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Highlights 

• M-oxides (M = Al, Fe, Mg, Zn) incorporates into charcoal via wet impregnation. 

• Charcoal-supported zinc oxide outperforms charcoal without oxide. 

• Carbonaceous matrix loses significant mass though keeps pore structure. 

• Charcoal´s role in nitrate removal requires further investigation. 

  

https://doi.org/10.26434/chemrxiv-2024-1qxx4 ORCID: https://orcid.org/0000-0002-8252-7898 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-1qxx4
https://orcid.org/0000-0002-8252-7898
https://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

Abstract  

This work investigates the synthesis of M-oxides (M = aluminum, iron, magnesium, zinc) 

supported on charcoal by wet impregnation and using these materials in removing nitrate 

from water. On the one hand, it studies the incorporation of the solid and the modification 

that the carbonaceous support undergoes, and on the other hand, it investigates the 

performance of the material produced in the synthesis compared to charcoal acting as a 

control group. In the first part, the incorporation of the solid material was characterized 

structurally (SEM, Hg porosimetry) and compositionally (XRD, elemental analysis), and 

the modification of the carbonaceous support was characterized by the yield and the 

amount of solid incorporated in the synthesis product (TGA). The results show that the 

synthesis by wet impregnation produces a composite material formed by a porous matrix 

of carbon-containing solid in an amount, with a distribution and precursor-dependent 

crystallinity. The synthesis also results in the loss of a significant amount of 

carbonaceous support, which varies from precursor to precursor. The results also show 

that only the material with zinc oxide outperforms the material with no added solid in 

removing nitrate from water. Finally, this work´s results show that wet impregnation 

allows obtaining materials that improve the ability to remove nitrate from water. However, 

they show that the carbonaceous support undergoes a significant change whose 

influence on nitrate removal remains unknown. 

 

Key Words: Charcoal, Biochar, Oxide, Nitrate removal, Wet impregnation. 
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1. Introduction 

Water filters attract scientist´s interest worldwide. Particularly, charcoal-based filters 

stand out because they operate with simple and established technology. Charcoal is a 

carbon-rich solid formed by thermal treatment of plant biomass in a non-oxidizing 

atmosphere. Its open pore structure enables the mass transfer of water within the 

particle. The inner surface has diverse oxygen-containing functional groups. Charcoal´s 

ability to bind to cations (Lewis acids [1]) and to retain them explains its usefulness in 

water filtration [2][3][4][5][6]. 

Charcoal´s ability to remove cations from water contrasts with its inability to remove 

anions (Lewis bases [1]). To filter anions from water with charcoal filters, scientists have 

modified the synthesis of charcoal to create a surface with chemical groups that have an 

affinity for anionic contaminants. For nitrate filtration, two strategies have received 

particular attention: (a) modification of the chemical groups on the surface and (b) 

addition of particles of other material in the pores [7]. In the latter, however, it is poorly 

understood how incorporating another material modifies the support (charcoal) and how 

those materials remove nitrate.      

In this work, we synthesized charcoal-supported oxides (of aluminum, iron, magnesium, 

or zinc) via wet-impregnation, characterized those materials, and investigated how they 

remove nitrate from water. We hypothesized that oxides form onto charcoal (support) via 

wet impregnation and that those materials outperform charcoal used as support in 

removing nitrate. To carry out this work, we used charcoal prepared from Eucalyptus 

wood. Charcoal´s ability to remove nitrate from water was tested in batch systems.  
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2. Materials and Methods 

2.1 Materials 

Nitric acid (65% w/w) and hydrochloric acid (36.5-38.0% w/w) were purchased from 

Cicarerlli. Aluminum acetate was purchased from Fisher Scientific Company, and 

magnesium carbonate from BDH. Iron nitrate nona-hydrate, zinc chloride and potassium 

nitrate were all purchased from Biopack. Potassium nitrate solution was prepared by 

dissolving KNO3 (1.6599 g, dried at 110 °C, 24 h) in 500.00 mL of distilled water (2036 ± 

4 mg NO3
-.L-1). Solutions of lower concentration were obtained by dilution. Nitrate 

concentration was determined spectrophotometrically (UV-Vis, ASTM 4500-NO3
- B).  

Acid-treated charcoal (C*) was prepared as previously reported [8]. Shortly, as made 

charcoal (34.1 g) was dispersed in HNO3 (225 mL) in a beaker (500 mL) covered with 

watch glass. The beaker was heated in a water bath at 80°C for 3 hours. The dispersion 

was stirred intermittently with a glass rod for a few seconds every 30 minutes. Then, the 

solid was separated by filtration and washed with distilled water until the eluent´s pH 

matched the pH of the distilled water. Afterwards, the solid was dispersed in water (250 

mL) in a glass beaker (500 mL). The dispersion was boiled 3 h, cooled to room 

temperature and left on the bench 24 h.  The solid was recovered by filtration and washed 

with distilled water until the eluent´s pH matched the pH of the distilled water. The solid 

was dried in an oven (60 °C, 72 h). 

2.2 Synthesis of C*M800 (M = Al, Fe, Mg, Zn) 

The starting material, C*, underwent a two-step process to form C*M800 (M = Al, Fe, 

Mg, Zn) (Scheme 1). First, the precursor C* was wet-impregnated with the M precursor 

to produce the material C*M.  
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Scheme 1. Scheme for converting charcoal treated with nitric acid (C*) into composite 

material (C*M800) through wet impregnation with M-metal salt, followed by heat 

treatment in a non-oxidizing atmosphere.  

 

C* (4.0000 g) was dispersed in a solution of the metal precursor (see Table 1). The 

dispersion was magnetically stirred (room temperature, 18 h). After recovering by 

filtration, the solid was oven dried (60°C, 72 h).  

Table 1. Solutions that were utilized to wet-impregnate C* with M-precursors. 

Precursor   Solvent 

Type (g)  Type (mL) 

ZnCl2 30.0749   Water 250 

Al(Ac)3 12.0000  Water 150 

Fe(NO3)3 30.0749  Water 150 
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Mg(CO3) 91.0538   HCl 175 
 

 

Next, C*M was heat-treated in a non-oxidizing atmosphere (as we previously described 

[9]) to form C*M800. Briefly, the impregnated charcoal (ca. 4 g) was heat treated (RT - 

800 °C, 10 °C.min-1; 800 °C, 3 h; oven cooled to RT) in a self-made ceramic vessel. 

2.3 Characterizations of C*M800 

Scanning Electron Microscopy. Dried particles (110 °C, 24 h) were analyzed with a 

scanning electron microscope (JEOL JCM-6000 Neo Scope, High-vaccum, PC-High 15 

kV). 

Hg Porosimmetry. The powder was dried (110 °C, 24 h) before measuring Hg 

porosimetry isotherms (Pascal-Thermo Fisher Module 440 & Module 140). Accumulated 

specific pore volumes were calculated (SOL.I.D software) between 10 nm and 100 μm. 

The pore size distribution was calculated from the derivative of the accumulated specific 

pore volume. Macropore volume was estimated directly from the intrusion isotherm 

curve. 

X-Ray Diffraction (XRD). Diffractograms were obtained from dried powders (Philips 

PW-3710; Cu-Kα radiation λ = 0.154 nm, 35 kV, 40 mA, step 0.04°, 2 s.step-1). Reflexes 

were assigned after comparing the diffractogram with reflexes from a database (Open 

Crystallographic Database, http://www.crystallography.net/cod/, software X'Pert 

HighScore). 

Energy-dispersive X-ray Fluorescence (EDX). Dried impregnated charcoals as well 

as ashes obtained from thermal gravimetric analysis were analyzed with EDX (JEOL 

JCM-6000 Neo Scope) to obtain an elemental composition and mapping of elements.  
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Elemental Analysis CHN. The C*Zn800 dried powder was analyzed with Elemental 

Analysis equipment (CE 440 – Exeter). Calibration was carried out with acetanilide 

patron. Results was expressed in element percentage.  

Thermal Gravimetric Analysis (TGA). Amount of solid incorporated via wet 

impregnation in charcoal was estimated from the mass of ashes obtained after burning 

the impregnated charcoals (Rigaku Thermo Plus II; drying 100 °C 2 h, 100 to 1000 °C at 

10 °C.min-1 under airflow). 

2.4 Removal of Nitrate by C*M800  

The nitrate removal capacity of C*M800 charcoals (M = Zn, Mg, Fe, and Al) was studied 

in batch systems (30 g.L-1  or 10 g.L-1 ; 24 h). For S/L = 30 g.L-1 , 100 mg of C*M800 

were dispersed in 10 mL of nitrate solution (105 ± 3 ppm) inside a Falcon tube (15 mL, 

screw-capped). For S/L = 10 g.L-1 , 150 mg of C*M800 were dispersed in 5 mL of nitrate 

solution (93.2 ± 0.7 ppm). Falcon tubes were kept on rotary shaker at 25 °C for 24 h. 

Then, the solid was separated by centrifugation (10.000 rpm,15 min, Centrifuge Presvac, 

EPF-12 model) and the liquid´s nitrate content was quantified spectrophotometrically 

(HP 8453, 220 nm). 

2.5 Nitrate Removal Kinetics and Isotherms of C*Zn800 

Kinetics of nitrate removal by C*Zn800. The ability of C*Zn800 to remove nitrate from 

solution was investigated in batch systems at either 10 or 30 g.L-1 solid-liquid ratio 

starting at about 100 ppm nitrate. 10 g.L-1 solid-liquid ratio systems were obtained by 

adding 150 mg of C*Zn800 in 5 mL of nitrate solution on a 15 mL plastic conical 

centrifuge tube with screw cap. 30 g.L-1 solid-liquid ratio systems were obtained by 

adding 15 mg of C*Zn800 in 5 mL of nitrate solution (20.0 ± 0.2 y 2036 ± 4 ppm) on 

similar tubes. Closed tubes were mechanically agitated (Decalab Rotolab-25, 25 °C) for 

https://doi.org/10.26434/chemrxiv-2024-1qxx4 ORCID: https://orcid.org/0000-0002-8252-7898 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-1qxx4
https://orcid.org/0000-0002-8252-7898
https://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

24 h. After filtration, the concentration of nitrate in aqueous solution was determined 

spectrophotometrically (HP 8453, 220 nm). All experiments were done in triplicate. 

Isotherm of Nitrate Removal by C*Zn800. To obtain nitrate adsorption isotherms, batch 

systems (30 g.L-1) were prepared by dispersing 150 mg of C*Zn800 in 5 mL of nitrate 

solution (20.0 ± 0.2; 105 ± 3; 200 ± 1; 1008 ± 5; and 2036 ± 4) in 15 mL Falcon tubes 

with lids. After stirring mechanically all tubes (Decalab Rotolab 25 rotary shaker, 5 h), 

the liquid was recovered by filtration (nitrocellulose filters) and its nitrate concentration 

was measured spectrophotometrically (see above). 

2.6 Numerical Methods 

Yield of synthesis and Calculation of C mass loss. The synthesis yield of C*M800 

was calculated as the mass of product formed per 100 g of charcoal used as support (C* 

in this case) (see Figure 1).  

The percentage mass loss of the C* support (m) was calculated using the following 

equation.  

 ∆𝑚 =  100 − (
𝑌𝑖𝑒𝑙𝑑 ∗ (100 − 𝐴𝑠ℎ𝑒𝑠)

100
) (1) 

In 100 g of C*M800, there are X g of incorporated solid (which we estimate from the ash 

obtained from the combustion of C*M800) and there are 100 - X g of charcoal (we 

assume that the material being burned is charcoal). Thus, for a mass of C*M800 equal 

to the yield, there is a mass of charcoal equal to  

 (
𝑌𝑖𝑒𝑙𝑑 ∗ (100 − 𝐴𝑠ℎ𝑒𝑠)

100
) (2) 

The mass loss can therefore be estimated as 100 g minus the mass of charcoal 

remaining in C*M800 (see Figure 1). 
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Nitrate Removal Experiments. Mean Values. Mean values were calculated from three 

independent experiments and expressed as mean value ± confidence interval (CI) 

obtained from ANOVA. 

Comparison of Mean Values with ANOVA. Analysis of variance (ANOVA) of ∆pH and Ce 

of nitrate was conducted (InfoStat version 2020; Centro de Transferencia InfoStat, FCA, 

Universidad Nacional de Córdoba, Argentina) (α = 0.05). Data normality was verified with 

a Q-Q plot. Variance homogeneity was verified with the scatter plot of residuals of 

variables (see SI section D). 

Pair-wise Comparison of Mean Values with Tukey Test. Comparisons among multiple 

means were made by the Tukey test (α = 0.05).  

Kinetics of nitrate removal by C*Zn800. The kinetic data were calculated with the 

equation (3) 

 𝑞𝑡 =
(𝐶𝑖 − 𝐶𝑡)

𝑟
 (3) 

Where qt [mg nitrate/g charcoal] is the amount of nitrate removed at time t, Ci [mg 

nitrate/L] is the initial nitrate concentration, Ct [mg nitrate/L] is the nitrate concentration 

remaining in the liquid phase of the batch system at time t and r is the solid-liquid ratio 

(30 g.L-1). The experimental data were fitted with pseudo-first-order and pseudo-second-

order kinetic models. 

Isotherm of Nitrate Removal by C*Zn800. The adsorption isotherm data were calculated 

with equation (4): 

 𝑞𝑒 =
(𝐶𝑖 − 𝐶𝑒)

𝑟
 (4) 

Where qe [mg nitrate/g charcoal] is the amount of nitrate removed at equilibrium, Ci [mg 

nitrate/L] is the initial nitrate concentration, Ce [mg nitrate/L] is the remaining nitrate 

concentration in the batch system at equilibrium and r is the solid-liquid ratio (0.15 g 
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charcoal / 0.005 L solution). The experimental data of the adsorption isotherms were 

fitted with both Langmuir and Freundlich models, which are represented by equations 

(5) and (6) respectively.  

 𝑞𝑒 =
𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 (5) 

 𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 (6) 
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3. Results 

The experiments conducted provided data on the synthesis of C*M800 materials and 

how these materials remove nitrate from water. 

3.1 Synthesis of C*M800 

The synthesis (i.e., the conversion process of C* to C*M800) was characterized by the 

yield, which is defined as the mass of product formed per 100 g of C*, by the mass of 

solid incorporated into the particles, and by the mass loss of the carbonaceous support 

(m). 

The yield of the conversion process from C* to C*M800 is shown in Figure 2. The highest 

yield was obtained in the preparation of C*Al800 (101.4%), followed by C*Fe800 

(41.4%), which is slightly higher than C*Mg800 (40.7%), and finally C*Zn800 (33.5%). 

Interestingly, three out of four syntheses yielded less than 100%.  
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Figure 2. (Top) The column height on the right side schematically represents the yield 

obtained in a process where the charcoal used in wet impregnation is either inert or 

reactive. The part of the product corresponding to the oxide formed is indicated in 

yellow and the part corresponding to the carbonaceous matrix is indicated in dark gray. 

m is the mass loss of C*. (Bottom) Schematic representation of the yields of C*M800 

(height of columns) showing the oxide part (yellow) and the carbonaceous matrix (dark 

gray). 

  

The amount of solid material incorporated during the synthesis was estimated from the 

percentage of ash obtained after calcination of C*M800. C*Al800 has the highest amount 

of solid material (56.6%), followed closely by C*Fe800 (53.1%). With considerably less 

material, C*Zn800 (4.1%) and C*Mg800 (3.1%) show the lowest solid addition. 
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The amount of mass lost by C* during synthesis was calculated using Equation X. The 

amount of mass lost by C* during synthesis was calculated using equation (1). The 

maximum m is observed in C*Fe800 (80.6%), then a lower m is observed in C*Zn800 

(67.9%) and C*Mg800 (60.6%), and finally, the lowest m is observed in C*Al800 

(55.8%). 

In addition to characterizing the synthesis, we have also characterized the materials 

produced in terms of their structure (SEM, Hg porosimetry) and composition (EDX, XRD). 

Figures 2a-d show scanning electron microscopy images of the C*M800 materials. 

These images display a distinct way of incorporating solid in each material. C*Al800 

exhibits two main characteristics. Particles locate in some of the macropore mouths, 

which partially block communication between the macropores and the outside, as 

evidenced by the space between the macropore walls and the solid particles. Also, solid 

particles are absent in some macropore mouths and the interior of some macropores. 

C*Fe800, which contains slightly less solid material than C*Al800, exhibits a distinct 

distribution of solid material. In C*Fe800, the solid material primarily forms sub- and 

micrometer particles (with the latter generally smaller than 5 microns) that are evenly 

distributed on the internal and external surfaces of the charcoal particles, which act as a 

support. C*Mg800, the material that incorporated the least amount of solid, has a similar 

material distribution to C*Al800 in that it has solid material in some macropore mouths 

and lacks particulate material within macropores. However, unlike C*Al800, C*Mg800 

has micrometer particles decorating the outer edges of the macropores and blocked 

macropore entrances. C*Zn800, which contains a slightly higher amount of solid material 

than C*Mg800, is unique in that it presents challenges in identifying the location of the 

incorporated solid material during synthesis. Only a few small micrometer particles are 

visible, which might be attributed to the solid material incorporated with the synthesis. 
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Figure 2a. Scanning electron microscopy images of C*Zn800. 

  

 

  

Figure 2b. Scanning electron microscopy images of C*Al800 with solid material 

partially blocking macropore entrance (left) and empty macropores (right).  
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Figure 2c. Scanning electron microscopy images of C*Fe800 with solid particulate 

material sub- and micrometersized onto the surface of macropores.  

 

  

Figure 2d. Scanning electron microscopy images of C*Mg800 with empty macropores 

(left) and with micrometersized particles formed at the entrance of macropores (right).   
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The pore size distribution of C*M800 was estimated using Hg porosimetry data (see SI). 

The calculated pore size distributions indicate that all materials have macropores with 

mean diameters that peaked at 0.05-0.1 and 3-5 microns. 

The X-ray diffractograms of the C*M800 solid materials are shown in Figure 3. According 

to Figure 3, the X-ray diffractograms of C*M800 solid materials reveal the presence of 

crystalline phases in C*Al800 and C*Fe800. On the other hand, C*Mg800 contains only 

a small amount of crystalline phase, while C*Zn800 does not show any crystals. 

 

 

Figure 3. X-ray diffractograms of C*M800 materials. Cliftonite (1) (Ref. Code: 00-041-

1487 ICSD), Adamantane (2) (Ref. Code: 00-021-1553 ICSD), Aluminum Oxide (3) 

(Ref. Code: 00-010-0414 ICSD), Calcium Oxide  (4) (Ref. Code: 00-037-1497 ICSD), 

Aluminum Acetate Hydroxide (5) (Ref. Code: 00-013-0833 ISCD), Iron Oxide (6) (Ref. 

Code: 01-073-2234 ICSD), Maghemite (7) (Ref. Code: 03-025-1402 ICSD), 

Magnesium Oxide (8) (Ref. Code: 00-030-0794 ICSD), Periclase (9) (Ref. Code: 01-

071-1176 ICSD) y Ferrite (10) (Ref. Code: 00-006-0696 ICSD). 
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Element distribution in C*M800 was studied using element mapping by X-ray 

fluorescence (see SI). The obtained element mappings suggest a homogeneous 

distribution of M elements in all C*M800 materials. However, in C*Zn800, the location of 

M remains unclear. 

To summarize, this section presents the results obtained in characterizing the synthesis 

and its solid products. 

3.2 Nitrate Removal by C*M800 

 After characterizing the synthesis of C*M800 and the structure and composition of these 

materials, we continued investigating their water nitrate removal capacity.  

At first, we tested their nitrate removal in batch experiments. Figure 4 shows the nitrate 

removal by C*M800 in batch systems. All materials significantly remove nitrate from the 

water, but only C*Zn800 reduces the nitrate concentration below 45 ppm (the maximum 

allowable level for human consumption). 
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Figure 4. Nitrate concentration in the aqueous phase after treatment in batch system 

(C0 = 105 ppm; S/L = 30 g.L-1; t = 24 h). Maximum concentration allowed in water 

according to the World Health Organization: 45 ppm. The error bars represent the 

confidence interval obtained from the analysis of variance. Different capital letters 

indicate significantly different means (Tukey test, α=0.05). 

 

Then, we deepened the investigation by studying the kinetics and the removal isotherms 

of the material C*Zn800. 

The kinetics of nitrate removal of C*Zn800 is shown in Figure 5. The batch system 

stabilizes within one hour for the lowest initial nitrate concentration (C0 = 20 ppm) and 

within 15 minutes for the highest initial nitrate concentration. The removal kinetics are 

well described by both pseudo-first order kinetics (R2 = 0.9185 for C0 = 20 ppm; R2 = 

0.8986 for C0 = 2000 ppm) and pseudo-second order kinetics (R2 = 0.9288 for C0 = 20 

ppm; R2 = 0.9866 for C0 = 2000 ppm). 
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Figure 5. Nitrate removal kinetics of the batch system with C*Zn800 for initial nitrate 

concentrations of (a) 20.0 ± 0.2 ppm (bottom) and (b) 2036 ± 4 ppm (top). q is the 

amount of nitrate (mg) removed per mass unit (g). Error bars represent the confidence 

interval obtained from the analysis of variance. The absence of asterisks (*) indicates 

significantly different means (Tukey's test for comparison of means, α=0.05).  

 

The isotherm for nitrate removal was obtained by testing a wide range of initial nitrate 

concentrations in water (20-2000 ppm) (Figure 6). The experimental data fit well with the 

Freundlich isotherm model (R2 = 0.9307) and even better with the Langmuir model (R2 = 

0.9943).  According to the Langmuir model, C*Zn800 can remove up to 10.2 mg of nitrate 

per gram. 
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Figure 6. Nitrate removal isotherm of C*Zn800 (T = 25°C). The circle centered on the 

mean Ce value covers the error bars of the data (confidence interval obtained from the 

analysis of variance). All means are significantly different according to Tukey's test 

(α=0.05). The solid line in dark gray shows the Langmuir isotherm fit. 
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4. Discussion 

In this work, we have investigated the synthesis of oxides supported on charcoal via wet 

impregnation (C*M800) and the use C*M800 in the removal of nitrate anion from water. 

Our hypothesis was that we would add oxides (of aluminum, iron, magnesium or zinc) 

via wet impregnation to form C*M800 and that C*M800 would remove better nitrate from 

water that the material without oxides. Our results indicate that the syntheses produced 

oxides supported onto charcoal, but that the support changes unexpectedly. Additionally, 

all C*M800 materials remove nitrate from water, but only C*Zn800 removes nitrate more 

effectively than the material without added oxide. 

4.1 Synthesis of C*M800 

The first hypothesis of this work was that we could incorporate M metal oxides (M = Al, 

Fe, Mg, and Zn) into C* by wet impregnation. This work´s results indicate that the 

synthesis forms oxides into charcoal, but surprisingly, the matrix undergoes a significant 

transformation during the synthesis. 

Oxides form in charcoal in a precursor-dependent manner. The precursors had a marked 

and complex influence on the amount of solid material incorporated, its distribution on 

the support´s surface, and their crystallinity. 

The amount of solids present in C*M800 varies between two extremes. At one end are 

C*Al800 (56.6%) and C*Fe800 (53.1%). At the other end are C*Mg800 (3.1%) and 

C*Zn800 (4.1%).   

The distribution of the solid formed on the support varies from precursor to precursor. 

C*Fe800 appears to have a large number of sub- and micrometer particles distributed 

throughout the pores of the carbonaceous support. C*Al800 and C*Mg800, which 

incorporated substantially different amounts of material, appear to have the material 
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mainly in the mouths of some macropores. C*Zn800 incorporated the solid in such a way 

that we were unable to see the solid particles in SEM images. 

The crystallinity of the particulate material supported onto charcoal also depends on the 

precursor. C*Al800 and C*Fe800 contain crystalline metal oxides, C*Mg800 seems to 

have a small amount of magnesium oxide, and C*Zn800 apparently lacks crystals. These 

results suggest the absence of correlation between crystallinity and either the mass of 

the incorporated solid or its distribution onto the support. 

The formation of particles supported on charcoal backs the first hypothesis of this work. 

However, incorporating this solid material caused a significant transformation of the 

carbonaceous matrix that served as a support. 

The carbonaceous support used in the synthesis, C*, loses a significant fraction of its 

mass. The biggest loss of mass occurs in the synthesis of C*Fe800 (80.6%), in between 

values for C*Zn800 (67.9%) and C*Mg800 (60.6%), and the minimum mass loss for 

C*Al800 (54.6%). Considering these mass losses, it is noteworthy that the support keeps 

its macroporous structure. 

This mass loss, while the support maintains its porous structure, indicates that charcoal 

is chemically active. This chemical activity of the charcoal weakens the idea that it acts 

as a physical support (while chemical reactions occur in the pores) and strengthens the 

idea that the support is a reactive component involved in particle formation during wet 

impregnation. 

In addition, this mass loss suggests that the support experiences chemical changes, 

including breaking and forming new chemical bonds, releasing chemical species 

(including entire portions of the solid as nanoparticles), and restructuring chemical 

groups at the surface. These surface groups determine the chemical behavior of the 

material. Therefore, we can infer that the loss of mass is likely to result in a change in 

the chemical behavior of the carbonaceous support. 
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The loss of mass experienced by the carbonaceous support seems to be outside the 

focus of interest of the scientific community investigating the use of wet impregnation 

synthesis to synthesize oxides supported on charcoal. In these syntheses, some 

researchers have implicitly considered the substrate modification when reporting, for 

instance, changes in specific surface area or pore size distribution (see [10], [11], [12]). 

However, they seem to omit quantifying the mass loss experienced by charcoal. 

Quantifying the mass loss from the elemental composition of the support before the 

reaction and the product is difficult. Quantifying the mass loss requires also knowing how 

much solid is in the product. Moreover, a reduction in the percentage of carbon does not 

necessarily correlate with a mass loss of carbonaceous support, as adding oxide 

particles to an inert carbonaceous support also results in a drop in the carbon content 

(see for instance [13]). 

In short, our experimental data support the first hypothesis of this work. The wet 

impregnation of C* allows synthesizing a composite material with M-metal oxide 

supported on carbon. However, it is worth mentioning that our data additionally shows 

that the carbonaceous support experiences a considerable transformation during the 

synthesis. 

4.2 Nitrate Removal 

The second hypothesis of this work was that C*M800 materials would perform better 

than C*800 (i.e., the material that experienced the same process except the wet 

impregnation). This work´s results show that the hypothesis finds experimental support 

for only one C*M800 material. 

Only C*Zn800 outperforms C*800 [14] in removing nitrate in batch systems. While the 

latter reduces the nitrate concentration to a level above the maximum allowable 

concentration for human consumption, the former reduces the nitrate concentration to a 
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safe value for human consumption. Furthermore, C*Zn800 performs similarly to other 

charcoal-supported zinc oxides reported in the literature [13], [15], [16], [17]. 

C*Fe800, C*Mg800, and C*Al800, though significantly remove nitrate from water, they 

underperform compared to C*800. Moreover, they seem to underperform compared to 

other charcoal-supported iron-oxides [18], [19] and magnesium-oxides [20] and 

aluminum-oxides [21], [22], [23] reported in the literature. Compared to those materials, 

the poor performance of C*M800 (M = Al, Fe, Mg) suggests that fine-tuning the synthesis 

variables may be needed to improve their ability to remove nitrate from water. 

4.3 Outlook 

This work demonstrates the complexity of synthesizing oxide particles supported on 

porous charcoal via wet impregnation.  

The amount of incorporated oxide, pore material distribution, and crystallinity varied 

significantly from precursor to precursor. This influence suggests that the precursor 

provides a knob for fine-tuning the properties of the product. Other knobs for fine-tuning 

the product are synthesis parameters such as carbonaceous supports and reaction 

temperatures and times.  

The changes experienced by the carbonaceous support suggest the need to investigate 

how changes in the carbonaceous support affect nitrate removal from water. Nitrate 

removal from water depends on the chemical groups present in the material —the 

chemical groups of the incorporated solid and those of the carbonaceous support. 

Therefore, investigating the influence of the support on nitrate removal could provide a 

new perspective for developing oxide-carbon composite materials for water filtration. 
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5. Conclusion 

In summary, our study demonstrates that the incorporation of oxides through wet 

impregnation is a synthesis route that enables the production of a material that 

outperforms the material without the addition of oxide in removing nitrate from water. The 

incorporation of solid material via wet impregnation introduces modifications in the 

charcoal used as support, resulting in a synergistic effect in material synthesis. 
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