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GREEN AQUA-OXO-HYDROXYLATED ADVANCED 

MATERIAL FOR TREATMENT OF LIQUID WASTE WITH 

COMPLEX CONTAMINATION 
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DIJMĂRESCU3, Dragoş-Ştefan PREDA4, Elena RUSU5, Petrişor-Zamora 

IORDACHE6 

An aqua-oxo-hydroxylated advanced material was fabricated and directed for 

the treatment of liquid waste with complex contamination, and particularly for 

treatment of leachate. The material is capable of removing in one step most 

contaminants irrespective of contaminants type and contamination charge of 

leachate. The treatment solution we examined led to a significant reduction in the 

contamination level of the treated leachate. Specifically, the total nitrogen decreased 

from 5620 mg/L to 42 mg/L, the biochemical oxygen demand decreased from 3121 

mg O2/L to 42 mg O2/L, and the chemical oxygen demand decreased from 25571.2 mg 

O2/L to 160 mg O2/L. 

 

Keywords: leachate, waste, liquid waste, wastewater treatment, waste treatment 
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1. Introduction 

In general, liquid waste means an aqueous stream that collects various types 

of chemical and biological impurities (i.e. contaminants) that exceed the 

concentration limits allowed by regulatory authorities and that must be removed by 

a treatment process. The most common liquid wastes are, for example, wastewater 

[1], industrial wastewater and sludge generated by industrial processes [2], 

contaminated water from manufacturing processes and post-treatment sludge [3], 

including various types of organic and inorganic contaminants that may be soluble 
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or insoluble [4]. Typically, each liquid waste released by discrete contamination 

sources has one unique footprint of the contamination charge which is marked by 

the type and amount of each contaminant forming the charge [5,6]. Therefore, this 

is one of the main reasons the treatment of each waste stream demands technical 

solutions particularly adapted to remove each specific contaminant making the 

contamination charge [7]. 

Although liquid waste gives rise to many thorny problems with 

environmental profound implications therefore promoting the shaping of the entire 

socio-economic climate, the technical regulations realize only indistinctive 

classifications wherein the above-mentioned waste are sorted as hazardous and non-

hazardous liquid waste without considering other further relevant evidence in 

connection to chemical behavior and further fate of each individual contaminant 

present in the influent waste streams [8,9]. In addition to those above, the regulatory 

authorities impose clear discharging limits only for certain types of contaminants, 

whereas the other contaminants are regulated by recording some exhaustive water 

quality parameters that cumulate the contribution of many different sorts of 

contaminants, such, as for example, non-regulated soluble organic contaminants 

[10,11]. The evidence presented by the scientific community undoubtedly proves 

that some of contaminants not specifically regulated may be very toxic, but in spite 

of that they are further on released into surface waters streams where they are 

randomly assimilated by environment components thus affecting on long-term, 

through cascaded effects, the physical, chemical, and biological attributes of the 

biota on which, in the end, irreversibly degrade them [12,13]. 

The most significant drawbacks of current solutions in liquid waste 

treatment are the limitation in contaminant removal efficiency and waste treatment 

costs, wherein, in most treatment applications, typically several of current solutions 

are used to solve one single particular type of liquid waste [14]. Even under such 

circumstances, the existing treatment solutions give rise to soluble degradation 

byproducts that further impurity the streams of clean treated water which to be 

solved requires other additional expensive investments and equipment. It goes 

without saying that the current treatment chemicals, even if they are used discreetly 

or combined in different treatment steps, they are the main component responsible 

for the generation of soluble byproducts as a result of discrete chemical interaction 

with each individual contaminant, and therefore, the solving of the process for 

treating the liquid waste is difficult to be realized since is strongly related to the 

amount and diversity of contaminants loading the influent liquid waste stream 

[15,16]. In the context herein, finding solutions to solve drawbacks associated with 

the separation of contaminants from the liquid waste comprising various sorts of 

contaminants is an urgent priority, but the separation of persistent contaminants and 

toxic ones which may induce toxicity effects through bioaccumulation is even a 

more pressing priority [17]. 
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In spite of many technological advances, the main drawbacks of leachate 

treatment solutions currently in operation are well known wherein, combined 

solutions attains up to 95% BOD and 50% nitrogen removal efficiency when used 

in combination with sequencing batch reactors; the membranes filtration brings 

operational flexibility but also, high operational costs, and high energy 

consumption; the up-flow anaerobic sludge blanket is economical but has very low 

efficiency and is highly restrictive in operation due to ammonia toxicity from 

leachate; the activated sludge is capable of reaching removal efficiencies of about 

90% of BOD, 99% of COD, and 80–99% of metals, but also has high operational 

costs, low efficiency in bacteria removal, and removal efficiency sensible to waste 

toxicity; sequencing batch reactor may reach removal efficiencies up to 76% of 

COD, 84% of BOD, and 65% ammonia nitrogen, but typically the influent ammonia 

affects the COD removal rate; the trickling filters may remove up to 75% ammonia 

nitrogen but are less effective in solving liquid waste with high organic content; 

Advanced Oxidation Process typically used to partially remove recalcitrant 

contamination but require high operational costs and is difficult to bring and 

maintain in operation treatment process; the coagulation and flocculation are 

effective in removing organic matter and heavy metals but are very expensive 

solutions and generates large amounts of chemical sludge; hybrid solutions are 

more effective and economical compared to individual methods, but not all 

combinations are feasible [18]. Many works using metal oxides and metal oxide-

based nanocomposites were reported in the literature, such us, for example, MgO, 

TiO2, MnO2, Fe3O4/Fe2O3, CuO/Cu2O, MnO2, Al2O3, Ag2O, ZnO, and the like 

wherein, particular attention was brought to the catalytic, electrochemical, and 

electro-oxidation applications mainly directed to remove organics and heavy metals 

[19,20]; few such applications are known that revealing their main limiting 

drawbacks, which are the price, limited removal efficiency and its sensitivity 

towards liquid waste composition and toxicity, and the occurrence of various 

soluble toxic treatment byproducts [21]. Compared to the above-said existing 

solutions, this work investigates a paradigm shift in liquid waste treatment by 

proposing a new treatment solution that uses preformed complex mixtures of 

cationic oxides and hydroxides and hydrated forms thereof, whose chemical activity 

depends on pH and is capable of giving rise to various ligand exchange and 

chemical condensation reactions both by interacting each other and with waste 

contaminants, wherein the result of such transformations is directed to formation of 

insoluble condensed compounds and water. As will be appreciated herein, the use 

of such oxyanionic mixtures as process chemicals for the treatment of liquid waste 

may be a viable option to already existing treatment solutions, wherein its major 

benefits are brought by removal in one step of most contaminants, high removal 

efficiency, low treatment costs, its ability to avoid the release of contaminant 

byproducts during treatment. The second part of this work separately presents the 
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main findings gained when the after-treatment sludge (i.e. sludge after treating 

liquid waste) underwent a thermolysis process for its chemical inactivation. 

2. Experimental 

2.1. Preparing the aquo-hydroxylated admixture 
 

The preparation of the material we used herein (the aquo-hydroxylated 

mixture, "the material") was made within a 5 liters (i.e. 5 L) mixer with jacket 

heating wherein, the starting intermediary composition for processing was made by 

admixing Fe2O3 (0.8 kg), Al2O3 (0.4 kg), CaO (0.1 kg), MgO (0.1 kg), Mn2O3 (0.1 

kg), TiO2 (0.2 kg), P2O5 (0.1 kg), and 2 L water. Successively was adding 0.5 L of 

aqueous H2O2 solution (concentration of about 30 wt. %), 0.5 L of aqueous H2SO4 

solution (concentration of about 50 wt. %), 0.25 L of aqueous H3PO4 solution 

(concentration of about 50 wt. %), and 0.4 L of aqueous HCl solution (concentration 

of about 37 wt. %) and hence, the pH of the admixture before undergoing further 

chemical processing was adjusted to about 4. Further on, the mixture was 

homogenized for 4 hours at 80OC and 8 RPM. 

In a discreet step (2), to the batch already preformed as above were added 

Fe(OH)2 (0.1 kg), Al(OH)3 (0.2 kg), Ca(OH)2 (0.2 kg), Mg(OH)2 (0.2 kg), and 0.6 

L of aqueous sodium silicate solution (concentration of about 40 wt. %), hence 

forming an intermediary admixture wherein the pH was about 7.3. The mixture 

undergoing step (2) was mixed for three hours at 80OC and 8 RPM. Next, to the 

admixture formed in step (2), as above, was added about 0.85 L of aqueous NaOH 

solution (concentration of about 50 wt. %), therefore pH was raised to about 11; 

further on, the chemical condensation mixture was mixed for another two hours at 

80OC and 8 RPM. In further, the process of forming the material composition was 

stopped, and the material composition was maturated for 24 hours to obtain the 

finished material. All chemicals used were procured from Merck, among which 

Fe2O3 powder (<5 μm particle size, ≥96%), Al2O3 powder ultra dry (0.063-2 mm 

particle size), MgO nanopowder (≤50 nm particle size). 

In the other discreet step (3), the excess water was removed from the 

maturated material composition until the moisture content reached 25 wt. % (16-40 

μm borosilicate sieve); in the next forming step, the dewatered cake was dried at 

90OC until the moisture content reached 10 wt. % (Memmert UF450plus oven), 

then dried material was milled and transformed into a fine powder with a grinding 

size of less than 1 mm (GRINDOMIX GM 200). 2.75 kg of powdered finished 

composite material was made. Finally, the material was finished by adding 0.4 kg 

of ground kraft paper (fiber sizes less than 0.5 mm), and the resulting composition 

was blended for another two hours. 
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2.2. The leachate 
 

The leachate sampled from a waste deposit was treated with the material 

formulation prepared as above to separate water from contaminants (as described 

in more detail below in section 2.3); the formulated material was used as a waste 

treatment chemical. After finishing the leachate treatment, the water was separated 

from the impurifying solid suspensions, hence resulting in the treated water and 

after-treatment sludge. 

2.3. The leachate treatment 

A total of three equivalent evaluation batches (pilot studies) were made. The 

leachate was treated by using a dosing rate of 50 g per liter to form the treatment 

admixture, wherein the total volume of the treatment admixture batch was about 20 

L of leachate. After adding the material, the pH of the treatment admixture was 

raised to 10 by using NaOH, and then the mixture was homogenized for 4 hours at 

a constant mixed rate of 10 RPM (IKA Electronic overhead stirrer). Next, the pH 

was adjusted to 8.5 with FeCl3 (concentration of about 40 wt. %), and then to 7.5 

with aluminum polychloride solution (concentration of about 30 wt. %). Formed 

solid suspensions were separated from the treatment admixture by filtration (Cytiva 

Whatman™ Grade 597 paper sheet), wherein the filter retention size was from 4 to 

7 μm. Treated levigate obtained after filtration (clean water after flocs separation) 

was sampled and sent to be investigated by a licensed environmental laboratory 

with the aim of treatment quality assessment: the results are shown in Table 1. 

Additionally, separated aqueous sludge was placed for another 72 hours on a porous 

glass fiber membrane (0.45 μm) wherein at the end were obtained 5.2 kg of 

dewatered sludge (water content of about 68 wt. %). 

2.4. Analytical investigations 

Morphostructural investigations were performed by transmission electron 

microscopy using a Philips S208 electronic microscope. Morphochemical 

investigations were made by scanning electron microscopy using combined a 

VEGA III microscope, whereas the microanalysis investigations were performed 

using a QUANTAX 400 X-ray spectrometer. The spectrometric investigations were 

realized by Fourier-transform infrared spectroscopy using a FTIR-6300 (JASCO) 

equipment (FTIR) to assess the functional structure of the material, contaminants 

loading the leachate, and after-treatment sludge. 

The levigate before treatment and clean water after treatment were 

separately investigated through specific analytical procedures as described in more 

detail below. The contaminant removal efficiency reached 99.25% for total N, 

98.65% for BOD, 99.37% for COD, 99.69% for phenols, 98.45% for TSS, 97.91% 

for solid residue obtained by evaporation at 105°C, and 79.81% for sulfates. This 

evidence illustrates that the solution we investigated is capable of removing in one 
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step the majority of contaminants at unprecedented removal efficiency of over 99%, 

except sulfates. As a whole, we conclude the solution we investigated reached a 

removal efficiency of about 99% of all organics and about 80% of all inorganic 

contamination. 
Table 1 

The concentration of most relevant contaminants measured before and after levigate 

treatment 

Analyte 
Results before 

treatment 
Method  Analyte 

Results after 

treatment 
Method 

total N 5620 [mg/L] W-NTOT-

PHO1 

 total N B16 - 50 [mg/L] 

B27 - 46 [mg/L] 

B38 - 30 [mg/L] 

 

W-NTOT-PHO1 

(BOD)2 3121 [mg O2/L] W-BOD5-ELE1  (BOD)2 B1 - 46 [mg 

O2/L] 

B2 - 36 [mg 

O2/L] 

B3 - 44 [mg 

O2/L] 

 

W-BOD5-ELE1 

(COD)3 25571.2 [mg 

O2/L] 

W-CODCR-

PHO1 

 (COD)3 B1 - 188 [mg 

O2/L] 

B2 - 140 [mg 

O2/L] 

B3 - 152 [mg 

O2/L] 

 

W-CODCR-

PHO1 

phenol 

index 

43.22 [mg/L] W-MPHI-PHO1  phenol 

index 

B1 - 0.162 

[mg/L] 

B2 - 0.192 

[mg/L] 

B3 - 0.045 

[mg/L] 

 

W-MPHI-PHO1 

TSS4 776 [mg/L] W-TSS-GR1  TSS4 B1 - 16 [mg/L] 

B2 - 11 [mg/L] 

B3 - 9 [mg/L] 

 

W-TSS-GR1 

SRE5 59434 [mg/L] W-TDS-GR-R1  SRE5 B1 - 1520 

[mg/L] 

B2 - 860 [mg/L] 

B3 - 1340 

[mg/L] 

 

W-TDS-GR-R1 

Sulfate 104 [mg/L] W-TDS-GR-R1  Sulfate B1 - 25.9 [mg/L] 

B2 - 21.5 

B3 - 18.6 

W-TDS-GR-R1 

 
1own analytical procedure    2biochemical oxygen demand    3chemical oxygen demand     4total suspended 

solids 
5solid residue on evaporation at 105°C    6batch 1    7batch 2   8batch 3 
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3. Experimental 

3.1. Advanced material 

The material was directed to be made by chemical dissolution at low pH of 

metal oxides used as starting materials to form soluble aquo-oxo-hydroxylated 

speciations of Fe, Al, Ca, Mg, Mn, Ti, and P; then chemical condensation of as 

above preformed soluble admixture at high pH; wherein, in the end the chemically 

condensed aquo-oxo-hydroxylated speciations are reformed as one unique 

multicomponent aquo-oxo-hydroxylated material. The condensation process herein 

results in the forming of a new material which incorporates aquo-oxo-hydroxylated 

components of Fe, Al, Ca, Mg, Mn, or Ti, such as, for example, cationic oxo-

speciations with mixed morphochemical compositions similar to oxysalt minerals. 

3.2. Assessment of treatment quality 

The material was directed to be made by chemical dissolution at low pH of 

metal oxides used as starting materials to form soluble aquo-oxo-hydroxylated 

speciations of Fe, Al, Ca, Mg, Mn, Ti, and P; then chemical condensation of as 

above preformed soluble admixture at high pH; wherein, in the end the chemically 

condensed aquo-oxo-hydroxylated speciations are reformed as one unique 

multicomponent aquo-oxo-hydroxylated material. The condensation process herein 

results in the forming of a new material which incorporates aquo-oxo-hydroxylated 

components of Fe, Al, Ca, Mg, Mn, or Ti, such as, for example, cationic oxo-

speciations with mixed morphochemical compositions similar to oxysalt minerals. 

The leachate compositions are complex mixtures typically comprising 

soluble and suspended contaminants leached from the solid substrate through they 

pass (such us, for example, soils and waste deposits) which, among others includes 

complex chemical compounds such as for example salts, ammonia, heavy metals, 

humic and fulvic acids, phosphates, organic acids, aldehydes, alcohols, simple 

sugars, and derivatives thereof [22,23]. The main reason that is difficult to treat this 

type of liquid waste is it forms highly charged supersaturated solutions that realize 

complex electrolytic equilibria at high pH; this is one reason why when attempting 

to lower the pH to break such equilibria, more degradation byproducts are formed 

which realizes even more complex chemical equilibria. To explain the existence of 

such chemical equilibria at high pH reasonably may be assumed that mineral and 

organic compounds leached by water when passing through the soil, wherein, due 

to their chemical variety, the pressure exerted by the weight of soil layers, and 

concentration of each component, and hence the composition of leachate may 

comprise cationic complexes, basic salts, counterions and mixed counter-species of 

the above, cationic aqua-oxo-hydroxylated complexes, and the like. 

Biochemical oxygen demand (BOD) is typically used as an indicator for the 

concentration of organic matter in water hence expressing the total organic content 

that is available to microorganisms, plus any other compounds that spontaneously 
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react with O2. Chemical oxygen demand (COD) measures all organic matter in a 

sample that is able to be oxidized to carbon dioxide but does not include the oxygen 

needed for nitrification.  

First, by correlating the measured values of total N, BOD, COD, and SRE 

shown in Table 1, can be concluded that the total residual suspended solids in clean 

water are mainly inorganic in nature, and most likely consisting of aquo-oxo-

hydroxylated species of Fe, Al, Ca, Mg, Mn, and Ti, such as, for example, hydrated 

oxides and hydroxides of said cations that exist as particles of a very small size able 

to pass through filter, or soluble species of the above cations which cannot be 

further transformed by oxidation. Additionally, the measurement results above are 

in agreement with the results of the phenol index test in Table 1 which measured a 

residual amount of about 0.133 mg/L.  

Considering that COD indicator does not provide a time frame or the way 

in which the organic contaminants are actually oxidized in situ, to correlate the 

COD measurement with the measurement results of the other quality parameters we 

mentioned above, then we shall naturally assume that potassium dichromate 

(K2Cr2O7) which is reduced during testing under acidic conditions is actually 

consumed to oxidize the residual cationic aquo-oxo-hydroxylated speciations left 

in water after treatment. In addition to that above, we suspect that, during the test, 

K2Cr2O7 forms very reactive aquo-oxo-hydroxylated cationic species with chemical 

behavior similar to that of reactive oxygen species that passed through filter, hence 

contributing to free oxygen depletion; considering these evidence, is possible BOD 

and COD are lower than the measurements indicated, and therefore, the level of 

residual organic matter is possible may be of similar order magnitude to that 

indicated by the phenol index measurements. 

3.3. Morphostructural investigations 

The investigations in Fig. 1(a) disclose a clear distinctive morphostructural 

composition of advanced material, whose sizes dimension discretely ranges from a 

few nanometers up to 200 hundred nanometers or even more.  
 

   
Fig. 1. Morphostructural investigations of finished material (a) TEM micrographs; (b) elemental 

mapping of finished material 

(a) (b) 
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On the contrary, the evidence in Fig. 2 and Fig. 3(a) indicates that the 

morphostructure of material in dewatered sludge is shapeless.  

 
 

Fig. 2. SEM micrograph of after-treatment dewatered sludge 

 

   
 

Fig. 3. Dewatered sludge: (a) mapping the chemical elements forming the composition of 

dewatered sludge (b) the energy-dispersive X-ray spectra associated with elements found on the 

above map 

 

This evidence indicates the structure of components forming the material is 

destructured during treatment, and then restructured during pH adjusting, hence 

forming amorphous compositions incorporating contaminants and other solid 

impurities not chemically bonded to them. The mass percent of carbon and nitrogen 

in dewatered sludge rose with an average of over 22.3% and 18.8%, based on the 

total mass percent amassing all chemical elements measured on the EDX maps. 

(a) (b) 
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Fig. 4. FTIR investigations of (a) finished advanced material, (b) material charged  

with contaminants, (c) the dewatered sludge after treating leachate 

 

By analyzing the FTIR spectra of advanced material and of material charged 

with contaminants can be observed that their spectra profiles mainly keep 

unchanged their analytical distribution profiles, except their absorption intensity, 

and spectra region from 500 to 800 cm−1, wherein the structure of peaks before and 

(a) 

(b) 

(c) 



Green aqua-oxo-hydroxylated advanced material for treatment of liquid waste with complex… 269 

after treatment transforms completely. As will be appreciated herein, these evidence 

indicates the main process for contaminant bonding is the ligand exchange, 

including among others aquo ligands (H2O), oxo ligands (=O), and hydroxyls 

ligands (-OH). 

As expected, the IR spectra of leachate in Fig. 4(c) indicate a complex 

contamination comprising various compounds having various chemical 

functionalities as described in more detail below. More specifically, the 

contaminants forming the leachate composition are compounds whose chemical 

structure incorporates numerous types of chemical functionalities, as follow: the 

peaks at 3149 cm−1 and 3677 cm−1 were attributed to νas(NH4) [29, 30]; the water 

coordinated to metal cations; ν(OH) wherein, typically a broad band around 3200 

cm−1 and other small bands at 3605 cm−1 and 3580 cm−1 which are associated with 

the presence of free acids; the ν(OH) of free hydroxyls around 3300 cm−1 [24]. The 

adsorption profile of broad band between 2300–2400 cm−1 comprises several peaks 

which were attributed to ν3(CO2) and ν(O−H) from phosphonate group (P−OH) at 

2360 cm−1; M2+/3+−N2 [36, 37, 38], ν3(CO2), ν(CN), ν(N−N), C−N, and their species 

at 2334 cm−1.  

The adsorption profile in the range from 1000 cm−1 to 2100 cm−1 is a large 

broad band with moderate to high absorption intensities wherein only five 

distinctive peaks were noted at 992.8 cm−1, 1105 cm−1, 1409 cm−1, 1470 cm−1, 1633 

cm−1 (predominant contaminants). The main peak on the broad band 980 cm−1 to 

1100 cm−1 may be attributed to contaminants comprising =C−H (in plane bend), 

double M=O bonds, CO, N2, ν(N−O), bridging sulfates, δs(NH3) (coordinated 

ammonia), ν(NH), ν(C−N) [26, 27], C−N vibrations of the imidazole ring, 

coordinated ammonia, aliphatic C−C stretchings, νas(COO−) and νs(COO−) 

carboxylate [25], C=C modes of the S-substituted benzene ring, ν(C=S), NO2 

(nitrates), C−O modes, ν(CO), ν(C−Cl), ν(O−O), M−O / M−OH, moieties 

coordinated to M3+ sites, P−O, μ3−OH, anhydrides ν(COC), M3+−O2−, ν(OH) free 

hydroxyls, ν(S−O), ν(S=O), S−O stretching vibrations, SO3H, or νas(SO3) 

functional groups (sulfation), wherein M is a metal cation. In addition, the main 

peak on the broad band 1380 cm−1 to 1530 cm−1 was attributed to contaminants 

comprising ν2(CO2), νs(COO−), in-plane deformation of OH in carboxylic acids, 

δs(CH), NH3 oxidation, δs(NH3) coordinated ammonia, nitrito-species, ν(C−C) of 

the phenylene group,  NH4+ cations [29, 30], δas(NH4), νas(C−N), ν(N−N), NH2 

species, C−H wagging modes, νs(SO3
2−) and νas(SO3

2−), ν(C=C) and ν(C=N), 

νas(NO2), ν(C=O) [28], ν(C−C) ring stretchings, −C=O−O bonds, and strongly H-

bonded hydroxyls. In addition, the main peak on the broadband 1600 cm−1 to 1700 

cm−1 was attributed to contaminants comprising C=C, νas(COO−) and νs(COO−), 

aromatic carboxylic acids,−C=O−O bonds, νas(CO), ν(CO) band in ketones, 

ν(C=C), C=C bond in alkenes, aliphatic carboxylic acids, ν8a(C=C) mode of the 

benzene ring, C=N, C=O, C−C ring stretchings, δ(HOH), ν3 or νas(NO2), δ(NH2) 
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mode, δas(NH3) and δs(NH3) modes, δs(NH4) protonated ammonia, NH2 species, 

amide bands, ammonium ions, N−H bending, NO2, water O-coordinated to OH 

group and having one/two hydrogen H-bonds to carboxylate, H-bonded water, 

NO3− species coordinated to a metal site, M−X (X = Cl, Br, CH3, and NO2) [24, 36, 

37, 38]. 

Most likely the peak at 874.2 cm−1 cumulates the adsorption intensities 

arriving from M−OH, M=O, M−O, M3+−NO, and M−X speciations (X = Cl, Br) 

[31], wherein M is a metal cation. Additionally, the main peaks on the broadband 

500 cm−1 to 720 cm−1 were attributed to contaminants comprising: νas(C−Br), CO2 

adsorption, δs(COO−), organic functionalities bonded to M2+ sites, M−Cl/Br [31], 

ν(C−S), M−S bond, ν(M−O−M), ν(μ3-O−M), δ(MOH) modes (centered at 682.3 

cm−1); νas(C−Br), CO2 adsorption, δs(COO−), organic functionalities bonded to M2+ 

sites, M−Cl/Br, ν(C−S), M−S bond, ν(M−O−M), ν(μ3-O−M), δ(MOH) modes 

(centered at 616.7 cm−1); ν2(N3−), δas(≡C−H) bend, bridging sulfates, νas(M3O), 

M−O, M−OH, C−S stretching modes, M2+−NO, ω(H2O) modes (centered at 616.7 

cm−1); βs(COO−), M−O, benzene ring vibrations, ring δas(C−C), 

νas(M3O),(centered at 582.9 cm−1); M−O and νas(M−OC) (centered at 552.1 cm−1); 

M−O, M−NO, ρ(COO−), M−Olinker mode, M−N modes, γ(M−OH), and S=O 

deformation mode (suite of peaks on broad band from 500 cm−1 to 540 cm−1) [24]. 

These are other conclusive clues in line with the assumption stating that leachate is 

a saturated electrolytic solution that was formed by dissolving large amounts of 

mineral fractions during leaching. 

When comparing the adsorption profiles of leachate in Fig. 4(c) with those 

of not-tested finished advanced material (in Fig. 4(a)) and of leachate sludge before 

treatment (in Fig. 4(c)), can be noted that the experimental evidence indicates the 

leachate composition is quite similar to that of advanced material in that this 

contains significant amounts of inorganic fractions later binding organics from 

leachate. Hence, can be noted that before leachate treatment, the peak at 779.7 cm−1 

of not tested material cumulates the adsorption intensities arriving from γ(CH), 

δ(COO−), M−O, ν(O−O) mode, M−(η2-O2), and O−M−O (wherein M is a metal 

cation from the above) [32, 33, 34, 35], but their footprint complete disappears after 

treatment, hence suggesting this type of functionalities are responsible for 

contaminants transformation and bonding. We naturally observe that the two 

adsorption profiles of not tested finished advanced material (in Fig. 4(a)) and 

leachate sludge before treatment (in Fig. 4(c)) match the adsorption profile of after-

treatment sludge, wherein can be observed major transformations only on the 

adsorption spectral domains from 3000 cm−1 to 3500 cm−1 and from 500 cm−1 to 

750 cm−1 corresponding to spectral domain marking the aqua-oxo-hydroxylated 

functionally of material we tested. The only reasonable explanation matching the 

experimental evidence herein is that the leachate and material undertake ligand 

exchange by restructuring their chemical structure. Also, it is noted that cannot be 
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observed appearing other additional adsorption peaks in the after-treatment sludge, 

meaning the treatment process doesn't generate other impurifying treatment 

byproducts.  

From the evidence above, we conclude the leachate includes plenty types of 

various contaminants whose structure incorporates numerous types of chemical 

functionalities. 
 

3.4. Treatment process 

The main aqua-oxo-hydroxylated functionalities of advanced material 

consistent with the manufacturing process above, are depicted by spectral analysis 

in Fig. 4(c), and hence they are: the water coordinated to metal cations; ν(OH) 

(typically the broad band around 3200 cm−1 and other small bands at 3605 and 3580 

cm−1 which are associated with the presence of free acidic cationic sites); the ν(OH) 

of free hydroxyls around 3300 cm−1; ν(O−H) from the phosphonate group (P−OH) 

at 2360 cm−1; double M=O bonds, bridging sulfates, M−O/ M−OH, moieties 

coordinated to M3+ sites, P−O, μ3−OH, M3+−O2−, ν(OH) free hydroxyls, ν(S−O), 

ν(S=O), S−O stretching vibrations, SO3H, νas(SO3) (the main peak on the broad 

band 980 cm−1 to 1100 cm−1); νs(SO3
2−), νas(SO3

2−), and strongly H-bonded 

hydroxyls (the main peak on the broad band 1380 cm−1 to 1530 cm−1); M−OH, 

M=O, M−O (the peak at 874.2 cm−1); (the main peaks on the broadband 500 cm−1 

to 720 cm−1) M−S bond, ν(M−O−M), ν(μ3-O−M), δ(MOH) modes (centered at 

682.3 cm−1); ν(M−O−M), ν(μ3-O−M), δ(MOH) modes (centered at 616.7 cm−1); 

bridging sulfates, νas(M3O), M−O, M−OH, ω(H2O) modes (centered at 616.7 

cm−1); M−O, νas(M3O),(peak centered at 582.9 cm−1); M−O (peak centered at 

552.1 cm−1); M−O, M−Olinker mode, γ(M−OH), and S=O deformation mode (suite 

of peaks on broad band from 500 cm−1to 540 cm−1). 

After analyzing the evidence herein, it was concluded that the treatment pH 

acts as a trigger component which transforms chemically unreactive contaminants 

into more reactive species which may be bonded, or are bonding, or may be 

coordinated to metals M. For a certain intermediate pH value in between the 

leachate pH and the end point of regeneration pH, the treatment mixture 

continuously undergoes cascaded chain transformations, wherein, the random 

ligand exchange continues until all reactive functional groups of the contaminants 

throughout the treatment mixture reach the chemical potential equalization in such 

equilibrium intermediate state. When the end point of regeneration pH is reached, 

most of contaminant speciations are transformed into insoluble compounds which 

can be removed by sedimentation. 

4. Conclusions 

 

An aqua-oxo-hydroxylated advanced material was fabricated and directed 

for the treatment of liquid waste with complex contamination. The advanced 
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material was tested on a leachate, and extensively investigated by electron 

microscopy, infrared spectroscopy, and specific lab investigations to assess the 

quality of treatment and contaminant removal effectiveness. The contaminant 

removal efficiency reached 99.25% for total N, 98.65% for BOD, 99.37% for COD, 

99.69% for phenols, 98.45% for TSS, 97.91% for solid residue obtained by 

evaporation at 105°C, and 79.81% for sulfates. 
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