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Abstract
Novel porous and durable metakaolin-based alkali-activated materials (MK-AAMs) with active metal as composites were 
produced to degrade bisphenol A (BPA) in catalytic wet air oxidation (CWAO). Two composite producing processes were 
employed. The first process consisted of mixing metakaolin (MK), a foaming agent and active metal oxide (CuO, MnO2) in 
a strongly alkaline solution of K2SiO3 and KOH. Paste was cured under microwave radiation to produce porous CuO and 
MnO2 composites. A porous blank MK-AAM was produced as described above but without active metal and was used as a 
reference as well. Cu(OH)2 composite was produced by refluxing a blank MK-AAM in 0.5 M CuSO4 solution for 24 h. The 
specific surface area (SSA) of the reference, CuO, MnO2, and Cu(OH)2 composites were 36, 53, 61, 89 m2/g, respectively. 
Mechanical durability was determined in terms of compressive strength and 2.8, 3.4, 3.2, 3.6 MPa were received, respectively. 
The activity of the reference and the composites were tested in CWAO at 1 MPa and 150 °C for 5 h by using an aqueous 
model solution of BPA. Under the optimal conditions for CWAO (pressure: 1 MPa; temperature: 150 °C; initial pH 5–6; 
c[catalyst]: 4.0 g/L) with Cu(OH)2 composite, the BPA and total organic carbon (TOC) conversions of 100% and 53% were 
reached. During 5 h oxidation, the composites degraded due to the combined effect of erosion (1.5 wt%) and active metal 
(Cu, Mn) leaching (1.1 wt%, 3.6 wt%). It was proposed that BPA can be degraded energy-efficiently via CWAO into less 
harmful compounds under mild reaction conditions without losing the desired properties of the composites.
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1  Introduction

Alkali-activated materials (AAMs) are inorganic materials 
produced in a high alkaline solution mixed with a powdered 
precursor (e.g., metakaolin (MK)) containing aluminosili-
cates. For decades, AAMs have been utilized in the con-
struction sector, where the focus has been on material prop-
erties other than those useful in water treatment processes 
[1, 2]. Literature on the use of porous AAMs as adsorbents 
[3–6] and as catalyst supports [7–9] have already been pub-
lished. During an activation process, clay minerals (hydrous 
aluminosilicates) are rendered reactive the first time they are 
calcined at a high temperature, producing an MK. Additives 

such as foaming agents can be used to achieve the desired 
porosity of a material [10]. Reaction and curing rates are 
evidently dependent on curing conditions [11, 12]. An 
alkali-activated paste is generally cured either at room tem-
perature or at 70–80 °C in a drying oven, where curing time 
lasts from a few days to a few weeks. The use of increasing 
curing temperatures, along with the use of high alkali solu-
tions of Na2SiO3 and NaOH, were studied by Mustafa Al 
Bakria et al. [13]; an alkaline solution typically contains 
either NaOH or KOH and Na2SiO3 or K2SiO3. It has been 
observed that higher temperatures and longer curing times 
affect the final compressive strength of a material [14]. Com-
pressive strength, specific surface area (SSA), pore volume 
(PV), and pore size distribution are vital parameters in the 
production of mechanically (erosion resistant) and chemi-
cally (leaching resistant) durable AAMs. In various indus-
trial processes, water is used as a solvent, reaction, or trans-
port medium. The use of water has led to the need to reduce 
or eliminate toxic compounds from aqueous waste streams 
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in industries [15]. Catalytic wet air oxidation (CWAO) can 
effectively degrade harmful and toxic, as well as poorly 
biodegradable compounds [16, 17]. With the use of hetero-
geneous catalysts, the CWAO process is efficient even at 
low temperatures and pressures [18, 19]. The typical CWAO 
temperatures and pressures are 130–250 °C and 1–5 MPa, 
respectively. Depending on the organic compounds and on 
the number of such compounds dissolved in wastewater, the 
process can be designed so that the impurities are completely 
oxidized by a free radical mechanism into harmless inor-
ganic compounds [19]. Heterogeneous catalysts with high 
activity and stability have been investigated and manufac-
tured. These include noble metals, different metal oxides, 
and various carbon materials, such as active carbon (AC) 
and carbon nanotubes (CNT) [20]. If water treatment costs 
are to be reduced, cost-effective production of active metals 
and their support materials must be first achieved. This is 
possible if catalyst supports are prepared using inexpensive 
and eco-friendly recycled materials. In addition, non-noble 
metals, such as Mn, Cu, Fe, Ni, and Co, should be used as 
active metals. Phenolic and aniline compounds demonstrate 
a quite strong interaction with manganese oxide because of 
its strong oxidative capacity [21–23]. MnO2 oxidizes phe-
nolic or aniline compounds quite readily and forms an inter-
mediate radical, which may subsequently cause other radical 
reactions [23, 24]. MnOx is one of the cheapest metals and 
is considered the most effective metal oxide with an active 
ability to react with gas-phase ozone [25]. Also, CuO and 
Cu(OH)2 are an inexpensive and effective heterogeneous 
catalyst under aerobic conditions [26]. The high activity of 
CuO-based catalysts in neutral conditions has also attracted 
great interest [27, 28]. Cu-based catalysts and their differ-
ent forms (oxides, hydroxides) are extremely active in the 
decomposition and removal of organic impurities [29].

The porous blank MK-AAM (reference) was prepared by 
curing an alkali-activated paste under microwave radiation 
(90 W). The composites were prepared by two various pro-
cesses, either as described above by addition of active metals, 
or refluxing the blank MK-AAM in 0.5 M CuSO4 solution 
for 24 h. In this paper, the catalytic activity of the reference 
material and the composites was studied to degrade BPA by 
CWAO. BPA, (4,4′-(propane-2,2-diyl)diphenol), is a monomer 
and typically used in the production of various plastic materi-
als. It is soluble to some extent in water from which it may 
transfer to foods and may enter in the wastewaters and finally 
the bloodstream [30]. An aqueous solution of BPA (60 mg/L) 
was prepared and used as a model solution in CWAO. The per-
formance and activity of the novel composites were monitored 
by analyzing both BPA and total organic carbon (TOC) con-
versions. The prepared composites were analyzed using several 
techniques, such as compressive strength using a Zwick–Roell 
Test Control-II unit, Brunauer–Emmett–Teller (BET) analy-
sis and non-local density functional theory (NLDFT) model, 

X-ray fluorescence (XRF) analysis, X-ray diffraction (XRD) 
analysis, X-ray photoelectron spectroscopy (XPS), diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS), 
inductively coupled plasma optical emission spectroscopy 
(ICP-OES, Thermo Electron iCAP 6500 Duo) and field emis-
sion scanning electron microscopy (FESEM)–energy disper-
sive spectroscopy (EDS) analysis.

2 � Experimental

2.1 � Materials

Laboratory-grade washed white kaolin (VWR Chemicals, Bel-
gium) was calcinated at 700 °C to produce reactive MK (pre-
cursor). KOH pellets (Emsure®, Merck KGaA, Germany) and 
35 wt% K2SiO3 solution (Sateenkaari Perinnetalo, Finland) 
were used to prepare the alkali solution. MnO2 was precipi-
tated from the alkali solution of MnSO4 (pro analysis, Merck, 
Darmstadt, Germany) and CuO and Cu(OH)2 from the alkali 
solution of CuSO4⋅5H2O (pro analysis, Merck, Darmstadt, 
Germany). A solution of 30 wt% H2O2 (AnalR NORMAPUR, 
VWR Chemicals, France) was used as a foaming agent to pro-
duce porous composites. Bisphenol A (BPA, ≥ 99%, Sigma-
Aldrich, Darmstadt, Germany) was used to prepare an aqueous 
model solution.

2.2 � Preparation of the Composites

The metal concentrations (wt%) in MK (precursor) relevant 
for the preparation of the alkaline paste are shown in Table 1.

The concentrations of other elements in MK are not shown 
in Table 1, because their proportion in the material was excep-
tionally low (<< 1.0 wt%). In addition, the metals had no part 
in the production of the composites. In the preparation pro-
cess (Fig. 1) the reaction vessel (300 ml) was connected to an 
IKA RW 20 digital overhead stirrer (IKA®-Werke GmbH & 
CO.KG, Germany) with an R 1382 three-bladed propeller stir-
rer (IKA®-Werke GmbH & CO.KG, Germany). Porous blank 
MK-AAM was prepared by mixing powdered MK with a 
strong alkaline solution of K2SiO3 and KOH. For 5 min, pow-
dered MK was gradually added to the alkali solution with an 
effective mixing rate of 800 rpm. The composition of the paste 
consisted of the following molar ratios of active substances: 
SiO2/K2O = 8.8, SiO2/Al2O3 = 4.2, Al2O3/K2O = 2.1, and H2O/
K2O = 16.3. When all the MK was added, the paste was further 
mixed and allowed to homogenize for 5 min. During the mix-
ing, a solution of foaming agent (H2O2, 30 wt%) was added, 
and the paste was allowed to homogenize for another 5 min, so 

Table 1   XRF analysis of MK 
(precursor)

MK Al2O3 SiO2 K2O

(Wt%) 32 54 5.3
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the total mixing time was 15 min. The prepared paste (volume 
63 cm3) was poured to a sealed Teflon cylinder, which was 
transferred to a microwave oven for curing at 90 W for 20 min. 
As a result, a porous blank MK-AAM cylinder was produced. 
Due to the expansion of the paste caused by the foamer, the 
volume of cured MK-AAM cylinder was ca. 126 cm3. The 
porous blank MK-AAM was also used as a reference material. 
CuO and MnO2 composites were prepared in the same way as 
described above but adding metal oxides to the paste. Cu(OH)2 
and Mn(OH)2 were precipitated from the alkaline solutions of 
0.5 M CuSO4· 5H2O and 0.5 M MnSO4, filtered, washed with 
KOH and water and finally dried in an oven at 30 °C for 24 h 
producing CuO and MnO2.

In contrast, Cu(OH)2 composite was produced by reflux-
ing a porous blank MK-AAM cylinder within a hot aqueous 
solution of 0.5 M CuSO4⋅5H2O for 24 h. It was proposed that 
during reflux, the pores of blank MK-AAM expand, helping 
the hot metal solution to penetrate deeper into the interior of 
the material. In CWAO the porous composite is exposed to 
a hot BPA solution in a pressurized reactor, its pores open 
again, and the BPA solution penetrates the interior of the 
composite reacting with the active metal.

The proposed reactions: (a) in the alkali-activated paste 
to produce CuO and MnO2 composites, and (b) via refluxing 
to produce Cu(OH)2 composites are shown below (Eqs. 1–4, 
5).

Mn(OH)2 reacts with H2O2 to produce manganese oxo-
hydroxide (MnO(OH)2) and water.

Under 90 W microwave radiation (∆), MnO(OH)2 forms 
a catalyst oxide (MnO2) and water [31].

Metastable phase of Cu(OH)2 is easily decomposed ther-
mally into more stable CuO [32].

(1)Mn(OH)2(s) + H2O2(aq) → MnO(OH)2 + H2O

(2)2MnO(OH)2(s) →
Δ MnO2 + H2O(s)

In a high alkaline solution, copper(II) hydroxide forms 
the complex anion [Cu(OH)4]2− , which can be considered 
as a precursor for CuO [32, 33].

When porous blank MK-AAM is refluxed in a solution 
of CuSO4⋅5H2O, ion exchange occurs between Cu2+ and the 
counter cation K+ (MK-AAM). Solid Cu(OH)2 and K2SO4 
are formed in the reaction.

2.3 � CWAO

All CWAO experiments were performed in a 300 mL high-
pressure Hastelloy C22 stainless-steel reactor (Parr, Moline, 
IL, USA). In each experiment, the reactor was loaded with 
160 mL of an aqueous solution of BPA (60 mg/L, pH 5–6) 
and mixed at 500 rpm. The reactor was purged with pres-
surized nitrogen gas while heated to the desired reaction 
temperature (i.e., 150 °C). A static catalyst basket (Parr) 
was used in the reactor to store the composites with cata-
lyst. As a reference, the reactor tests were performed with 
a porous blank MK-AAM and without any material. (i.e., 
wet air oxidation, WAO). CWAO was initiated by introduc-
ing technical air into the reactor, and intermediate samples 
were collected as a function of oxidation time (tot. 5 h) from 
the reactor. All the samples were filtered through 0.45 µm 
filter paper. Also, pH was monitored during the oxidation. 
A constant reactor temperature (150 °C) and an air pressure 
of 1 MPa were used. The catalyst load was 4.0 g/L. CWAO 

(3)Cu(OH)2(s) →
Δ CuO(s) + H2O(g)

(4)

Cu(OH)2(s) + 2OH−(aq) → [Cu(OH)4]
2−(aq)

Δ

↔CuO(s)

+ 2OH−(aq) + H2O

(5)CuSO4(s) + 2KOH(aq)
Reflux
���������������������→ Cu(OH)2(s) + K2SO4

Fig. 1   The preparation of 
porous blank MK-AAM and 
CuO, MnO2 and Cu(OH)2 
composites



1430	 Topics in Catalysis (2023) 66:1427–1439

1 3

was repeated twice, always with a fresh composite from the 
same batch. When the CWAO was completed, the refer-
ence material (porous blank MK-AAM) and the composites 
were washed with distilled water and dried in an oven at 
105 °C overnight for further analyses. BPA conversion was 
detected with high-pressure liquid chromatography (HPLC) 
equipped with a Waters 996 photodiode array (PDA) detec-
tor (Waters Corp., Milford, MA, USA) at 226 nm. A mixture 
of 0.1% trifluoroacetic acid (TFA) in water and 0.1% TFA 
in methanol was used as eluent (flow rate: 0.4 mL/min), and 
the compounds were separated with a SunFireTM C18 5 m 
2.1 × 100 mm column (Waters Corp., Milford, MA, USA) 
operated at 30 °C. Total organic carbon (TOC) was deter-
mined using a Skalar FormacsHT Total Organic Carbon/
Total Nitrogen analyzer (Breda, Netherlands). Composites 
after CWAO were determined by an XRF spectrometer 
(PANanlytical Axios mAX XRF, Almelo, The Netherlands). 
The measurements were performed using loose powders 
placed in a transparent Mylar film under He -atmosphere. 
Possible leaching during oxidation was analysed from the 
solution by ICP-OES. (Thermo Electron iCAP 6500 Duo, 
Thermo Fisher Scientific, Waltham, MA, USA) (Al, Si, K, 
Mn and Cu).

2.4 � Characterization

Nitrogen physisorption measurements were performed using 
a Micromeritics ASAP 2020 instrument (Micromeritics 
Instruments. Norcross. GA, USA). The SSAs of the porous 
blank MK-AAM and composites were 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 into the samples. The compressive 
strengths of the composites were measured by a Zwick/
Roell testControl II v7.62 type BW91272 unit (Zwick/
Roell. Germany) equipped with a Tesproma compression 
unit (Tesproma, Finland). The measured data were collected 
by the testXpert II -V3.6 software. In all measurements, the 
compressive force was 9 kN, and the driving speed was 
0.1 mm/s. The measurement stopped automatically when 
25% of the sample had been deformed. The chemical com-
positions of the precursor (MK), blank MK-AAM (refer-
ence) and the composites were determined by a high-power 
Wavelength Dispersive X-ray fluorescence spectrometer 
(PANanlytical Axios mAX 4 kW WDXRF, Almelo, The 
Netherlands). The measurements were performed using 
loose powders placed in a transparent Mylar film under He-
atmosphere. The crystalline phase of the MK and of the 
manufactured composites were measured by an X-ray dif-
fractometer (PANalytical X’Pert Pro XRD, Almelo, The 
Netherlands) using mono-chromatic Cu Kα1 (λ = 1.5406 Å) 

at 45 kV and 40 mA at a scan speed of 0.017°/s and 2θ 
ranging from 8° to 85°. The diffractograms were analyzed 
by HighScore Plus software (Version 4.0, PANalytical B. 
V., Almelo, The Netherlands) using the Powder Diffraction 
File standards obtained from the International Centre for 
Diffraction Data (ICDD). X-ray photoelectron spectroscopy 
(XPS) analysis was performed using a Thermo Fisher Scien-
tific ESCALAB 250Xi XPS System (Thermo Fisher Scien-
tific, 168 Third Avenue, Waltham, MA USA 02451) at the 
Centre for Material Analysis, University of Oulu (Finland). 
The sample powders were placed on a gold sample holder. 
With pass energy of 20 eV and the spot size of 900 µm, the 
Cu, Mn, Fe, O, Si, Al, S, F, K, Au, and C were measured 
for all samples. The measurement data were analyzed by 
Avantage V5 software. The monochromatic AlKα radia-
tion (1486.7 eV) was operated at 20 mA and 15 kV. Charge 
compensation was used to determine the presented spectra, 
and the binding energies (BE) were calibrated by applying 
the C1s line at 284.8 eV as reference. The metal content 
of the MK-AAM and the composites were determined with 
inductively coupled plasma optical emission spectroscopy 
(ICP-OES, Thermo Electron iCAP 6500 Duo, ThermoFisher 
Scientific, Waltham, MA USA). Elemental mapping and 
composition analysis were performed via FESEM-EDS anal-
ysis 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. Total organic carbon (TOC) was deter-
mined using a Skalar FormacsHT Total Organic Carbon/
Total Nitrogen analyzer (Breda, Netherlands). In TOC meas-
urement all organic and inorganic carbon is oxidized at the 
presence of catalyst at 750–950 °C to CO2 (Total carbon, 
TC). The formed CO2 is measured at a wavelength of 4.2 μm 
by NDIR detection. The inorganic carbon (IC) is measured 
from acidified medium at room temperature, so the TOC can 
be calculated by subtracting IC from TC. Diffuse-reflectance 
infrared Fourier transform spectroscopy (DRIFTS) was 
employed to investigate the degree of polymerization of the 
prepared samples. DRIFT spectra were recorded on a Bruker 
PMA 50 Vertex 80 V (Bruker, Billerica, MA, United States), 
equipped with a Harrick Praying Mantis diffuse reflection 
accessory and a high-temperature reaction chamber, by base-
line measurement using KBr. Measurements were conducted 
at 400–4000 cm−1 with a resolution of 4 cm−1 and 500 scans 
per minute.

3 � Results and Discussion

This study focused on the preparation of porous and chemi-
cally and mechanically durable MK-AAMs with active 
metals as composites for the CWAO of BPA. Various 
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characterization methods, elemental analyses, and reactor 
experiments were performed. The characterization and per-
formance of both the reference material and the composites 
are detailed below.

3.1 � Porosity and Mechanical Strength 
of the Composites

The SSA, mean pore diameter (MPD), pore volume (PV), 
and pore size distribution of the blank MK-AAM (reference) 
and the composites were determined using BET (RSD ± 5%) 
and non-local density functional theory (NLDFT) models 
[34]. The model which was used to estimate pore size dis-
tribution and PV was non-linear density functional theory, 
NLDFT, which is based on the model of independent slit-
shaped pores specifically tailored made for structured mate-
rials [35]. The results are shown in Table 2.

The reference material, porous blank MK-AAM, showed 
the lowest SSA compared with the MnO2, CuO and 
Cu(OH)2 composites. It was proposed that high proportion 
of micropores and mesopores increase the SSA due to the 
homogeneous pore distribution. The N2 adsorption–des-
orption isotherms of the porous blank MK-AAM and the 
composites are shown in Fig. 2. The corresponding porosity 
is presented in Table 2. All the materials show type IV iso-
therms with distinguishing hysteresis loops corresponding 
to mesoporous materials. This is also seen in the porosity 
values in Table 2.

As it can be observed in Table 2 and Fig. 2, refluxed 
porous MK-AAM produced the highest SSA [36]. Espe-
cially in terms of curing and durability of porous materi-
als, electromagnetic radiation proved to be an effective 
technique. The paste was cured in a microwave oven, which 
requires less energy and rapidly converts electromagnetic 
energy into thermal energy; thus, a paste cures faster in a 
microwave oven than in a laboratory drying oven. Curing 
a material under microwave also increases the mechanical 
durability of the material [37, 38]. The compressive strength 
of the reference and the composites was measured using 
Zwick/Roell TestControl-II unit to determine their mechani-
cal durability (Table 2.). The compressive strength of the 

materials was measured three times, and then the aver-
age value was obtained. The compressive strength of the 
reference and the composites fell within the same range, 
that is, 2.83–3.58 MPa, which is adequate for the ambient 
conditions for CWAO. After 5 h of CWAO due to the ero-
sion caused by the fluid flow by high-speed mixing of the 
solution, the reference and composites disintegrated by ca. 
1.5 wt%. Determination was performed by weighing.

3.2 � XRF

The chemical composition of the materials was determined 
through XRF analysis. Specifically, the metal concentrations 
(wt%) in the MK (precursor), blank MK-AAM (reference), 
and MnO2, CuO and Cu(OH)2 composites were analyzed, 
and the results are presented in Table 3.

When the active metal oxides (CuO, MnO2) were added 
in the alkali-activated paste, the concentration of K2O was 
reduced and active metal oxides vice versa. It was pro-
posed that ion exchange occurred between the cations of 
Cu2+ or Mn4+ and the alkaline counter cation of K+ in the 

Table 2   Porosity and mechanical strength of the porous blank MK-AAM and the composites

SSA specific surface area, MPD mean pore diameter, PV total pore volume, ACS average compressive strength

Composite SSA (m2/g) MPD (nm) PV (cm3/g) Micro 
pores  < 2.2 nm

Meso pores 
2.2–50 nm

Macro 
pores  > 50 nm

ACS
(MPa)

Pore size distribution (%)

Blank MK-AAM 36 5.2 0.1 10 77 13 2.8
MnO2 61 7.8 0.2 5.7 86 7.9 3.2
CuO 53 7.5 0.2 6.0 84 9.1 3.4
Cu(OH)2 89 10 0.3 4.3 92 4.1 3.6

Fig. 2   N2 adsorption–desorption isotherms of the porous blank MK-
AAM and the composites
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MK-AAMs. Škvára et al. [39] has reported that alkaline 
potassium is weakly bound to a material framework and can 
be leached completely without compromising the compres-
sive strength of the material [39, 40], consistent with the 
observations in this study. As described earlier, the Cu(OH)2 
composite was prepared by refluxing a porous blank MK-
AAM in 0.5 M CuSO4 solution for 24 h. As described above, 
also in this case it was suggested that ion exchange occurred 
between Cu2+ in CuSO4 (aq) and the counter cation K+ in 
MK-AAM to form Cu(OH)2. XPS was performed to dem-
onstrate the presence of hydroxide in the survey spectra 
and Cu2p spectra of the Cu(OH)2 composite. Concurrently, 
K2SO4 was precipitated into the solution.

3.3 � XRD

The XRD patterns of the MK (precursor), blank MK-AAM 
(reference), and the composites are shown in Fig. 2. When 
aluminosilicates (Si–O–Al) are activated with a concentrated 
alkali metal silicate and hydroxide solution, amorphous 
aluminosilicate materials form [41]. The zeolitic binder 
phase formed by the alkali activation of MK has often been 
described as “X-Ray amorphous” [42, 43]. The diffracto-
grams presented in Fig. 2 MK (precursor) has a wide dis-
persion peak, ranging between 15° and 35° (2θ), which is 
typical of the amorphous structure of MK [44, 45]. The CuO 
composite (in diffractograms □) was identified same as the 
report of Hosseini et al. and Chinthakuntla et al. [46, 47]. 
The prominent peaks at the diffraction angles (2θ) of 35.4° 
and 48.8° matched to the (0 0 2), (2 0 0) and (2 0 -2) lat-
tice planes of monoclinic CuO (ICDD file 00-48-1548) [48, 
49]. The MnO2 composite (in diffractograms ◊ = MnO2, ♦ 
= Mn2O3) was analyzed, refer to the data from Mironova-
Ulmane et al. and Feng et al. [50, 51]. The main peaks of 
Cu(OH)2 (in diffractograms ■ = Cu(OH)2) are located at 
15.9°, 21.8°, 35.6°, 41.6°, 52.6°, and 63.7° in 2θ, corre-
sponding to orthorhombic Cu(OH)2 (ICDD 00-35-0505) 
[52]. The diffractogram of MK shows a typical amorphous 
hump at the 2θ value of 23°. The 2θ value of both blank 
MK-AAM and the composites shifted to 27°–28°. This is 
due to the structural changes in the aluminosilicates dur-
ing alkalization [53]. For the MK, the reflections matched 
the two species of SiO2 (hexagonal ICDD 01-070-3755 and 
orthorhombic ICDD 04-013-2813) and sodium aluminum 
silicon oxide hydrate (NASH, Na3Al3Si21O48(H2O)9.5; 
ICDD 04-014-3295). The SiO2 (Quartz) reflections in the 
diffractogram of the MK are found at 2θ values of 20.9° 
and 26.6° for the hexagonal crystal system and at 2θ values 
of 8.8°, 10.8°, 20.6°, 22.8°, and 27.6° for the orthorhom-
bic crystal system. For the blank MK-AAM, the peaks 

Fig. 3   X-ray diffractograms of (a) MK (precursor), (b) blank MK-
AAM (reference), and the composites of (c) CuO, (d) MnO2 and (e) 
Cu(OH)2. H = hexagonal silicon oxide (quartz), O = orthorhombic sil-
icon oxide, M = sodium aluminum silicon oxide hydrate (mordenite), 
P = potassium aluminum silicate, E = tetragonal potassium aluminum 
oxide, and potassium aluminum silicate (microcline), ◊ = MnO2, 
♦ = Mn2O3, □ = CuO, = ■ Cu(OH)2

Table 3   XRF results for MK (precursor), blank MK-AAM (refer-
ence), and MnO2, CuO and Cu(OH)2 composites

Material Al2O3 SiO2 K2O CuO MnO
(wt%)

MK 32 54 5.3  < 1.0  < 1.0
Blank MK-AAM 28 51 6.0  < 1.0  < 1.0
MnO2 composite 26 49 3.4  < 1.0 9.2
CuO composite 26 48 3.0 8.0  < 1.0
Cu(OH)2 composite 30 50 3.0 11  < 1.0
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corresponded to potassium aluminum oxide (KAlO2; ICDD 
04-016-3974) and potassium aluminum silicate (K(AlSi3O8; 
ICDD 01-071-0955). The phases for the MK-AAM were 
SiO2 (ICDD 04-016-2085) and potassium aluminum silicate 
(KAl3Si3O11; ICDD 00-046-0741) (Fig. 3).

3.4 � XPS

X-ray photoelectron spectroscopy (XPS) is a widely used 
surface analysis technique. It can be applied to a broad range 
of materials and provides valuable quantitative and chemical 
state information from the surface of the material [54]. The 
purpose of the XPS analysis was to determine the oxidation 
state of active metals at the surfaces in MnO2, CuO and 
Cu(OH)2 composites. XPS survey spectra (a) and the Cu2p 
spectra (b) of the Cu(OH)2 composite, XPS survey spectra 
(c) and the Cu2p spectra (d) of the CuO composite and XPS 
survey spectra (e) and the Mn2p spectra (f) of the MnO2 
composite are shown in Fig. 4. Spin-energy separations of 
12 eV (f) and 20 eV (b, d) are consistent with the reported 
data for Mn2p3/2, Mn2p1/2 of MnO2 (f) [55], Cu2p3/2, Cu2p1/2 

of CuO (d) and Cu(OH)2 (b) [56, 57]. Based on the results 
obtained, the presence of CuO, MnO2 and Cu(OH)2 could 
be confirmed. Also, in spectra (b) at 933, 953 eV and (d) at 
938, 958 eV Cu(0) was detected [58].

3.5 � DRIFTS

Figure 4 presents the DRIFTS of the MK (precursor), 
porous blank MK-AAM (reference), and the porous com-
posites. The precursor (MK) has weak absorption bands at 
3682 and 1693 cm−1, which are ascribed to the stretching 
and bending vibrations of O–H and H–O–H, respectively 
[59]. Broad intense asymmetric band at 1067 cm−1, which 
is stretching Si–O vibration, stretching vibrations of 
hexa-coordinate Al(VI)–OH and Al(VI)–O, and bending 
vibrations of Si–O–Si and O–Si–O, respectively [60]. The 
absorption band located at about 924 cm−1 corresponds 
to the asymmetric stretching vibrations of the Si–O and 
Al–O bonds. The symmetric stretching vibration of 
Si–O–Si was detected at 725 cm−1. The band at approxi-
mately 613 cm−1 is related to the symmetric stretching 
vibration of Si–O–Si and Si–O–Al(VI) [59]. The band 

Fig. 4   XPS survey spectra (a) and the Cu2p spectra (b) of the Cu(OH)2 composite, XPS survey spectra (c) and the Cu2p spectra (d) of the CuO 
composite. XPS survey spectra (e) and the Mn2p spectra (f) of the MnO2 composite
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at 526–530 cm−1 was ascribed to the symmetric stretch-
ing of Si–O–Si and Al–O–Si, and it was present only in 
the FTIR spectra of MK-based geopolymers [61]. The 
band at 510 cm−1 on the FTIR spectrum was attributed 
to the bending vibrations of Si–O–Si and O–Si–O [62]. 
Similar to the MK, the MK-AAM showed an absorption 
broadband at about 3440 and 1640 cm−1, which corre-
spond to the stretching and bending vibration frequen-
cies of the OH groups associated with water, respectively 
[63, 64]. The MK-AAM showed an absorption band at 
about 1413 cm−1, which is assigned to the C–O stretching 
vibration of carbonate [63]. The asymmetrical stretch-
ing vibration of the Si–O bond was seen at 1010 cm−1 
[43]. The bands at approximately 600 cm−1 correspond 
to the Al–O–Si stretching vibrations [65], and the broad 
peak at approximately 730 cm−1 belongs to the stretch-
ing vibration of the hexa-coordinates Al(VI)–OH and 
Al(VI)–O in the MK, which disappeared during alkalini-
zation [44]. The signal at about 710 cm−1 is due to the 
bending vibration of the tetracoordinated Al(IV)–O–Si in 
the cyclic structure. This finding indicates the formation 
of aluminosilicate networks via the transformation of the 
hexa-coordinated Al(VI) into the tetra-coordinated Al(IV) 
during the alkalinization reaction [66]. This phenome-
non has also been described by Sitarz et al. [67, 68]. A 
shoulder at approximately 900 cm−1 was due to Al(VI)–O 
residues, indicating that the alkalinization was not totally 
completed. This phenomenon has also been reported by 
Chen and Lancellotti et al. [44, 69]. When the active met-
als were found in the structure of the blank MK-AAM, 
obvious changes were observed in the spectra. The com-
posites were dried in a laboratory drying oven overnight 
at 105 °C to remove any moisture from the material. The 
strong absorption band at 538 cm−1 could be assigned 
to the Mn–O stretching mode, demonstrating the exist-
ence of the Mn–O bond in the MnO2 structure [70]. The 
absorption bands at 1334 and 1213  cm−1 matched the 
bending vibrations of the O–H bonded with Mn atoms, 
and this phenomenon might have occurred in the pres-
ence of absorbed water molecules in the MnO2 structure. 
The observation of O–H vibrations suggests the pres-
ence of absorbed water molecules in the MnO2 structure 
[70]. The FT-IR spectra shows the appearance of a peak 
at 3446 cm−1 in Cu(OH)2, confirming the occurrence of 
the stretching mode of the hydroxyl group in Cu(OH)2. 
The intense peaks at around 1634 cm−1 and 1104 cm−1 
are attributed to the –OH bending vibrations combined 
with Cu atoms. The weakly bonded –OH groups in water 
to the Cu(OH)2 produced the combination band near 
1400 cm−1 [71]. The peaks at 628 and 520 cm−1 are asso-
ciated with the stretching vibration of the Cu–O bonds 
in the Cu(OH)2 [72]. The peak at 505 cm−1 is probably 

associated with the Cu–O vibrations of monoclinic CuO 
[73, 74] (Fig. 5).

3.6 � FESEM‑EDS

Field emission scanning electron microscope (FESEM) 
was used to investigate the microstructural pattern of one-
part composites based on metakaolin [75]. During the 
FESEM characterization, EDS mapping was employed to 
confirm the active metal distribution in the composites. In 
the Fig. 6 is presented the surface morphology of the CuO 
(a–b), MnO2 (c–d) and Cu(OH)2 (e–f) composites. The 
CuO composite has large, inhomogeneously accumulated 
stacked flakes to form just local oxidizing surfaces for 
BPA degradation, producing low BPA conversion. How-
ever, the surface morphology of the MnO2 and Cu(OH)2 

Fig. 5   DRIFTS of (a) MK (precursor), (b) blank MK-AAM (refer-
ence) and the composites of (c) CuO, (d) MnO2 and (e) Cu(OH)2
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composites (c–d and e–f) appeared to have a relatively 
porous (61 m2/g and 89 m2/g) and homogeneous surface 
structure, which produced rather high BPA conversions.

3.7 � CWAO

During the CWAO experiments, intermediate samples as a 
function of oxidation time (5 h) were collected directly from 
the reactor. The catalytic efficiency of the reference material 
and composites was determined by analyzing the concentra-
tions of BPA and TOC in the initial, intermediate, and final 

samples, followed by the calculations of BPA and TOC con-
versions. Figure 6 presents the BPA conversion as a function 
of oxidation time (5 h) for the composites at air pressures of 
1 MPa at a constant temperature of 150 °C. At first, the oxi-
dation of BPA was tested without using any composites and 
reference material (WAO), and a BPA conversion of 15% 
and a TOC conversion of 11% were received. The reference 
material (blank MK-AAM) contains relatively low concen-
trations of active metals, such as Fe, Ti, and Cu, (< 1wt%); 
the results showed that these metals exerted some effects on 
BPA degeneration, resulting in 24% BPA conversion and 

Fig. 6   FESEM images (left) and EDS mapping (right) of a–b CuO, c–d MnO2 and e–f Cu(OH)2 composites
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17% TOC conversion. With the CuO composite the BPA 
and TOC conversions were 40% and 12%, respectively, 
due to large, inhomogeneously accumulated stacked flakes. 
Increased BPA conversion of 60% and a TOC conversion 
of 43% were achieved with MnO2 composite probably due 
to the MnO2 crystal phase and valence states [76]. The 
Cu(OH)2 composite had the highest SSA (89 m2/g) and the 
pore size distribution of mesopores (92%) resulting the high-
est BPA and TOC conversions, 100% and 53%, respectively. 
It has been reported that Cu(OH)2 materials perform as high 
active and cost-efficient catalysts [52] (Fig. 7).

Composites must be reusable without losing the activ-
ity of the catalysts, and this phenomenon depends on the 
stability of materials. When being used, a material degener-
ates to some extent, which in turn causes mass loss. In this 
study, it was found that after 5 h of oxidation reaction, an 
average of 1.5 wt% of the material had decomposed due to 
the erosion caused by the high-rate mixing and fluid flow. 
Also, the chemical stability of a composite is an important 
parameter, as the leaching of active metals and other ele-
ments can cause undesirable contamination. Therefore, the 
active metals were analyzed from the model solution of BPA 
by ICP-OES. Analysis showed that 1.1 wt% Cu and 3.6 wt% 
Mn was leached during oxidation.

4 � Conclusion

In this study, novel porous and durable metakaolin-based 
alkali-activated materials (MK-AAMs) with active metal as 
composites were produced to degrade bisphenol A (BPA) in 
CWAO. Two preparation processes were employed where 

alkali paste was cured under 90 W microwave radiation to 
produce porous CuO and MnO2 composites. Another pro-
cess was to reflux a porous blank MK-AAM in a hot 0.5 M 
CuSO4 solution to produce Cu(OH)2 composite. CWAO was 
conducted in a batch reactor at 150 °C and at 1 MPa (air) 
for 5 h. Cu(OH)2 composite demonstrated the most efficient 
BPA and TOC conversions at 100% and 53%, respectively. It 
was suggested that the key factors for the catalytic activity of 
Cu(OH)2 composite were the combination of high SSA and 
the homogeneous surface morphology. During 5 h oxidation, 
the composites degraded due to the combined effect of ero-
sion (1.5 wt%) and active metal (Cu, Mn) leaching (1.1 wt%, 
3.6 wt%). Based on the results, it can be concluded that the 
structure and chemical composition of the composites corre-
sponded to the desired material properties, such as mechani-
cal and chemical durability, porosity and catalytic activity, 
especially in the case of Cu(OH)2. The results indicate that 
BPA can be processed energy-efficiently into less harmful 
compounds under mild reaction conditions (low air pressure 
and reaction temperature), without losing the desired proper-
ties of the composites.
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