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Abstract 

There is growing evidence on the importance of the redox properties of biochar for many 

environmental applications. However, its variability and the difficulty in controlling its redox 

properties could be delaying the use of biochar in those areas that involve the exchange of 

electrons, like microbial fuel cells or contaminant degradation related to microbial electron 

shuttling. To help with these issues, we produced a wide range of biochars showing different 

redox capacities through a variety of strategies. These include optimizing production and 

processing parameters, feedstock selection, preloading biomass with redox-active metals and 

post-pyrolysis treatments. Modified Hummer’s method was the most efficient treatment, 

increasing  the electron donating capacity from 0.244 mmol e-/gbiochar to 0.590 mmol e-/gbiochar 

and the electron accepting capacity from 0.169 mmol e-/gbiochar to 0.645 mmol e-/gbiochar. The 
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characterization of the phases responsible for the redox properties, mainly surface functional 

groups, radicals and redox-active metals, allowed us to better understand the changes caused 

to biochar by the different strategies. It revealed that the most important approach to enhance 

redox properties is to increase the number of C-OH and C=O groups in biochar, while the 

methods that use redox-active metals showed higher than predicted electron donating 

capacities. We also measured other attributes such as surface area, pH and conductivity, with 

a focus on their relationship with the redox properties. By selecting the appropriate production 

and modification methods, we were able to produce a balanced biochar with acceptable 

conductivity (1.34 mS/cm) and electron exchange capacity (0.418 mmol e-/gbiochar), even 

though these properties usually have an inverse relationship. This work opens the possibility 

for the production of designer biochars with tailored properties optimized for specific 

applications. 

Keywords: Biochar; Redox properties; Designer biochar; Functional groups; Conductivity. 

 

1. Introduction 

Traditional applications of biochar were mainly focused on carbon sequestration or improving 

soil physical properties and crop yields [1,2]. New research shows that the complex and 

heterogeneous nature of biochar can also have a role in many other activities, such as 

contaminant degradation, nutrient availability or microbial electron shuttling [3–7]. The redox 

properties of biochar have been proposed as an important factor in many of these environmental 

processes [8,9], as well as others related to areas such as microbial fuel cells and energy storage 

applications [10,11]. In biochar, these properties derive from the presence on its surface of 

certain functional groups, radicals and redox-active forms of metals like iron and manganese 

oxides [12,13]. In particular, phenolic C-OH moieties have been identified as the main groups 
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responsible for its electron donating capacity (EDC), while quinoid C=O moieties are behind 

its electron accepting capacity (EAC) [14]. Together, they determine the electron exchange 

capacity of the biochar (EEC, sum of EDC and EAC). Accordingly, enhancement of the redox 

properties would mainly require an increase in the quantity of these groups on the surface of 

biochar. Functionalization of the surface of carbonaceous materials most commonly involves 

an oxidation process [15]. The evolution of oxygen-containing functional groups after 

progressive oxidation tends to follow these steps: 

    C-H/C-C → C-OH (1)   

         C-OH → C=O (2) 

          C=O → COOH (3) 

        COOH → CO2 (4) 

Consequently, the oxidation process must be strong enough to introduce new functionalities, 

but not excessive to prevent their conversion to the redox-inactive COOH group or even 

removed as CO2. This would also be important to avoid the oxidation of already existing redox-

active functional groups in biochar. 

Although radicals are usually short-lived, their presence in biochar as persistent free radicals 

(PFR) is high [16,17]. This is caused by the aromatic structure of biochar, which stabilizes by 

resonance the unpaired electrons, increasing their half-life from a few hours to months and 

even years [18,19]. Radicals influence the redox properties of biochar either as aryl radicals 

(carbon-centered) or as semiquinoid radicals (intermediate of the phenolic C-OH and quinoid 

C=O groups). Their high reactivity allows them to react with molecular oxygen to produce 

reactive oxygen species (ROS), which have been proved to catalyze different reactions, such 

as the degradation of contaminants in water [20,21]. Concerning the inorganic fraction of 

biochar, redox-active metals like Fe and Mn, commonly found in the feedstocks from which 
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biochar is produced, may appear in a range of oxidation states and can act both as electron 

donors and acceptors [22–24]. Their contribution to the electro exchange capacity will depend 

on the changes in speciation that these metals develop during pyrolysis and the resulting type 

and distributions of metal oxides and organo-mineral complexes on the surface [25]. Although 

the concentration of these metals is usually low on biochar, there has been some success in 

improving some of its properties by preloading the biomass material before and after pyrolysis 

[26–28]. 

Engineered/designer biochar has been used in the past to enhance some of its beneficial 

properties [29,30]. Although the pre-loading of biochar with metals and post-pyrolysis 

modifications have been reported in a range of articles, the majority of them did not consider 

the redox properties and instead focused on other properties like surface area, pH or cation 

exchange capacity. Only a few studies have tried to improve its redox properties [3,31,32]. 

However, they focused mostly on its electron donating capacity, which gives an incomplete 

view of its possibilities, specially given the potential reversibility of the electron exchange 

capacities [33]. Additionally, some applications may require biochars with specific redox 

properties (for example, a high electron accepting capacity), which is difficult to achieve due 

to the high variability of these properties between biochars [34,35]. This could have delayed 

the use of biochars with high redox capacities in many applications. A solution to these 

problems could be the controlled modification of biochar, with the objective of tailoring its 

redox properties for target applications. To fill this knowledge gap, we present the first 

systematic study that modifies a wide variety of biochars and measures their electron donating 

and accepting capacities.  

 

The main objective was to produce biochars with a broad range of redox capacities to allow 

their use in specific applications. For this purpose, we altered biochar with different strategies, 
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including optimizing production and processing parameters, feedstock selection, preloading 

biomass with redox-active metals and post-pyrolysis treatments. To identify the components 

responsible for the changes in redox properties, we measured the variations in surface 

functional groups, radicals and redox-active metal content of the modified biochars. Since other 

biochar properties like surface area, pH and conductivity can also influence its effect on various 

applications, our secondary objective was to characterize them and when appropriate, establish 

their relationship with the redox properties.  

 

2. Materials and methods 

2.1. Chemicals 

Iron (III) chloride (97%), nitric acid (70%), potassium hydroxide (>99%), potassium 

permanganate (99%), sodium chloride (>99.5%), sodium nitrate (>99%) and sodium phosphate 

monobasic (>99%) were purchased from Sigma-Aldrich. Sodium phosphate dibasic (>99%) 

was from Fluka. Hydrochloric acid (37%), hydrogen peroxide (30% w/v), phosphoric acid 

(88%), sodium hypochlorite (13%) and sulfuric acid (96%) were purchased from Panreac. 

The electron transfer mediators 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS) (>98%) and neutral red (>90%) were from Sigma-Aldrich. 

 

2.2. Feedstock preparation and characterization 

A total of eight different plant feedstocks were used as starting materials: almond tree 

pruning (AlmondTP), carob tree pruning (CarobTP), giant reed (G_Reed), grapevine tree 

pruning (GrapevineTP), olive tree pruning (OliveTP), orange tree pruning (OrangeTP), rice 

husk (RiceH) and tomato plant (TomatoP). Raw materials were air dried, milled and sieved 

below 0.5 mm before analysis. 
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The elemental composition of C, H, and N was determined using an automatic elemental 

analyzer (LECO CHNS-932, USA). O content was calculated by difference, discounting ash 

content.  

The lignin fraction was determined by the Klason method (ASTM D1106-96), cellulose by 

ASTM D1103-6 and hemicellulose concentration by subtracting the cellulose concentration 

from the delignified sample (hollocellulose) obtained by Browning’s method. 

 

2.3. Biochar production 

Feedstocks were air dried, milled and sieved below 6 mm before pyrolysis. Biochar was 

produced via slow pyrolysis under Ar flux at different maximum temperatures (400, 600, 800 

and 1000 ºC) in a RSR-B 80/500/11 rotatory tube furnace (Nabertherm, Germany). 0.5 L of 

feedstock was loaded into the tube and temperature ramps were programmed as follows: (1) 

linear heating at a rate of 5 ºC/min from room temperature to 105 ºC; (2) isotherm at 105ºC for 

45 min; (3) linear heating at 5 ºC/min to the desired highest treatment temperature (HTT); (4) 

2h of residence time at the HTT and  (5) cooling down to ambient temperature. Biochars were 

ball milled for 30 seconds. To normalize particle size and allow comparison between biochars, 

particles of ground chars between 50 μm and 200 μm were selected via sieving before analysis 

and modification.  

 

2.4. Biochar characterization 

2.4.1. General physicochemical characterization 

BET specific surface area and pore width were determined via N2 adsorption/desorption 

isotherms obtained at 77.4 K in a Micromeritics ASAP 2020 system. 

pH values were determined in a 1:20 (w/v) aqueous extract according to IBI [36]. 
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XPS analysis was performed to obtain the surface atomic elemental composition and 

functional group distribution of the biochars using a K-Alpha X-ray XPS system (Thermo 

Scientific, UK) with a monochromatic Al Kα radiation source (energy 1486.68 eV) at 12 kV 

and 6 mA, and a spot size of 400 µm. The pass energy was of 200 eV to measure the whole 

energy band and 40 eV in a narrow scan with an energy step size of 1eV to selectively measure 

the selected elements. Charge compensation was achieved with a system flood gun. The 

quantitative analysis of XPS results was performed calculating the integral of each peak, where 

baselines were adjusted following the Shirley method. XPS spectra were processed with 

commercially available software (CasaXPS), and atomic concentrations were quantified by 

integration of the relevant photoelectron peaks. Assignment of peaks was based on literature 

[37]. Specifically, the C1s binding energies assigned were 284.4-284.6 eV and 285.0-285.2 eV 

for graphitic and aliphatic carbon, respectively, whereas 286.3-286.6 eV, 287.8-288.0 eV and 

289.1-289.3 eV were assigned to hydroxyl (and ether), carbonyl and carboxyl functional 

groups, respectively. 

The analysis of the conductive properties of the biochars was performed with a broadband 

dielectric spectrometer system (Novocontrol GmbH, Germany), providing a working 

frequency range from 0.1 Hz to 107 Hz. The measurement geometry was a disc shaped plate 

capacitor (20 mm diameter) where the specimen was placed between two gold plated brace 

electrodes. The thickness of the sample was 100 µm. 

Metal concentration in biochars were measured after microwave HNO3/H2O2 digestion by 

Inductively Coupled Plasma spectroscopy (ICP-OES) (ICAP 6500 DUO THERMO, Cheshire, 

UK). 

For XRD analysis (Bruker D8 ADVANCE), samples were mounted as dry powders and 

scanned over the 10−100 º2θ range.  

2.4.2. Radical content 
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Free radical content in biochars was determined by EPR using a Bruker ELEXSYS 500 

spectrometer (X band) at room temperature. The spectrometer was equipped with a superhigh-

Q resonator ER-4123-SHQ and the samples were placed in quartz tubes. The magnetic field 

was calibrated by a NMR probe and the frequency inside the cavity (~9.395 GHz) was 

determined with an integrated MW-frequency counter. Typical instrument settings were: center 

field, 3350 G; scan range, 200 G; receiver gain, 6.3×102; time constant, 40.96 ms; modulation 

amplitude, 1.0 G; modulation frequency 100 kHz; microwave power, 0.2 mW. The spin 

concentration (spins/gbiochar) was determined from the second integral of the recorded EPR 

spectrum and that of a known quantity of a standard sample of CuSO4·5H2O. The data were 

collected and processed using the Bruker Xepr suite. 

2.4.3. Electrochemical characterization 

The electron exchange capacities were determined using a 3-electrode system following 

established methods [14,38]. The electron accepting capacity (EAC) and electron donating 

capacity (EDC) were normalized to the amount of biochar added and responsible for the 

electron exchange (mmol e-/ gbiochar). The system consisted of  a 20 mL glassy carbon crucible 

(Sigradur G, HTW, Germany) that acts both as a reaction vessel and working electrode, a 

Ag/AgCl reference electrode (Redoxme AB, Sweden) and a coiled platinum wire as an 

auxiliary electrode (Redoxme AB, Sweden), separated from the working electrode by a glass 

chamber with a porous frit. A 10 mM solution of 2,2′-azino- bis(3-ethylbenzthiazoline-6-

sulfonic-acid) diammonium salt (ABTS) and 100 mM solution of neutral red (NR) were used 

as mediators for EDC and EAC, respectively. 15 ml of buffer solution (0.1 M NaCl, 0.1 M 

phosphate, pH 7) and 100 µL of mediator solution are added to the crucible and equilibrated to 

the desired redox potential (-0.49 V for EAC and +0.40 V for EDC, reported vs Ag/AgCl 3M 

KCl electrode). The integration of the reductive (EAC) and oxidative (EDC) current peaks 
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produced after the addition of 100 µL of biochar suspension (4 g/mL) allows calculating the 

electron exchange using Faraday’s Law [9]. 

 

2.5. Biochar modification protocols 

Olive tree pruning biochar produced at 400 ºC (OliveTP-B) was chosen as the control biochar 

for the following eight post-pyrolysis modifications: H2O2
 [39], H3PO4 [40], HNO3 [41], 

KMnO4 [27], KOH [34], Modified Hummer’s Method (MHM) [42], NaClO [43] and UV 

irradiation. The different protocols are briefly described in the Supporting Information (Text 

S1). 

For the biochar exposed to air during pyrolysis (Air_ox-B), the purging gas line was removed 

during the cooling phase of a 400 ºC HTT pyrolysis of OliveTP at different temperatures of 

350 ºC, 250 ºC and 150 ºC. 

For the metal preloaded biochars, olive tree pruning biochar was preloaded with either Mn 

or Fe and then pyrolyzed at 400 ºC. Protocols are described in the Supporting Information (Text 

S2). 

 

2.6. Treatment of data and statistics 

The standard deviation of the electron exchange capacity (𝜎𝐸𝐸𝐶) was obtained from the 

variances and covariance of the electron donating (EDC) and accepting capacities (EAC), using 

the following formula: 

𝜎𝐸𝐸𝐶 =  √𝜎𝐸𝐷𝐶
2 + 𝜎𝐸𝐴𝐶

2 + 𝑐𝑜𝑣(𝐸𝐷𝐶, 𝐸𝐴𝐶) 

Statistical analysis was conducted with Python, using the statsmodel and seaborn modules. 

Bootstrapping was used to calculate 95% confidence intervals. For linear regression, the t-test 

was used to estimate significance. For the quadratic fit, the F-test and t-test were used to obtain 
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the significance of the model and each individual regressor, respectively. Adjusted-R2 was used 

here instead of R2 to account for the additional variable.  

 

3. Results and discussion 

3.1. Influence of pyrolysis parameters, mechanical processing and aging  

Pyrolysis conditions are key for the production of biochar with the desired redox properties, 

since they control the thermally induced changes caused to the original material [44]. The 

highest treatment temperature (HTT) is the most important parameter due to its influence on 

the type and concentration of functional groups on the surface of biochar [14]. To test its effect 

on the redox properties, olive tree pruning biomass (OliveTP) was pyrolyzed at different HTTs 

of 400 ºC, 600 ºC, 800 ºC and 1000 ºC. The highest electron exchange capacity (EEC) was 

found in the 400 ºC biochar, mainly due to the high number of C-OH moieties, and decreased 

as temperature rose (Fig. 1). Between 500-600 ºC, phenolic C-OH moieties are oxidized to 

quinoid C=O groups (Table S1), which explains the high electron accepting capacity (EAC) of 

the 600 ºC biochar. At higher temperatures, however, functional groups are removed from the 

surface of biochar and therefore its redox properties are greatly diminished.  

Maintaining an inert atmosphere is essential for the pyrolysis process. Nevertheless, the 

addition of oxygen in the late stages of pyrolysis has been proposed in the past as a method for 

increasing the number of oxygen-containing functional groups (OCFGs) [45,46]. In order to 

examine this method, biochar was exposed to air by removing the purging gas line during the 

cooling phase of a 400 ºC HTT pyrolysis of Olive tree pruning. The exposure to air was started 

at different temperatures (350 ºC, 250 ºC and 150 ºC) to evaluate their effect on the oxidation 

of biochar. The yields of biochars obtained after pyrolysis and after exposure to air are shown 

in Table S2, with the 350 ºC exposure to air (Air_ox-B350) having the biggest mass loss (2.4% 
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higher loss with respect to the 31% yield of the original biochar). Biochar exposed to air at 150 

ºC (Air_ox-B150) presented a small increase in EEC compared to the biochar produced under 

inert atmosphere (Fig. S1), mainly due to a higher EDC (electron donating capacity). This 

increase in electron donating capacity was in line with a higher concentration of C-OH  

 

Fig. 1. Electron donating capacity (EDC, blue bars) and electron accepting capacity (EAC, 

black bars) of olive tree pruning biochar (OliveTP-B) pyrolyzed at different temperatures. Error 

bars represent 2 standard errors (n = 4 except OliveTP-B400 where n=5).  

 

functional groups (Table S3), which suggests the introduction of new functionalities. In 

contrast, we found no significant differences in the EEC of the biochars exposed to air at 350 

ºC and 250 ºC (and Air_ox-B250) compared to the biochar pyrolyzed under inert atmosphere. 

Despite this, they exhibited an increased EAC and decreased EDC, especially the biochar 

exposed at 350 ºC. XPS analysis (Fig. S2) explained the changes by showing a different surface 

functional group profile in these biochars, with a higher concentration of C=O and COOH 

groups at the expense of C-OH groups. This indicates a strong oxidation of the surface of 

biochar, which could have been excesive, leading to the removal of OCFGs as CO2 and 
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offsetting the introduction of new functional groups. Further research could be done in this area 

by injecting controlled amounts of O2 during pyrolysis.  

Mechanical processing of biochar such as grinding or sieving is also expected to influence 

the redox properties of biochar, due to its effect on particle size and surface area [47]. Smaller 

particles generally have higher external surface area [48], which would expose more functional 

groups able to exchange electrons with the environment. We studied this effect by measuring 

the electron exchange capacity and surface area of an intact biochar (B-Intact) and comparing 

it with two other biochars, one ground by hand using a mortar and pestle (B-Mortar) and 

another by ball milling for 30 seconds (B-Ball_Mill) (Fig. S3, Table S4). As anticipated, the 

intact biochar had the lowest EEC and surface area. It also exhibited a very high variability 

between measures, which is probably a result of the heterogeinity in the shape and size of 

biochar fragments. Despite both ground biochars having a similar surface area, the ball milled 

biochar had a higher EEC compared to the mortar and pestle method. Although sometimes 

overlooked, these results show the importance of performing the appropriate mechanical 

processing to biochar depending on the desired application.  

 

Fig. 2. Radical content of olive tree pruning biochar pyrolyzed at 400 ºC and stored for 20 

months (600 days) under inert atmosphere (B-Stored_inert) and exposed to air (B-Stored_air).  



13 
 

 

Storing conditions determine the changes induced by aging. We found no significant change 

in the redox properties of biochar after being stored for 20 months under an inert atmosphere 

(Fig. S4, Table S5). When the same biochar was exposed to air during storage, however, the 

result was higher redox capacities (especially EAC) and surface functionality. Radical content 

decreased with time, particularly in the biochar exposed to air, which showed five times less 

radicals than fresh biochar at the end of the 20 months (Fig. 2). Biological aging can also affect 

the redox properties of biochar with time. In a commercial biochar co-composted for 6 months 

[49] and stored for 18 months, the EEC increased only 12% compared to the original biochar 

(Table S6). However, the EAC was greatly reduced, while the EDC sharply increased. Previous 

research suggests that in addition to the oxidation of biochar, this could be derived from an 

organic coating on the surface of biochar formed during composting [50]. 

 

3.2. Influence of plant feedstock 

To assess the influence of feedstock selection, we measured the surface functional groups 

and electron exchange capacity of eight biochars produced from different plant biomass at 400 

ºC. Surface functional group profiles are similar for the different biochars, with the biggest 

changes found in the proportion of aliphatic C-C, C=O and COOH groups (Fig. 3A, Fig. S5). 

Comparing their redox capacities, the most remarkable are the high EDC of the tomato plant 

and grapevine tree pruning biochars, and especially the considerably high EAC of the orange 

tree pruning and rice husk biochars (Fig. 3B). The correlation between the concentration of 

surface C=O groups in these biochars and their EAC is much higher than between surface C-

OH groups and EDC (Fig. 3C and 3D). This could indicate different ratios between the redox-

active, aromatic forms of the functional groups (quinoid C=O and phenolic C-OH) and their  
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Fig. 3. (A) Atomic % concentration of graphitic carbon, aliphatic carbon, C-OH, C=O and 

COOH groups for biochars produced from different feedstocks. (B) Electron accepting 

capacity (EAC) and electron donating capacity (EDC) of the same biochars. Bars represent 

mean values. White dots are replicate measurements (n=4, except for OliveTP-B where n=5). 

(C) Correlation between the XPS measured atomic % of C-OH and EDC and (D) atomic % of 

C=O and EAC. Bands represent 95% confidence intervals for the linear fit. Error bars represent 

one standard deviation. 

 



15 
 

redox-inactive aliphatic counterparts (aliphatic C=O and C-OH groups). The difference 

between the aliphatic and aromatic form of the functional groups cannot be detected by XPS 

due to both forms having the same binding energies. The high correlation between EAC and 

C=O groups would represent a high relative amount of quinoid C=O to aliphatic C=O in these 

biochars, while the lower correlation between EDC and C-OH might indicate a more balanced 

ratio for the different forms of the C-OH group.  

While there was no correlation between the H/C elemental ratio in these biochars and the 

electron exchange capacity, the O/C elemental ratio showed a quadratic relationship with the 

EEC (adj-R2 = 0.720, significant at p=0.018) (Table S7, Fig. S6). However, no relationship 

was found between O/C nor H/C elemental ratios in the original feedstocks and the EEC of the 

resulting biochars (Table S8). Likewise, there was no correlation between the lignocellulosic 

fractions of the plant biomass and the redox capacities of biochars. Results suggest, however, 

a relationship between the ash content of the feedstocks and the EEC of biochars (Table S9, 

Fig. S7).  This relationship is not linear, and instead follows a quadratic fit where the redox 

capacity increases with higher ash content until a certain level, after which the redox capacity 

starts to decrease (adj-R2 = 0.774, significant at p=0.011). Metal ions from ashes have been 

proposed to favor depolymerization pathways during the thermal degradation of pyrolysis that 

promote the generation of functional groups [51,52]. At high ash concentration levels, 

however, this beneficial effect could be outweighed by the reduced C and O content. 

We found no relationship between radical content and redox properties in the different 

biochars (Fig. S8), while the presence of redox-active metals was too low to have a meaningful 

effect (Table S10). This confirms previous research that suggested a dominating role of 

functional groups in establishing the redox properties of biochar [14]. Therefore, one of the 

primary targets for biochar modification methods should be the alteration of the surface 

functional group composition. 
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3.3. Preloading with redox-active metals 

Metal preloading has been used in the past as a method to increase the number of functional 

groups on biochar [53,54]. The use of redox-active metals like Mn or Fe could be an interesting 

choice to enhance the redox properties of biochar [11]. To test this we preloaded biomass 

(OliveTP) with either Mn or Fe and then pyrolyzed it at 400 ºC. Both modified biochars 

demonstrated increased electron donating and accepting capacities (Fig. 4). While the 

percentage of C=O groups increased in proportion to the higher EAC, the fraction of C-OH 

groups decreased by 9% and 5% for the Fe and Mn preloaded biochars, respectively (Table 

S11), even though their EDC increased. Several reasons could explain the exceptionally high 

electron donation of the Mn- and Fe-preloaded biochars: 

 

 

Fig. 4. Electron donating capacity (EDC, blue bars) and electron accepting capacity (EAC, 

black bars) of olive tree pruning biochar, Fe preloaded biochar and Mn preloaded biochar. Error 

bars represent 2 standard errors (n=4, except for OliveTP-B where n=5) 
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(i) The surface area of the biochars increased from 11.03 m2/g in the control to 24.26 m2/g 

in the Fe preloaded biochar and 43.11 m2/g in the Mn preloaded biochar (Table 1). Previous 

research shows that Fe and Mn preloading can increase surface area through different 

mechanisms, including the formation of mineral structures on the surface [55,56] and the 

promotion of pore structures during pyrolysis [54,57]. This would expose more functional 

groups able to exchange electrons, which could remain hidden from the XPS analysis if the 

concentration of functional groups doesn’t increase. In addition, if the new exposed areas are 

inside the pore structure they would remain undetected, since XPS is only able to measure the 

outer surface of biochar. It is important to highlight, however, that interpretation of BET results 

is limited for macroporous materials, which could be the case with these biochars.  

(ii) Another explanation for the inflated EDC is an increase in the relative amount of phenolic 

C-OH to aliphatic C-OH. If the metal ions favor the formation of the redox-active form of C-

OH in a higher ratio than the redox-inactive form, this could result in a lower but more electron 

donating C-OH fraction.  

(iii) The surface atomic percentage of metals was 2% for Fe and 2.4% for Mn, while bulk 

concentrations were 6.34 w/w% and 5.36 w/w% for Fe preloaded and Mn preloaded biochar 

(Table S12). XRD analysis (Fig. S9 and S10) showed that the dominant crystalline mineral 

phases of Fe-preloaded and Mn-preloaded biochars were most probably magnetite and 

rancieite-type manganese oxides, respectively, both of which exhibit electrochemical capacity 

[58,59]. Therefore, in this case, appart from functional groups, there is a possible contribution 

of redox-active forms of metals to the electron exchange capacity. 

 

3.4. Post-pyrolysis modification methods 

Functional group profiles of the modified biochars show the deep changes in surface 
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chemistry that followed the different treatments (Fig. 5A, Fig. S11). This resulted in several of 

the modified biochars reaching much higher redox capacities than the biochars produced from 

different feedstocks (Fig. 5B). The most successful modification strategies were the KMnO4 

and Modified Hummer’s method (MHM) treatments, which were able to double EDC and even 

triple the EAC of the original unmodified biochar. MHM is a method commonly used to 

produce graphite oxide and graphene oxide from graphite, which makes it suitable for the 

oxidation of another carbonaceous material like biochar. We skipped the sonication step in 

order to avoid the exfoliation of the biochar to graphene oxide and preserve some structural 

integrity. In this method, H2SO4 acts as an intercalation agent between aromatic sheets, opening 

the structure and producing a more efficient oxidation [60].  Accordingly, MHM was able to 

oxidize part of the graphitic fraction of biochar, achieving a more complete functionalization 

than other methods. Despite this, the increase in EDC of the MHM-modified biochar was only 

13% higher than the KMnO4- modified biochar, having a 32% higher density of C-OH groups. 

Additionally, even though

the proportion of C-OH functional groups was very similar in the HNO3 and KMnO4 

treatments, the EDC was 53% higher in the latter.  As in the Mn-preloaded biochar, the 

exceptionally high  

EDC could be explained by the larger surface area (Table 1) or a higher proportion of redox-

active C-OH groups than in the original biochar. XPS analysis indicated that only 1.1 
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Fig. 5. (A) Atomic % values of graphitic carbon, aliphatic carbon, C-OH, C=O and COOH 

groups for the different biochars. (B) Electron accepting capacity (EAC) and electron donating 

capacity (EDC) of the untreated biochar (OliveTP-B) and the different modified biochars. Bars 

represent mean values. White dots are replicate measurements (n=4, except for OliveTP-B 

where n=5). (C) Correlation between the XPS measured atomic % of C-OH and EDC and (D) 

atomic % of C=O and EAC. Bands represent 95% confidence intervals for the linear fit. Error 

bars represent one standard deviation. 
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atomic % of Mn was present on the surface of the KMnO4-modified biochar, and the bulk Mn 

concentration was 0.21% w/w as measured by ICP-MS (Table S13). This is a much lower 

concentration of metal than in the Mn-preloaded biochar. Therefore, in this case the 

contribution of Mn to the redox capacity was probably weak.  

Previous studies show that HNO3 treatment on carbonaceous materials can introduce 

nitrogen groups on the surface [61], some of them redox-active. XPS analysis revealed that 

only a 2.6 atomic % of nitrogen was incorporated into the surface of the HNO3-modified 

biochar, which is low compared to the proportion of oxygen-containing functional groups. 

Thus, the contribution of nitrogen-containing redox-active groups to the electrochemical 

properties of the HNO3-modified biochar is likely small. Still, oxidation was able to increase 

EDC and EAC by 38% and 84%, respectively.  

NaClO and KOH modification strategies, contrary to the previous treatments, did not 

increase both EAC and EDC simultaneously. NaClO added very few functional groups and 

mostly oxidized the existing C-OH groups to C=O, thus sacrificing EDC for EAC. KOH 

increased EDC at the expense of EAC. Since KOH is neither an oxidant nor a reducing agent, 

the change may be related to the increase in surface area (two-fold higher than the unmodified 

biochar). 

H2O2 and H3PO4-modified biochars had a lower electron donating capacity than the original 

biochar.  XPS analysis shows that H2O2 oxidation was excessive, converting a fraction of C-

OH groups to the redox-inactive COOH. However, it could not generate sufficient new C-OH 

groups, resulting in the lower EDC. H3PO4 treatment was also not able to introduce new redox-

active groups and only disrupted the integrity of the graphitic fraction of biochar, resulting in 

a very low surface area that may have reduced the redox properties even further.  

For certain applications, a modification method that reduces the electron exchange capacity 

might be needed [62,63]. A green approach to reduce the number of functional groups and thus 
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the electron exchange capacity is UV irradiation under inert atmosphere. C-OH and C=O 

groups were removed from the surface and therefore both EDC and EAC were low. Moreover, 

the amount of functional group removal can be tuned by adjusting irradiation time (Fig. S12). 

 

Table 1. N2–BET surface area and pH values of the original and modified biochars. 

 

 

N2–BET Surface 

area (m2/g) 
 

 

pH 

(1:20 w/v) 
 

OliveTP-B 11.03 8.97 

HNO3 2.24 3.34 

H3PO4 <2                6.3 

H2O2 4.41 7.47 

KMnO4 124.28 7.55 

KOH 24.50 10.10 

MHM 3.16 3.3 

NaClO 3.00 6.35 

UV 8.67 9.34 

Fe_preloaded-B 24.26 7.7 

Mn_preloaded-B 43.11 8.76 

 

The correlation between the proportion of C=O groups and EAC, and especially C-OH 

groups and EDC is much higher in the post-treatment biochars than in those produced from 

different feedstocks. (Fig. 5C and 5D). This is probably caused by a higher ratio of redox-active 

aromatic groups to redox-inactive aliphatic groups. The origin of the increased ratio could be 

either a favored addition of aromatic groups during oxidation or a lower stability of the aliphatic 

groups, that may have been removed during treatments. Radical content decreased in all treated 

biochars, but the decline was greater in the oxidative treatments, probably from the destruction 

of radicals during oxidation (Table S14). 
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One of the benefits of performing a wide variety of treatments is the possibility of modulating 

other indirect properties such as surface area, pH or conductivity. This can be important for 

identifying which factor is responsible for a specific effect on the environment or to design 

biochars with an optimized combination of tailored properties.  

The already low surface area of the 400 ºC OliveTP-B (11.03 m2/g) decreased even more for 

the majority of treatments, especially for the H3PO4-modified biochar, whose surface area and 

pore width was below quantification levels (Table 1). The exceptions were the KOH and 

KMnO4 treatments,which increased surface area by 13.47 m2/g and 113.25 m2/g, respectively.  

As expected, pH in a 1:20 w/v biochar suspension was related to the type of reagent used. 

Treatments with acids (HNO3, H3PO4, MHM) decreased pH while KOH increased it. Oxidants 

also decreased pH, presumably related to the higher amount of C-OH and COOH functional 

groups. Inversely, UV irradiation raised the pH of the suspension, having a lower proportion 

of those functional groups. 

 

3.5. General trend between redox properties and functional groups 

Combining all previous functional group and redox properties data (except intact and mortar 

ground biochars) shows that the most important key element for enhanced redox properties is 

to increase the number of C-OH and C=O groups in biochar (Fig. 6).  The exceptional electron 

donation capacity of the metal pre-loaded and KMnO4-treated biochars stand out among the 

rest, achieving higher EDCs than predicted using only the content of C-OH functional groups. 

This confirms that methods that use redox-active metals (in our case, Fe and Mn) are among 

the most promising for enhanced redox properties. 

 



23 
 

 

Fig. 6. (A) Correlation between the XPS measured atomic % of C-OH and EDC; and (B) atomic 

% of C=O and EAC for all previous biochars (except intact and mortar ground biochars). Bands 

represent 95% confidence intervals for the linear fit. Error bars represent one standard 

deviation. 

3.6. Trade-offs between redox properties and conductivity 

Some biochar applications require a combination of different properties to produce a significant 

effect [34]. One area where this happens is in processes that involve microbial electron 

shuttling, where many studies have reported the importance of both conductivity and redox 

properties for an optimal performance [64–66]. For example, in a recent work Prado et al. [67] 

used biochar as an electroconductive filter material that stimulated extracellular electron 

transfer and microbial degradation of wastewater. They found that although conductivity was 

a necessary component, redox-active functionalities on biochar increased considerably the 

electron transfer between the material and the microorganisms. This allowed for a more 

efficient biodegradation than other materials with higher conductivity but lower redox 

properties. 
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Fig. 7. Conductivity values (black bars, left axis) and EEC (green bars, right axis) of OliveTP 

biochar produced at different pyrolysis temperatures and a KMnO4-modified biochar produced 

at 800 ºC. Error bars for EEC represent 2 standard errors (n = 4 except B-400 where n=5). 

 

Conductivity increases with pyrolysis temperature due to growth and condensation of the 

amorphous carbon sheets, which end up forming a conductive network of graphite-like sheets 

that are able to transfer electrons between them [44,68]. To study its evolution with 

temperature, we pyrolyzed OliveTP biomass at increasing HTT (400, 600, 800 and 1000 ºC). 

Results showed that conductivity was negligible up until 800ºC, where it increased several 

orders of magnitude compared to lower temperature biochars (Fig. 7). At these high 

temperatures, however, the thermal degradation of functional groups drastically decreases the 

redox capacity of biochar. To increase the EEC, the KMnO4-modification method was tested 

on the biochar pyrolyzed at 800 ºC (MHM was discarded due to the fragmentation of the 

graphitic structure caused by the intercalation step). Although the redox properties increased 

considerably, the conductivity of the modified biochar was greatly reduced. Previous research 

shows that the addition of functional groups tends to introduce defects on the the graphitic 

structure that provides conductivity to biochar, disrupting the electron transfer between 
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graphitic sheets [69]. Therefore, a compromise must be reached between conductivity and 

redox capacity. Despite this, the high temperature KMnO4-modified biochar retained 40% of 

the conductivity of the untreated 800 ºC biochar, which was 25 times higher than the 

conductivity of biochar pyrolyzed at 400 ºC, while having a similar redox capacity. This 

balance between redox properties and conductivity could produce a greater effect in biochar 

applications that require both properties for an optimal performance. 

 

4. Conclusions  

In this work, we demonstrated the possibility of controlling the redox properties of biochar 

by modifying the nature and quantity of functional groups and redox-active metals on its 

surface. Moreover, other factors like surface area and pH can also be controlled by carefully 

choosing the type of modification strategy. Designer biochars with optimal property 

combinations can be produced this way to target specific applications or to identify the 

contribution of different properties in an experiment. For example, a biochar tailored for 

electron shuttling was created by controling the production temperature and post-pyrolysis 

modification with KMnO4. 
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