transition metals are used, they are often
supported by another metal or metal oxide. As mentioned, a
natural material is used in this research as a support, which
is available everywhere where clay can be found.

A properly functioning and stable heterogeneous catalyst
(composite) used in a water treatment process should not
leak or increase the waste load. For decades, alkali-activated
materials (AAMs) have been used in the construction indus-
try either as an additive or as a replacement ingredient in
concrete; therefore, the properties required of a material are
completely different from wastewater treatment [13, 14]. As
an alternative to expensive noble catalyst materials, such
as Pt, Au, and Ru, this study prepared ecological porous
metakaolin-based alkali-activated composites with active
inexpensive transition metals (i.e., Mn and Cu composites)
for the catalytic wet air oxidation (CWAO) of pharmaceu-
tical wastewater. When cost-effective, environmentally
friendly production processes are desired, catalyst carriers,
such as composites, should be produced using inexpensive
ecological precursors. Also, transition metals, such as Mn,
Fe, Co, Ni, and Cu, should be preferred as active metals in
composites. Metal oxides, such as CuO [15] and MnO, [16],
are commonly used catalysts when organic compounds in
wastewater are oxidized. One of the cheapest metal oxides
is MnO,, which is considered one of the most effective metal
oxides with high activity in the gas phase [17], whereas the
hydroxide form of Cu is an active and efficient catalyst for
the decomposition of organic pollutants in the liquid phase
[18] due to the catalytically active site of copper hydroxides
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Table 1 Analyses of the initial pharmaceutical wastewater: pH, EC,
COD, TOC, and BOD

pH  EC(Sm) COD(mgL) TOC (mg/L) BOD (mg/L)

12-13  11-12 4100 1100 23

[19, 20]. Also, a hybrid catalyst, such as Cu-Fe-kaolin, has
been investigated by Adegbesan et al. [21].

Properties such as compressive strength, specific surface
area (SSA), pore volume (PV), and pore size distribution
are essential when mechanically and chemically durable
porous metal composites are designed and produced. In an
extensive literature review, several studies have been found
in which both noble and transition metal catalysts have been
used in wastewater treatment. However, detailed studies on
the use of ecological and inexpensive metakaolin-based
metal composites in CWAO for wastewater treatment have
not been found, which gives the research conducted in this
current article a high novelty value. This paper details the
preparation process of novel porous metal composites and
their experimental tests on real pharmaceutical wastewater in
CWAO. The composites consisted of heterogeneous transi-
tion metals, Mn and Cu, and an ecological metakaolin-based
alkali-activated material as catalyst support (or carrier). As
a result of the experimental tests conducted in CWAO, the
performance of Mn and Cu composite on pharmaceutical
wastewater was excellent, significantly increasing the bio-
degradation of organic species. The cost-effective CWAO
process and the ecological metal composites with inexpen-
sive active metals could significantly reduce the overall cost
of water treatment processes, enabling this type of process
even in countries where expensive processes and chemicals
are not economically feasible. To our knowledge, this is the
first time that alkali-activated materials are used as support
materials for Cu and Mn catalysts in catalytic wet oxidation.

2 The experiment
2.1 Materials

Mn- and Cu-based precursors (Mn-MK and Cu-MK)
were prepared by calcining a suspension of laboratory-
grade washed white kaolin (VWR Chemicals, Belgium)
and MnSO,-H,0 and CuSO,-5H,0 (pro-analysis, Merck,
Darmstadt, Germany) at 750 °C. KOH pellets (Emsure®,
Merck KGaA, Germany) and a 35 wt.% K,SiO; solution
(Sateenkaari Perinnetalo, Finland) were used to prepare
an alkaline activating solution. A solution of 30 wt.%
H,0, (AnalR NORMAPUR, VWR Chemicals, France)
was used as a foaming agent to generate porosity in Mn
and Cu composites. The wastewater was supplied by a
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local pharmaceutical company in Finland. Table 1 pre-
sents the analysis of the initial pharmaceutical wastewa-
ter, such as pH, electrical conductivity (EC), chemical
oxygen demand (COD), total organic carbon (TOC), and
biological oxygen demand (BOD).

2.2 Preparation of precursors and metal composites

The precursors were produced by suspending 150 mL
of aqueous solution of 0.5M MnSO,-H,O and 0.5M
CuS0O,-5H,0 with 200 g of powdered laboratory-grade
kaolin. The suspensions were calcinated at 750 °C for
2 h to produce solid precursors (Mn-MK and Cu-MK)
[22] and ground into a fine powder with a disk sieve. The
powder was mixed by hand until it was as homogeneous
as possible.

The porous metal composites were prepared in a reac-
tion vessel of 300 mL by gradually adding powdered pre-
cursor within the alkaline activation solution of K,SiO;
and KOH under an effective mixing at 800 rpm for 10
min. The reaction vessel was connected to an IKA RW
20 digital overhead stirrer (IKA®-Werke GmbH & Co.
KG, Germany) with an R 1382 three-bladed propel-
ler stirrer (IKA®-Werke GmbH & Co. KG, Germany).
The composition of the paste consisted of the follow-
ing molar ratios of active substances: Si0,:K,0=8.8,
Si0,:A1,0;,=4.2, Al,04:K,0=2.1, and H,0:K,0=16.
To achieve the desired porosity of the metal composites,
a 2.5 wt.% foaming agent (30 wt.% H,0,) was added to
the paste. Until all the ingredients were added, the paste
was allowed to homogenize during mixing for another 10
min at 800 rpm. The ready-made paste was poured into
a sealed Teflon cylinder and placed in a microwave oven
for curing at 180 W for 10 min. The Teflon cylinder was
sealed tightly so that the internal pressure formed by the
hot water vapor would cause the gas bubbles to be evenly
distributed around the cured metal composites. Finally,
the porous durable metal composites were washed with
distilled water for 5 min and dried overnight in an oven
at 50 °C.

The reference materials, blank metakaolin (B-MK) and
blank metakaolin—based alkali-activated material (B-MK-
AAM), were prepared as described in the previous para-
graph with the same molar ratios of active substances,
but without active metal. Laboratory-grade kaolin was
calcined at 750 °C for 2 h to produce B-MK. A blank
metakaolin-based alkali-activated material (B-MK-AAM)
was prepared by gradually adding ground B-MK to the
alkaline activation solution of K,SiO; and KOH with effi-
cient mixing. During mixing, a blowing agent (30 wt%
H,0,) (2.5 wt%) was added to the paste to provide porosity
for B-MK-AAM [23-25].

2.3 Characterization methods of metal composites

The porosity of the metal composites was determined by
nitrogen physisorption measurements using a Micromer-
itics ASAP 2020 instrument (Micromeritics Instruments;
Norcross, GA, USA). The SSA was determined based on
the nitrogen physisorption isotherms measured at —196 °C.
The adsorption isotherms were obtained by immersing the
sample tubes in liquid nitrogen (—196 °C) to achieve con-
stant temperature conditions and by adding a small dose
of gaseous nitrogen to the samples. The SSA, mean pore
diameter (MPD), PV, and pore size distribution were deter-
mined using BET (RSD +5%) and nonlocal density func-
tional theory (NLDFT) models [26], which are based on the
model of independent slit-shaped pores specifically tailored
to structured materials [27].

The mechanical durability or compressive strength of the
metal composites was measured by a Zwick/Roell TestCon-
trol-11 v7.62 type BW91272 unit (Zwick/Roell, Germany)
equipped with a Tesproma compression unit (Tesproma, Fin-
land). The measured data was collected using the testXpert
I1-V3.6 software. In all measurements, the compressive force
was 9 kN, and the driving speed was 0.1 mm/s. The meas-
urement stopped automatically when 25% of the sample was
deformed. For both composites, the compressive strength
was remeasured three times, and the average compressive
strength was determined.

X-ray fluorescence spectrometer (XRF) was performed
to detect the active metal content (wt.%) of the precursors
(Mn-MK and Cu-MKs) and the metal composites by a high-
power wavelength dispersive X-ray fluorescence spectrome-
ter (XRF) (PANalytical Axios mAX 4 kW WDXREF, Almelo,
The Netherlands). The measurements were performed using
loose powders placed in a transparent Mylar film in a He
atmosphere.

Inductively coupled plasma optical emission spectros-
copy (ICP-OES) was conducted to analyze the metal content
in the metal components by (ICP-OES; Agilent 5110 SVDV;,
Agilent Technologies Inc., Santa Clara, CA, USA).

X-ray diffractometer (XRD) was performed to investigate
the crystal phases of the metal composites by X-ray diffrac-
tometer (XRD) (PANalytical X’Pert Pro XRD, Almelo, The
Netherlands) using monochromatic Cu Kol (A=1.5406 IOA)
at 45 kV and 40 mA at a scan speed of 0.017°/s and 20 rang-
ing from 8-85°. The diffractograms were analyzed using
HighScore Plus software (version 4.0, PANalytical B. V.,
Almelo, The Netherlands) using the Powder Diffraction File
standards obtained from the International Centre for Diffrac-
tion Data (ICDD).

X-ray photoelectron spectroscopy (XPS) was performed
to analyze the elemental composition and binding states of
the active metals of Mn and Cu composite by Thermo Fisher
Scientific ESCALAB 250Xi XPS System (Thermo Fisher
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Scientific, 168 Third Avenue, Waltham, MA, 02451, USA)
at the University of Oulu’s (Finland) Center for Material
Analysis. The sample powders were placed in a gold sample
holder. With pass energy of 20 eV and a spot size of 900
pm, Cu, Mn, and C were measured for the composites. The
measurement data were analyzed using Avantage V5 soft-
ware. The monochromatic AlKa radiation (1486.7 eV) was
operated at 20 mA and 15 kV. Charge compensation was
used to determine the presented spectra, and the binding
energies were calibrated by applying the Cl1s line at 284.8
eV as a reference. Gaussian multipeak fitting was used to
determine the cumulative curves.

Raman spectroscopy was conducted to investigate
detailed information about the chemical structures and
molecular interactions of metal composites by a time-gated
PicoRaman spectrometer from Timegate Instruments Ltd.
(Oulu, Finland). The measurements were done between a
wave number range of 100-2100 cm™! with~5 cm™! spectral
resolution, and the samples were rotated during the measure-
ments. PicoRaman uses a 532-nm pulsed laser with a shot
length of 150 ps and a frequency of 40-100 kHz. Gauss-
ian multipeak fitting was used to determine the cumulative
curves.

Elemental mapping and composition analysis were per-
formed via field emission scanning electron microscope-
energy-dispersive X-ray spectroscopy (FESEM-EDS) analy-
sis using a Zeiss Ultra Plus (Carl Zeiss Microscopy GmbH,
Jena, Germany) with Aztec software of Oxford Instruments
at the Centre for Material Analysis at the University of Oulu.
The EDS analysis was operated at 15 kV, and the working
distance was 8.5 mm.

2.4 Catalytic wet air oxidation

The catalytic wet air oxidation (CWAOQ) experiments were
performed using a 300-mL high-pressure Hastelloy C22
stainless steel reactor (Parr, Moline, IL, USA) and loaded
with 160 mL of pharmaceutical wastewater (pH 12-13)
while mixing at 500 rpm. The selected parameters were
reactor temperature (185 °C), air pressure (6.0 MPa), and
catalyst load (4.0 g/L). The metal composites were weighed
and placed in a static catalyst basket (Parr) in the reactor. To
begin, the reactor was purged with pressurized nitrogen gas
while heating to the desired reaction temperature (185 °C).
When the set reaction temperature was achieved, the nitro-
gen gas flow was stopped, and technical air was introduced
into the pressured reactor. Intermediate samples (11 pcs.)
were collected as a function of oxidation time (minutes 20,
40, 50, 60, 90, 120, 150, 180, 200, 240, and 300), and vari-
ations in pH were monitored.

The CWAO was conducted in two ways: (a) to ensure
reproducibility, the experiments were repeated three times
with the initial process wastewater and metal composites,
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and (b) to investigate the reusability and activity of the metal
composites, the oxidation was conducted four times and
always with fresh initial wastewater, but the same Mn and
Cu composites. As a reference, oxidation was conducted as a
gas-liquid system without an added metal composite (WAO).
After CWAO, metal composites were washed with distilled
water and dried overnight in an oven at 60 °C for further
analysis. During the experiments, the COD, TOC, and BOD
of the initial and processed process wastewater samples were
monitored. The chemical stability of the metal composites
was investigated by monitoring the leaching of any active
metals into the pharmaceutical wastewater samples using
inductively coupled plasma optical emission spectroscopy
ICP-OES (Agilent 5110 SVDV; Agilent Technologies Inc.,
Santa Clara, CA, USA). The pseudo-first order rate law
was fitted to the experimental COD conversion (%) results
of process wastewater for the metal composites by using a
standard nonlinear least squares algorithm. The pseudo-first-
order rate law is shown in Eq. 1 [28]:

R(t) =R, (1 - ™) (D

where 7 refers to the time of oxidation and total conversion
(R, and rate constant (k) were used as fitting parameters.

2.5 Characterization methods of pharmaceutical
wastewater

COD measurements were used to monitor the decomposi-
tion of organic species in pharmaceutical wastewater with
Standard Method 5220D: closed reflux, colorimetric method
using Hach Lange cuvette tests (APHA 2012). Dichromate
ion (Cr,0,%7) is defined as an oxidizer in Method 5220D,
which is reduced to chromium ion (Cr**). The organic and
inorganic species of the solution are susceptible to oxida-
tion. The green coloration of the Cr’* was measured by a
Hach Lange DR 2800 spectrometer at a wavelength of 605
nm (APHA 2012). TOC was used to determine the content
of organic carbon in the treated wastewater samples with
a Shimadzu TOC-LCSH (Shimadzu Corporation, Kyoto,
Japan) TOC Analyzer fitted with magnetic stirring capabil-
ity. TOC was also needed with BOD to determine the degree
of biodegradation of the wastewater. The TOC content was
calculated as the mean of three replicate measurements via
the TC-IC method, and the calibration of the instrument was
verified using niacin solutions with carbon contents of 80%
and 20%, respectively, of the highest calibration standard.
Before analysis, the particle size of the solids was reduced
to aid with sample homogeneity using an ultrasound homog-
enizer Bandelin SONOPULS HD 4200 (Bandelin Electronic
GmbH Co., KG, Berlin, Germany) fitted with a SONOPULS
TS 103 sonotrode for 1 min at 20% power.
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BOD was determined before and after CWAO (initial and
terminal samples) using the manometric respirometric BOD
OxiTop® technique, which is based on an automated pres-
sure measurement in a closed system and constant tempera-
ture (20 + 0.2 °C). Biodegradability was determined using
BOD OxiTop equipment (BOD OxiTop C110 (WTW, Xylem
Analytics UK Ltd., 2006, England). During biodegradation,
a sample consumes O, (g), producing water and CO,, which
is absorbed into NaOH granules. The BOD was measured
automatically based on the ideal gas law modified for condi-
tions in a closed environment.

In this current study, for both composites, BOD was
measured for 28 days; for Cu composite, the measurement
continued for another 14 days to achieve a stable response
for BOD.

Theoretical oxygen demand (ThOD) was calculated based
on the BOD and TOC results (Eq. 2) [29]:

M(O,)

ThOD = ¢(C) @) )

where ¢(C) is the TOC of the process wastewater (g/L),
M(O,) is the molecular weight of oxygen (32 g/mol), and
M(C) is the molecular weight of carbon (12 g/mol). The
degree of biodegradation is given as the ratio of BOD to
ThOD (Eq. 3) [29]:

BOD

D f bi i =
egree of biodegradation (%) ThOD

x 100% 3)

3 Results and discussion
3.1 Porosity and mechanical strength

The porosity of metal composites plays a significant role as
a support (or carrier) for active metals. When the porosity
is homogenously distributed, even more active metals can
be bound into the structure of the metal composites, which
increases catalytic activity. Also, the average compressive
strength (ACS) of metal composites was determined with a
compressive force of 9 kN and a driving speed of 0.1 mm/s,

respectively. B-MK-AAM without added active metal was
used as a reference. All the materials’ porosity and durability
data are presented in Table 2.

As Nyborg and Cao studied the surface properties of pure
copper powder [30], this current study also determined the
SSA of active metal powders, obtaining 20 m%/g for Mn and
151 m%/g for Cu. It is being proposed that these partial SSAs
of active metals could increase the total SSA of the metal
composites. The N, adsorption-desorption isotherms of the
initial Mn and Cu composite were determined by introduc-
ing type IV isotherms with distinguishing hysteresis loops
corresponding to mesoporous materials (see 1. Supplemen-
tary Material: Isotherm of Initial Mn and Cu composite).
This can also be observed in Table 2, where the mesopores
(2.2 —50 nm) have the highest pore size distribution.

The metal composites were prepared by curing the paste
in a microwave oven at 190 W for 10 min to increase the
mechanical durability of metal composites. Microwave
radiation (i.e., electromagnetic radiation) has been reported
to increase mechanical durability by affecting the crystal
structure of a material [31, 32]. Electromagnetic radiation
enables even faster heating due to interactions between polar
molecules and a microwave’s electric fields [33]. Based on a
study by Chindaprasirt et al., in the initial phase of radiation,
a microwave promotes the dissolution of Si and Al species,
enhancing the formation of a gel that breaks the hydrogen
bonds of water molecules. Gel formation on the MK par-
ticles might cause greater densification of the matrix [34].
Also, active metals could increase the mechanical durabil-
ity of metal composites when they are bound to the Si and
Al frameworks of metal composites. As a result, the com-
pressive strength of metal composites was appropriate for
the reaction conditions of CWAO at 6.0 MPa with 500 rpm
mixing.

3.2 X-ray fluorescence

X-ray fluorescence (XRF) was used to monitor possible vari-
ations in the metal content of Mn- and Cu-MK and metal
composites. It is essential that the content (wt.%) of Si, Al,
K, Mn, and Cu remains within the limits so that the structure
of the composites is mechanically and chemically stable.

Table 2 Porosity and compressive strength of blank B-MK-AAM and Mn and Cu composite

Material SSA (mzlg) MPD (nm) PV (cm3/g) Micropores Mesopores Macropores ACS (MPa)
(<2.2 nm) (2.2—50 nm) (>50 nm)
Pore size distribution (%)

B-MK-AAM 42 5.2 0.1 10 77 13 2.8

Mn composite 67 8.8 0.2 4.5 92 35 33

Cu composite 81 10 0.2 6.0 76 18 3.6

SSA specific surface area, MPD mean pore diameter, PV total pore volume, ACS average compressive strength
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The metal content (wt.%) of B-MK (reference), B-MK-AAM
(reference), Mn- and Cu-MK, and metal composites was
determined. The analyzed metals are reported as elements in
Table 3. The active metal content (wt.%) of Mn- and Cu-MK
and metal composites predictably increased compared to the
references. When compared to B-MK and Mn- and Cu-MK,
the content of K (wt.%) was increased in B-MK-AAM and
metal composites due to the addition of K,SiO; and KOH
during the preparation of the alkali-activated paste.

3.3 X-ray photoelectron spectroscopy

The purpose of the XPS analysis was to determine the oxi-
dation state of active metals in metal composites. The XPS
survey scan analysis was carried out in the binding energy
range of 0-1347 eV (see 2. Supplementary Material: XPS
Survey Scan of Mn and Cu composite). Figure 1 shows
the (a) Mn composite Mn2p spectra and (b) Cu compos-
ite Cu2p spectra [35-37]. The energy levels of Mn2p,

Table 3 XRF analysis of the metal content (wt.%) in B-MK (refer-
ence), B-MK-AAM (reference), Mn- and Cu-MK (precursor), Mn
composite, and Cu composite

Materials Al Si K Cu Mn
wt. %
B-MK 21 31 1.5 <1.0 <1.0
B-MK-AAM 12 19 4.3 <1.0 <1.0
Mn-MK 20 30 1.4 <1.0 8.2
Cu-MK 19 29 1.5 9.8 <1.0
Mn composite 13 20 4.0 <1.0 8.1
Cu composite 13 20 5.0 9.6 <1.0
1,8E+4
(@)
1,7E+4 Mn2p,, Mn;O,
1,6E+4 /\ \
: 12eV | \
» 1,5E+4 i
SN
2
C 1,4E+4 1
>
(o]
O 1,3E+4 4
1,2E+4 -
1,1E+4
1E+4

65;5 _‘650 6:15 6:10 6;55
Binding Energy (eV)

Mn3s, and Mn3p were obtained in the energy locations,
as reported [36, 38]. As can be seen, the spin-energy dif-
ference of 12 eV (a) and 20 eV (b) agrees with the reported
data for Mn2p;,,, Mn2p,,, of MnO, [39], Cu(OH),, and
Cu,0 [35, 40, 41]. Based on the XPS analysis, the pres-
ence of Mn;0,, Cu(OH),, Cu,0, and metallic Cu(0) in
metal composites was confirmed [35].

Figure 2 presents the Mn3s peaks of the Mn;0, (Mn
composite) [36] and the possible oxide compositions
of 2MnO - MnO, [12, 26], which is proposed to interact
with the silica groups of Mn composite [42]. Also, the
formation of Mn;O, during the calcination of kaolin and
MnSO, - H,O (aq) is detailed later in this paper.

3E+4 4

2,7E+4 4

Counts/S

2,1E+4 4

I
I
1
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Binding Energy (eV)

Fig.2 Fitted XPS spectra of Mn;O, (Mn composite), Mn3s regions
fitted for Mn?* and Mn**
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20 eV Cu2p,, Cu,0
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Fig. 1 a Mn2p spectra of Mn;0, and b Cu2p spectra of Cu(OH),, Cu,O, metallic Cu(0) (Mn and Cu composite)
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3.4 Raman spectroscopy

The bands of Si/SiO, (in spectra marked as black) and Al,O;
(in spectra marked as blue) in both Mn and Cu composite
are presented in Fig. 3a, b. Detailed spread Raman shifts
of (a) Mn composite and (b) Cu composite (Mn—O-Si and
Cu—0-Si) are presented in Fig. 4a, b, with the cumulative
curve of Gaussian multipeak fitting. Raman spectroscopy
bands of Si/SiO, and Al,O; species in metal composites are
presented in Table 4.

Detailed structures of Mn—Si—O and Cu-Si—O between
100 and 700 cm~! were studied by performing Gaussian
multipeak fitting. Mn composite (Fig. 4a) showed three

overlapped bands (610, 648, and 685 cm_l), which were
proposed as a Mn;Si; phase [47]. Also, a set of three
bands at 267" (shoulder), 293, and 320 cm™! were pro-
posed to Mn-Si, where the band 367 cm~! was covered
by broad overlapped signals [48]. The strong peak at 440
cm™! was proposed to originate from the bending modes
of Si-O-Al and Si-O-Si, respectively [49]. Cu compos-
ite (Fig. 4b) has a single band at 139 cm™', which was
introduced to Cu,0O. CuO should be seen at 284 and 628
cm™!, which slightly differs from the reported data (296,
630 cm™!) [50]. Also, the mixed phase of CuO/Cu,0
was reported to be located at 628—630 cm™'. The band at
628 cm™! (reported value 630 cm™ ) [50] was introduced

Fig.3 Raman spectra of a Mn
composite and b Cu composite @)
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/
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1222

Cu composite
Si/SiO,/Al,0,
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Si/Si0,/Al,0,

(b) 418
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Raman Shift (1/cm)
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Fig.4 Detailed spread Raman
shifts of a Mn composite and b
Cu composite
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Raman Shift (1/cm) Raman Shift (1/cm)
Table 4 Rz.a.mfm spectroscopy Composite Phase  Measured (Raman Shift, cm™!) Reference (Raman Shift, cm™') Reference
bands of Si/SiO, and Al,O4
species in initial Mn and Cu (a) Mn composite  SI/Si0, 232 w; 297 s; 652 s; 681 m; 230 w; 300 s; 630; 670; 810;  [43, 44]
composite 835 m; 927 m; 1059 m; 930; 1030; 1090 w; 1200 w
1222 m
AlLO;  437;373;740 413-420's,375-380 m, 758 m  [45, 46]
(b) Cu composite  Si/SiO, 268 w; 341 s; 640; 692; 792; 230 w; 300 s; 630; 670; 810; [43, 44]
928; 1039; 1084; 1213 930; 1030; 1090 w; 1200 w
ALO;  418;360; 715 413-420's,375-380 m, 758 m  [45, 46]
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during the Cu—O-Si intermediate phase in the sample.
The proposed structure of Cu—O—-Si was formed because
the electrons of the Cu?* outer layer are attracted by the
Si—O bond, the electronic density decreases, and the bind-
ing energy increases [51].

As reported by Sreedharan et al. [52], it is very chal-
lenging to verify the existence of Cu—O-Si due to the
lack of supporting theoretical or experimental data. Also,
in this study, the proposals were based on the measured
detailed Raman shifts and reported data. As mentioned
earlier in this paper on the effect of microwaves on
durability, bonded active metal could also increase the
mechanical durability of metal composites. In the Rama
spectrum, a bonded interaction was observed between Mn
and Cu and SiO, and Al,O;. Also, it was proposed that
the increment in SSA of the metal composites could be
explained by interactions between active metal and Si and
Al groups in a composite’s framework.

3.5 Field emission scanning electron microscopy
with energy dispersive spectroscopy

A field emission scanning electron microscope (FESEM)
was conducted to investigate the microstructural pattern
of metal composites. Also, energy dispersive spectros-
copy (EDS) mapping was employed to confirm the active
metal distribution in the metal composites. Figure 5 \pre-
sents the surface morphology of (a) the Mn (as oxide) and
(b) Cu (as hydroxide) composites.

Also visually, the surface morphology of the Mn and
Cu composites appears to be relatively porous, and the
metal catalyst is evenly distributed compared to the SSA
values in Table 2.

Mn composite (minor accumulated MnO,)

Fig.5 FESEM and EDS mapping of a MnO, and b Cu(OH), composites

Fig.6 Dehydroxylation of (a)
kaolin: a formz?tlon of an . . oH WO .
edge-sharing dimer and b a pair \Si/ . si R
consisting of =Si(0,) and -Si d \OH HO/ A
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3.6 Calcination of kaolin with active metals

Based on the detailed characterizations described above, the
preparation of precursors proceeds based on the reported reac-
tions presented below (Eqs. 4-9) and the proposed reaction
mechanisms shown in Fig. 6.

Kaolin (Al,05-2S8i0,-2H,0) [53] was calcined with
MnSO,-H,0 (aq) and CuSO,-5H,0 (aq) as suspensions. In the
case of manganese, anhydrous MnSO, was formed in the tem-
perature range 200-300 °C and above 600 °C MnSO, decom-
posed to form Mn;0, (i.e., MnO-Mn,0;) (Egs. 4 and 5) [54].

A
MnSO, - H,0 > MnSO, + H,0 O]

A
3MnSO,(s) = MnO - Mn,05(s) + 250;(g) + SO,(g)  (5)

In this study, it is proposed that during the calcination of
MnSO,-H,0 and kaolin, the Mn;0,/SiO, structure was formed
in situ by a sol—gel process [55], in which Mn;O, nanocrystals
were dispersed in the amorphous matrix of silica in metakaolin
(Al,S1,0,) [56]. In the case of CuSO,-5H,0, liquid water was
slowly evaporated below 100 °C, and between 500 and 580 °C,
dehydroxylation of internal (OH) groups occurred [47, 48].
Depending on the heating rate, four of the coordinated water
molecules are released at 100150 °C and the fifth at around
250 °C. As the temperature rises to 600-900 °C, dehydration
occurs, and the copper sulfate decomposes to metallic Cu(0)
and gaseous SO, and O, (Egs. 6-9) [57].

A
CuSO, - 5H,0 > CuSO0, - 3H,0 + 2H,0 (6)

A
CuSO, - 3H,0 > CuSO, - H,0 + 2H,0 o

Cu composite (homogenous Cu(OH), distribution)

25um

OH HO_ . 0

OH  HO ko)
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A .
CuSO, - H,0 3 CuS0, + H,0 8) 3.8 CWAO experiments
A CWAQO experiments were performed with the novel porous
CuSO, — Cu+ S0, + 0, ©)] metal composites under optimal conditions (pressure, 6.0

Uchino et al. reported that if normal silanol condensation
appears, an edge-sharing dimer is expected to form (Fig. 6a).
Also, there is another possibility that dioxasilirane (=Si(0,))
and silylene (-Si) were generated (b) (Fig. 6b) [58].

3.7 Proposed reaction mechanism for precursors

In this paper, it is proposed that during the calcination of
kaolin (Al,04-2S10,-2H,0) and MnSO,-H,0O (aq), the
active metal (Mn) could chemically bind with the linear
ortho(sialate-siloxo) group of kaolin (Fig. 7 route a) [59].
Also, the proposed reaction mechanism between kaolin and
CuSO,-5H,0 (aq) was investigated where the active metal
(Cu) and cyclic ortho(sialate-siloxo) groups of kaolin could
form an in situ intermediate product of -Si—-O—-Cu- (Fig. 7
route b) [60]. In both reaction mechanisms, the active metal
could, in a certain ratio, also appear as a form of counter cat-
ions (Cu?*, Mn?*, and Mn>") balancing the negative charge
of AI". The reaction mechanisms were also based on an
analysis conducted by XPS and Raman spectroscopy. XPS
survey spectra and Mn2p spectra of Mn composite (Mn;0,)
and Cu2p spectra of Cu composite (Cu(OH),) were con-
ducted. The elemental composition of the surface of Mn and
Cu composite, as well as the binding states, was detected.
Also, the appearance of Mn—O-Si and Cu—O-Si bonds was
observed by Raman spectroscopy, which was proposed to be
located on the surface and inner parts of the porous metal
composites [61, 62].

MPa; temperature, 185 °C; initial pH, 12-13; c[catalyst],
4.0 g/L) using a 300-mL high-pressure Hastelloy C22
stainless steel reactor (Parr, Moline, IL, USA). The reac-
tor was loaded with 160 mL of pharmaceutical wastewater
(pH 12-13) and mixed at 500 rpm. During 5 h of oxidation,
intermediate samples of 1.5 mL (11 pcs) were collected as
a function of oxidation time. Due to the low conversion of
BPA in the previous study [63], the B-MK-AAM was not
examined in the CWAO of pharmaceutical wastewater. The
catalytic activity of the composites was monitored by meas-
uring the COD, TOC, and BOD of the collected intermediate
samples. The experiments were repeated identically three
times, and the standard deviation of COD conversion (%)
was determined. Conversions of 54% and 43% were obtained
for Mn and Cu composites, respectively. As can be seen in
Fig. 8, the measured data were clustered very close to the
average values, which gives a low standard deviation. As
a reference, wet air oxidation (WAQ) without added metal
composite was conducted, producing a COD conversion of
15%. The initial COD of pharmaceutical wastewater was
4100 mg/L and, after oxidation with Mn and Cu composite,
1949 mg/L and 2476 mg/L, respectively.

The total concentration of organic species in the pharma-
ceutical wastewater was determined by TOC analysis. The
TOC of the initial pharmaceutical wastewater was 1100
mg/L. Under the optimal conditions for CWAO (pressure,
6.0 MPa; temperature, 185 °C; initial pH, 12-13; c[catalyst],
4.0 g/L), TOC conversion (%) of 46% (Mn composite) and
32% (Cu composite) was achieved, respectively. When

Suspensions of kaolinand —— Calcination at 750 °C —  Precursors of Mn-MK and Cu-MK

(a) CuSQ,'5H,0

+ 2+
(b) MnSO,*H,0 Mn’ H Mn
4 7 ~
HO 0 HO
(a) > ; - —=—_ Mn-MK surface
/ —0—AF—0—Si—O0—AI-
‘\ 3+
H H 0 [- 3 Mn*;
O HO O 1) free water evaporation ,Si-_o—*‘A|— .4
Kaolin surface ! 2) dehydroxylation /‘ | Mn”)
O Si o) Si o) 3) Mn-0-Al and Cu-O-Si formation Seoa?
4) coordination of Mn and Cu cations
H,0 (|) H,O O H),0 /Cu
—$i—0—A| o OH
H,0 (b) » 0 é._ 0 S! ) Cu-MK surface
—0—S8i—0—Si
/| il
/O \O //? CU% ,I
Si—O—~AlI" ./
AN T AR

Fig.7 Proposed reaction mechanisms during calcination of kaolin (Al,05-2Si0,-2H,0) with (a) MnSO,-H,O and (b) CuSO,-5H,0
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Fig.8 Standard deviation of COD conversions (%) as a function
of oxidation time with Mn and Cu composite under optimal condi-
tions for CWAO (pressure, 6.0 MPa; temperature, 185 °C; initial pH:
12-13; and c[catalyst], 4.0 g/L), including COD conversion (%) with-
out added metal composite (i.e., WAO) as a reference

microorganisms decompose the organic matter of the exam-
ined wastewater, they consume oxygen in the process, which
determines the BOD. This indicates the amount of oxygen
needed for the biological oxidation of organic matter in
wastewater [64]. Initial TOC of pharmaceutical wastewater
was 1100 mg/L and, after oxidation with Mn and Cu com-
posite, 640 mg/L and 760 mg/L, respectively.

In this study, the BOD of the initial and treated pharma-
ceutical wastewater was determined, yielding a BOD of 23
mg/L and Mn and Cu composite of 1117 mg/L and 1414
mg/L, respectively. BOD with Mn composite stabilized
after 27 days, but the measurement was continued with Cu
composite for more than 2 weeks to stabilize (Fig. 8). The
biodegradation degree of the initial pharmaceutical waste-
water was only 2.1%, while Mn and Cu composite achieved
degrees of 65% and 75%, respectively. The results indicate
that the organic species of pharmaceutical wastewater can be
effectively processed into a biodegradable form by CWAO
with metal composites. Figure 9 presents the biodegradation
degree (%) for the initial (green line) and treated process
wastewater with Mn and Cu composite (red and blue lines).

3.9 Kinetic modeling

For the kinetic study, three identical CWAO experiments
were performed with metal composites, and 11 individual
intermediate samples were collected from each experiment.
WAO without added composite was also conducted as a ref-
erence experiment. In Fig. 10, the pseudo-first order rate law
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Fig.9 Biodegradation degree (%) of oxidized pharmaceutical waste-
water catalyzed by Mn and Cu composite (red and blue curves). Ini-
tial pharmaceutical wastewater as a reference (green curve)

is fitted to the experimental COD conversion rates of Mn
composite, Cu composite, and WAO.

Experimental (exp) and calculated (calc) COD conversion
percentages R, have been compared in Table 5. Also, the
specific rate constant (k) for CWAO and WAO was termi-
nated. The correlation coefficient (R?) was used to evaluate
the suitability of the fitted model.

According to the correlation coefficients, the model used
showed a good correlation with the experimental data.

100
m Mn composite

90+ o Cucomposite

80 4 A WAO
(o]
& 70
c
.2 60 -
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L 50 "
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Fig. 10 Pseudo-first-order model fitted to averages of COD con-
versions of pharmaceutical wastewater as a function of oxidation
time (5 h) with Mn and Cu composite under optimal conditions for
CWAO (pressure, 6.0 MPa; temperature, 185 °C; initial pH, 12-13;
c[catalyst], 4.0 g/L). COD conversion without metal composites
(WAOQ) was used as a reference
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Table 5 Experimental and calculated R, values, rate constants, and
correlation coefficients for CWAO and WAO

Composite Rotexp) (%) Repeaiey (%) k(min™")  R?

WAO 18.3 17.0 0.040 0.960
Mn composite 53.6 52.7 0.045 0.977
Cu composite 43.0 41.2 0.035 0.979

Experimental (exp) and calculated (calc) R, values are close
to each other, also indicating that the pseudo-first-order
model describes the experimental data well. The highest
oxidation rate was achieved in the CWAO experiment, in
which Mn composite was performed as a catalyzing com-
posite. There is hardly any similar data for real wastewater
in the literature, but the k-values obtained in this work are
of the same order of magnitude as those obtained with a Pt
catalyst for a model solution of bisphenol A [28].

3.10 Recycled composites

Four cycles were conducted for metal composites in CWAO
to investigate chemical stability and catalytic activity in
pharmaceutical wastewater. In Fig. 11, the COD conver-
sions (%) of recycled Mn and Cu composite were compared.
Each cycle was conducted under the optimal conditions for
CWAO (pressure, 6.0 MPa; temperature, 185 °C; initial pH,
12-13; c[catalyst], 4.0 g/L). As can be seen from the bar
graph, no major changes were observed in the catalytic activ-
ity, indicating the stable mechanical and chemical durability
of the metal composites. In terms of the cost-effectiveness

100
90
80
704
60
50 - i 49

43

40 38 37 36

30 1

Mn composite
Cu composite

COD conversion (%)

20
10
0

and ecology of metal composites, it is important that reus-
ability, mechanical durability, and catalytic activity remain
as high as possible.

3.11 Characterization of recycled composites

Determined N, adsorption-desorption isotherms of initial
and recycled metal composites (see 3. Supplementary Mate-
rial: Isotherm of Recycled Mn and Cu composite) show
type IV isotherms with distinguishing hysteresis loops cor-
responding to mesoporous materials, which correspond
to the percentage values of the pore size distribution (%)
shown earlier in Table 2. A minor decrease in K content
was observed in the recycled Mn and Cu composite due to
the minor leaching of potassium during oxidation. The reus-
ability and sufficient activity of metal composites depend on
the stability of the materials. During oxidation, the compo-
sition of metal composites degenerates, causing mass loss.
In this study, after 5 h of CWAO, an average of 1.2 wt.%
of the material was eroded due to the high rate of mixing
and solution flow. After CWAO, the metal content (wt.%) of
recycled metal composites was analyzed by ICP-OES. Initial
metal composites were as a reference. Leached metal content
(Wt.%) is marked as a negative value (Table 6).

3.12 Crystal phases of initial and recycled metal
composites

The crystallographic structure and chemical composition
of metal composites were determined by XRD. The XRD
patterns of the initial and recycled (a) Mn composite and
(b) Cu composites are presented in Fig. 12. The main peaks
of MnO, were located at 15, 37°, 39°, 40°, and 51° [65].
Also, the main peaks of MnO were located at 39° and 59°
and Mn,;0, at 40° and 44° [66]. The same mean peaks of
both Mn oxides were in the three-times-cycled Mn com-
posite, but a strong signal at 15° occurred. This indicates an
increase in the MnO, content on the surface of the cyclized
Mn composite. The main peaks of Cu(OH), in the initial Cu
composite were located at 17°, 21°, 35°,41°, 50°, and 66° in

Table 6 Metal content (wt.%) of initial and recycled Mn and Cu com-
posites

Composite Al Si K Mn Cu
wt.%

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Cycles

Fig. 11 COD conversions (%) of pharmaceutical wastewater recycled
(1-4) with Mn and Cu composite under the optimal conditions for
CWAO (pressure, 6.0 MPa; temperature, 185 °C; initial pH, 12-13;
c[catalyst], 4.0 g/L)

Mn composite (initial) 12.7 197  3.90 10.7 0.05

Mn composite (recycled) 11.7  18.7 1.52 8.9 0.02
Difference (leached) -1.0 -10 -238 -1.80 -0.03
Cu composite (initial) 13.1  20.0 470 <<0 10.9

Cu composite recycled) 124 197 1.63 <<0 6.54
Difference (leached) -0.7 =03 =307 <<0 -436
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Fig. 12 X-ray diffractograms of the initial and recycled a Mn composite and b Cu composite. Legend: triangle=MnO,, square=Mn;0,, cir-
cle=MnO, black square =Cu(OH),, black diamond = Cu,0, black circle =CuO, and black triangle =Cu(0) (metallic); Q=quartz

20, corresponding to orthorhombic Cu(OH), ICDD 00-35-
0505) [20, 67]. The main peaks of metallic Cu(0) were
located at 45°, 50°, and 73° [68]. These results correspond
to the preparation process of Cu composite via calcination
and posttreatment. The main peaks of Cu,O and CuO in
recycled Cu composite were located at 26°, 36°, and 79°
(ICDD 05-0667) [69] and 32°, 42°, and 57° (ICDD 48-1548)
[67], respectively. Broadband between 24 and 34° in both
the XRD of Mn and Cu composite indicates the amorphous
structure of the composites [70]. Due to metakaolin and
active metal-based precursors (Mn- and Cu-MK), some
characteristic signals of Mn and Cu overlapped by a wide
amorphous region of metakaolin between 20 and 35° and
were not clearly detected in the diffractograms. The center
of the amorphous diffraction “hump” of metakaolin was
located at roughly 26 27° (see 4. Supplementary Material:
XRD of metakaolin (MK)) [71].

4 Conclusion

In this study, ecological and low-cost porous metakaolin-
based alkali-activated composites with transition metals (Mn
and Cu composite) were produced to decompose organic
species of pharmaceutical wastewater in CWAO. Micro-
waves and a specific pressurized, sealed Teflon cylinder were
used to cure alkali-activated paste and produce mechanically
durable metal composites. The chemical and mechanical
properties of Mn and Cu composite were determined, and
the performance in the CWAO of pharmaceutical wastewater
was investigated, resulting in an excellent increase in the
biodegradability of organics (65% and 75%). The metal com-
posites indicated slight leaching of metals during the oxida-
tion and maintained excellent stability and catalytic activity
during the cycling experiments. The reaction mechanisms

@ Springer

during the calcination of suspension of kaolin and active
metals were investigated in detail, including various analy-
ses. Based on the results, it is proposed that both metals, Mn
and Cu, were chemically bound to the amorphous structure
of metakaolin during the dehydroxylation at 500-750 °C.
The results obtained in this study show that even under mild
reaction conditions in CWAO (compared to thermal oxida-
tion) with the novel metal composites, organic molecules in
pharmaceutical wastewater can be decomposed into being
biodegradable and less harmful to the environment.

5 Further studies

In further studies, transition metal composites could also be
bi- or tri-metal composites, where the amounts of metals are
precisely optimized. In addition, the mechanical durability
of metal composites could be improved by adding cellulose
fibers or steel wool fibers to the paste during the prepara-
tion process and supporting the whole network structure.
Precursors could also be prepared from other raw materials,
such as alumino-silicon-containing porcelain and glass and
steel wool.

Instead of molds, metal composites could also be pro-
duced with automated spray technology by forming thin
alkali-activated films, like a laminate, and stacked on top
of each other. If desired, metal catalyst layers can also be
produced between the laminates. Spraying can be conducted
by changing the spray angle, which creates a different texture
on the surface of each film and might increase the porosity
of metal composites.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42114-024-00982-8.
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