
Mississippi State University Mississippi State University 

Scholars Junction Scholars Junction 

Theses and Dissertations Theses and Dissertations 

4-30-2021 

Modified biochar adsorbents for aqueous contaminant Modified biochar adsorbents for aqueous contaminant 

remediation remediation 

Herath Mudiyanselage Nimeshika Amali Herath 
aherath91@gmail.com 

Follow this and additional works at: https://scholarsjunction.msstate.edu/td 

Recommended Citation Recommended Citation 
Herath, Herath Mudiyanselage Nimeshika Amali, "Modified biochar adsorbents for aqueous contaminant 
remediation" (2021). Theses and Dissertations. 5111. 
https://scholarsjunction.msstate.edu/td/5111 

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at 
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of 
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com. 

https://scholarsjunction.msstate.edu/
https://scholarsjunction.msstate.edu/td
https://scholarsjunction.msstate.edu/theses-dissertations
https://scholarsjunction.msstate.edu/td?utm_source=scholarsjunction.msstate.edu%2Ftd%2F5111&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsjunction.msstate.edu/td/5111?utm_source=scholarsjunction.msstate.edu%2Ftd%2F5111&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholcomm@msstate.libanswers.com


Template C v4.3 (beta): Created by T. Robinson 01/2021 

Modified biochar adsorbents for aqueous contaminant remediation 

By 
TITLE PAGE 

Herath Mudiyanselage Nimeshika Amali Herath 

Approved by: 

Todd E. Mlsna (Major Professor) 
David O.Wipf 

Debra Ann Mlsna 
Amanda Patrick 

Janice E. Chambers 
Joseph P. Emerson (Graduate Coordinator) 

Rick Travis (Dean, College of Arts & Sciences) 

A Dissertation 
Submitted to the Faculty of  
Mississippi State University 

in Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy 

in Chemistry 
in the Department of Chemistry 

Mississippi State, Mississippi 

April 2021 



 

 

Copyright by 

COPYRIGHT PAGE 
Herath Mudiyanselage Nimeshika Amali Herath 

2021 



 

 

Name: Herath Mudiyanselage Nimeshika Amali Herath 
ABSTRACT 

Date of Degree: April 30, 2021 

Institution: Mississippi State University 

Major Field: Chemistry 

Major Professor: Todd E. Mlsna 

Title of Study: Modified biochar adsorbents for aqueous contaminant remediation 

Pages in Study: 205 

Candidate for Degree of Doctor of Philosophy 

Continuous population growth and rapid industrial advancement and development have 

paved the way for ever increasing environmental pollution. At present, water pollution is a serious 

global issue that threatens environmental sustainability. The contamination of aquatic bodies with 

potentially toxic organic and inorganic substances are the result of world -wide anthropogenic 

activities. These pollutants can have detrimental health consequences on humans and ecosystems. 

Over the past decades, techniques such as chemical precipitation, ion-exchange, adsorption, 

membrane filtration, and electrocoagulation–flocculation have been developed and employed for 

the treatment of drinking and wastewater. Among the currently available techniques, pollutant 

removal by adsorption is most promising due to its cost-effectiveness, simplicity in operation, 

environmental friendliness, and abundance of adsorbents. This study emphasized the utilization of 

biochar (BC), after appropriate surface modification, for the removal of potentially toxic 

contaminants. 

In the first study, a base activated biochar was synthesized by treating the biochar with 

potassium hydroxide (KOH) at 700 ℃ in a muffle furnace for 1 h. The resulting high surface area 

biochar (KOHBC) was used for the removal of Cr(VI), Pb(II) and Cd(II). In the second study, a 

biochar-supported polyaniline hybrid was synthesized for aqueous chromium and nitrate 



 

 

adsorption. Introduction of amine and imine groups to the biochar facilitated the removal of these 

contaminants. In the final study, a composite containing Fe-Ti oxide/biochar (Fe2TiO5/BC) was 

synthesized for sorptive removal of metal cations, oxy anions, inorganics, and organic 

contaminants from aqueous solutions. Additionally, this composite was used as a photocatalyst  

towards aqueous methylene blue (MB) degradation. The surface chemistry and composition of 

these adsorbents were examined by PZC SEM, TEM, XPS, FTIR, TGA, elemental analysis, and 

surface area measurements. 
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CHAPTER I 

INTRODUCTION 

Current projections indicate that the world population is poised to grow from 7. 7 billion 

in early 2021 to over 9. 8 billion by mid-2050.1 Along with this growth is the ever-rising demand 

for improved standards of living. The combination of a growing population and improved standard 

of living is having a detrimental impact on earth's ecosystems. Technological advancements are 

needed to combat the expanding textile, pharmaceutical and agricultural sectors as they have the 

potential to massively contribute unfavorable changes in the four earth spheres -the atmosphere, 

hydrosphere, biosphere and lithosphere. 

1.1 Contamination of hydrosphere 

Water is quite ununiformly distributed in the hydrosphere. The ocean contains 97% of all 

terrestrial water but high salt content makes it of little direct use to humans. The remaining 3% of 

fresh water is primarily contained in ice sheets and glaciers (75%) and groundwater (14%) below 

750 m and is essentially inaccessible.2 This fresh water is largely consumed in industrial processes 

and exhausted as wastewater which then flows into canals, rivers and eventually to lakes and seas. 

The wastewater contains dissolved inorganic and organic matter which can deplete water quality 

and make it toxic for the environment and humans. 
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1.2 Sources of water pollutants 

Anthropogenic activities are primarily responsible for water pollution,3 even though 

natural phenomenon, such as forest fires, which leave toxic runoff in their wake,4 volcano 

eruptions, 5 and many geological processes6  also contribute to deteriorate water quality. One of the 

most impactful sources of water contamination is the chemical industry. Abundant untreated 

industrial wastes entering water bodies include textile dyes,7 potentially toxic metals and metal 

ions,8 detergents,
9 and pharmaceutical products.10 Fertilizers, pesticides, fungicides, herbicides and 

insecticides are widely applied chemicals in agriculture11 to enhance the crop yield and to meet 

current demands. Run off and leaching through the soil is widespread and these substances make 

their way into aquatic environments where they can cause a serious health threats to humans and 

other organisms.12 Human and veterinary pharmaceutical products and their metabolites13 are 

emerging pollutants as they could accelerate resistance of bacterial pathogens to antibiotics. 14 

Microplastics (MP) are another class of emerging pollutant reported in a wide range of 

aquatic environments including drinking water, freshwater sources, marine and subtidal sediments. 

MP could enter aquatic environments through various routes such as micro-beads found in a wide 

range of consumer products, microfibers from fabrics (polyester, polyester-cotton blend and 

acrylic) and plastic products.15 It has been estimated that 92% of the five trillion plastic particles 

on the ocean surface are microplastics.16 Many of the synthetic polymers being used in daily life 

contain a wide range of heavy metals such as Cd, Pb, As, Sb, Cu, Cr, and Zn as additives. 

Therefore, once MPs are released, some of their load of such potentially toxic metals will 

bioaccumulate through the food chain. The increased surface area and hydrophobicity of MP 

causes high affinity to a broad range of  persistent organic pollutants and heavy metals. Even though 

there is a lack of research-supported evidence for the potential risk of MP to humans, some studies 
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show that MP can cause cytotoxicity, hypersensitivity, and unwanted immune responses in 

humans.17 

1.3 Pollution abatement 

Many of the toxic organic and inorganic contaminants in water show high resistance to 

microbial or chemical degradation and consequently concentrate and persist for a long time after 

being released to the environment.18 Exposure to these water contaminants has been implicated in 

numerous detrimental health effects for humans including reproductive problems, neurotoxicity, 

cancer, immune system suppression, cardiovascular disease, and metabolic diseases.19,20 

Therefore, measures have to be implemented to remove these harmful substances before 

discharging industrial effluents into aquatic systems. Removal techniques of these water 

contaminants are broadly classified into non-destructive and destructive methods (Fig. 1.1) 

Filtration by electrocoagulation,21 adsorption,22 ion exchange,23 reverse osmosis,24 and 

electrodialysis25 belong to the first category in which the pollutant is not destroyed, but instead it 

is transferred into another medium. Advanced oxidation processes (AOP)26 belong to the second 

category which involve complete destruction of the pollutant into CO2, H2O, and simple inorganic 

ions. AOP on pollutants is accomplished by means of either chemical oxidation 26 electro 

oxidation,27 or photocatalytic oxidation.28 In AOP, the pollutant is destroyed by non-selective 

potent oxidant hydroxyl radical (HO•), superoxide radical anion (O2
•−), or singlet oxygen (1O2) 

generated in any one of the above methods. 
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Figure 1.1 Different contaminant removal techniques 

 

1.4  Adsorption mechanism of pollutant removal 

Among many available methods for treating polluted water, adsorption technique dates 

back to  several centuries. Egyptians were the first to use adsorption phenomena to treat odorous 

putrefactive wounds and intestines using charcoal. Scheele in 1894 and Fontana29 in 1777, 

experimentally studied for the first time, adsorption of gasses by charcoal and clay. Adsorption 

has long been practiced as a purification and separation technique on the industrial scale. 

Adsorption is a surface phenomenon by which an equilibrium is established when  the adsorbent 

surface is in contact with an adsorbate (contaminant) molecule at a specified temperature. 

Adsorption processes may be either physisorption, due to Van der Waals forces of attraction 

between the adsorbate entities and adsorbent, or chemisorption from the forming of chemical 
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bonds with the surface of the adsorbent. Chemisorption is stronger compared to the weak reversible 

physisorption.30 

The removal of both organic and inorganic pollutants by adsorption is promising and 

widely applied on the industrial scale. The adsorption of pollutants onto activated carbon (AC) is 

often an efficient process and therefore very common. AC has favorable qualities such as 

simplicity of preparation, environmental friendliness, high efficiency. and abundance of 

feedstocks.30 Uptake of heavy metals, Cr(VI), Ni(II), Cd(II), Pb(II), and Zn(II) by AC, prepared 

by peanut shell,31 Cucumis melo peel,32 neem leaf powder,33 olive stone,34 and coconut shell35 has 

been widely studied. Several studies revealed that AC is a very effective adsorbate for treating 

textile dye,36 pesticides,37 and pharmaceuticals. 

Although AC is very popular, commercial grade AC is expensive, hence other naturally 

occurring adsorbates like clays have received much attention in the scientific community. Clay 

minerals are hydrous aluminosilicates with a fine particle size. Bentonite and montmorillonite 

clays exhibit strong affinity to cationic dye molecules and oxyanions and therefore, are promising 

economic candidates for the removal of industrial dyes and heavy metals.38,39 Clay contains 

exchangeable cations held to the surface which facilitates the sorption of metal ions in water.38 

Clay minerals can be modified or activated by acid or base treatment to enhance sorption 

properties. It has been found that acid-modified clay resulted higher rate of dye adsorption.40 

Kaolinites clay41 is another option for organic dye removal but it has low cation exchange capacity. 

Most of the clays for pollutant remediation studies claimed that removal of Cu(II), Cd(II), Pb(II), 

Cr(VI), and As(V)is due to ion-exchange or adsorption mechanisms.38 
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1.5 Biomass 

Biomass rich in carbon are ubiquitous in nature and there are a range of promising 

feedstock candidates for producing adsorbent materials that can be used to resolve issues with 

pollution, global warming, and the energy crisis. At present, synthesized carbon materials 

including crystalline carbon nanotubes/nanofibers,42, 43 and graphene44 are widely used to  address 

the pollution issues listed above. The synthetic methods employed to produce the above materials 

are expensive. Techniques such as chemical vapor deposition,45 arc discharge and electrochemical 

treatments46 have been employed to produce such adsorbents. Some methods also involve organic 

solvents. Many published processes are not environmentally or economically sustainable in large-

scale production. 

The utilization of biomass rich in carbon from naturally abundant resources is 

economically viable and environmental friendly for making a wide range of functionalized carbon 

materials.47 Biomass from plants and animals has received increased interest and attention over the 

past decade as abundant renewable feedstocks. Plant organs such as fruits, seeds, tubers and 

agricultural wastes from the straw of grain crops such as maize, wheat, barley and rice shell are  

common abundant feedstocks.48 The major constituents of plant biomass are lignocellulose and 

starch while polysaccharides and proteins are the major constituents in biomass from animal 

origin.  (Fig 1.2). 
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Figure 1.2 Biomass feedstocks derived from plants and animals 

Mian, M. M.; Liu, G., Recent progress in biochar-supported photocatalysts: synthesis, role of 
biochar, and applications. RSC Advances 2018, 8 (26), 14237-14248. Published by The Royal 
Society of Chemistry. 
 

1.6 Biochar 

Biochar (BC) is a porous, highly aromatic and carbon rich solid residual produced from 

the pyrolysis of lignocellulosic biomass in an oxygen free, or limited oxygen, environment. High 

surface area, low cost of production, wide feedstock availability, environmental stability, plentiful 

surface functionality options and recyclability are features of BC.50,51 Therefore, BC has numerous 

applications in environmental remediation,52 carbon sequestration,53,54 soil fertility 
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improvement,55 and energy storage.56,57 The physical and chemical properties of BC play a vital 

role in the efficiency of removal of a pollutant. Those properties depend on the type of feedstock 

and pyrolysis process parameters including pyrolysis temperature, heating rate and residence 

time.58 Specific surface area, porosity and surface functional groups of a BC also depend on the 

origin of the feedstock.59 

1.6.1 Biochar production techniques 

In the production of BC, three methods are currently employed namely (i) pyrolysis, (ii) 

gasification, and (iii) hydrothermal carbonization.58,60 Each method uses different conditions for 

the conversion of feedstock into bioproduct with different characteristic properties. 

1.6.2 Chemistry of pyrolysis process 

During pyrolysis of biomass, starch, cellulose and lignin undergo thermal decomposition 

followed by various chemical reactions. The mechanism of this reaction could be characterized by 

depolymerization, dehydration, decarboxylation intramolecular rearrangement, intramolecular 

condensation, and aromatization to produce BC or low molar mass bio-oil and syngas58,60 Free-

radical reactions are the major pathway in the production of BC and other products. Free radicals 

are generated by homolytic bond cleavage of β-O-4 lignin linkage, which can abstract protons of 

weak C-H or O-H bonds in other species present in the medium. The reaction mechanisms involved 

in pyrolysis are summarized in Fig. 1.3 and Fig. 1.4. 
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Figure 1.3 Chemical pathway of production of biochar 

Reprinted with permission from Liu, W.-J.; Jiang, H.; Yu, H.-Q., Development of biochar-based 
functional materials: toward a sustainable platform carbon material. Chemical Reviews 2015, 115 

(22), 12251-12285. Copyright © 2015 American Chemical Society. 
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Figure 1.4 Chemical pathway of production of biochar from lignin 

Reprinted with permission from Liu, W.-J.; Jiang, H.; Yu, H.-Q., Development of biochar-based 
functional materials: toward a sustainable platform carbon material. Chemical Reviews 2015, 115 

(22), 12251-12285. Copyright © 2015 American Chemical Society. 
 

1.6.3 Composition of biochar 

The BC skeleton is composed of C, H and O and often contains surface organic functional 

groups including aliphatic and aromatic hydroxyl, carboxyl, carbonyl, amido, ester, and phenolic-

OH groups. BC oxygen functional groups decrease with increasing pyrolysis temperature, while 

percent C increases 59. The proportionality of C, H and O in the final BC depends on the nature of 

the feedstock61 and pyrolysis temperature. In addition to organic functionalities, Si-rich biomass is 

likely to form more compact monomeric and polymeric Si structures under different pyrolysis 

temperatures. The presence of other inorganic species including HCO3
2− , CO3

2−, metallic oxides and 

hydroxides have also been reported in biochar. N and P in biomass, undergo for a series of thermal 
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reactions during pyrolysis and eventually transform into  NOX , NH4
+ ,NO3

− , and PO4
3−. Most BC 

contains trace level of sulfur, chlorine, alkali, and alkaline-earth metals. 

1.6.4 Surface modification techniques of BC 

1.6.4.1 Acid/alkaline/H2O2 treatment 

Physical or chemical surface modification can greatly alter BC surface properties for 

increase in adsorption of pollutants. Physical treatment includes the activation of carbonized 

material with steam, CO2, and air.62 Steam activation is common and accomplished by forcing 

steam through the pores of BC at around 800 ⁰C in an oxygen-free environment after feedstock 

pyrolysis. Activation with steam or carbon dioxide selectively remove the more reactive carbon 

from BC as CO2, or CO. The escape of these gaseous products develop microporosity and increase 

surface area and aromaticity of BC.63 

BC chemical treatment can include base or acid activation and result in different changes 

in the BC structure. In the alkaline treatment, BC is activated by KOH, K2CO3, NaOH, and 

Na2CO3 at 400⁰C-1000 ⁰C under inert gas (Ar/N2) flow in a furnace.64,53 Alkaline treatment with 

KOH and K2CO3 is more effective in changing surface properties than NaOH or Na2CO3. In 

addition to the evolution of gaseous products, intercalation of metallic K formed in the activation 

process can expand the carbon lattice. This results in increased porosity, enhanced surface area, 

surface basicity and more oxygenated functional groups at the BC surface.53 BC activation with 

steam, CO2, and K2CO3 using microwave heating at high temperature is another approach to 

improve the porosity of the material.65,66 

Acid activation of BC is usually carried out by HNO3, HCl, H2SO4  or H3PO4.67,68 H3PO4 

being weak and non-corrosive compared to other acids, is particularly attractive in activation of 

BC. Eliminating C with H3PO4 results in high porosity and oxidation of C results in new functional 
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groups such as -OH, -COOH, and P-containing functional groups including -P=O, -P=OOH, and 

-P-O-P- at the surface and inside the pores.69 These functional groups are strong binding sites for 

many organic and inorganic pollutants.   

Oxidation by concentrated HNO3, a strong oxidizing agent, at ∼800°C results in removal 

of carbon and hydrogen and an increase in oxygen and nitrogen substituted (-C-NO2, -C-O-NO2, 

-C=O, -C-OH, -CO2H) aromatic rings. Removal of C followed by destruction of pore walls, 

slightly increase pore volumes and pore sizes of BC. The total surface acidity of BC increases as 

acid functional groups increases upon acid treatment. During strong acid treatment, the conversion 

of micro- and mesopores to macropores is favoured.70 

HCl treatment of BC increases the number of  acidic oxygen functional groups and single-

bonded oxygen functional groups such as phenols, ethers, and lactones.70 HCl can wash away 

metallic impurities thereby decreasing the ash content and at the same time increasing micropore 

surface area. Further, HCl modification generates adsorbed chloride ions in the micropores as 

chemisorption sites for several metal pollutants.71Activation of BC with H2O2 increases the 

number of carboxylic, lactone, and hydroxyl group at the surface.72 As an oxidizing agent, H2O2 

can decompose the aromatic carbons of BC resulting in the formation of aliphatic carboxylic acids, 

CO2, H2 and H2O. Release of these gaseous products lead to the increased porosity and surface 

area of BC.72,73 

1.6.4.2 Metal/metal oxide impregnation 

Metal, metal oxide, and metal hydroxide functionalized BC have been reported as 

promising candidates for removal of inorganic and organic pollutants. Large surface area, high 

porosity and surface functionalities of BC facilitate efficient metal impregnation. Generally metal 

oxide and metal hydroxide functionalized BC have a point of zero charge ≥ 10 suggesting that at 
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near neutral pH, the surface is positively charged74 and has strong affinity for negatively charged 

pollutants. Metal-impregnated BC is usually prepared by two methods (i) loading metal salts by 

wet-impregnation of biomass followed by pyrolysis and (ii) homogeneous metal impregnation on 

BC using a solution of metal salts. In the first method, metal salt pre-loaded biomass is subjected 

to a high temperature thermal treatment and dehydration  followed by decomposition of the metal 

salt, leaving the metal oxide on BC surface. MgO,74 MnO,75 NiO,76 and Fe3O4/γ-Fe2O3
77,78 

impregnated BC have been prepared using metal salts of MgCl2. 6H2O, MnCl2. 4H2O, Ni(NO3)2, 

and FeCl3 for the removal of PO4
3-, NO3

-, AsO4
3-. Ni-impregnation of BC was found to catalyze 

the cracking process and reactions of volatile compounds in the lignocellulosic matrix to  increase 

the char yields.76 In recent years, semiconductor metal oxide-BC composites have received 

increased attention because of their potential ability to mineralize toxic organic contaminants. 

Heterogeneous photocatalysts such as TiO2, ZnO, and Fe2O3, doped with BC have been used for 

the degradation of organic pollutants into CO2, H2O and simple inorganic products.49,79 

1.6.4.3 Organic functionalized-BC 

Grafting of different organic reactive moieties onto the biochar surface can significantly 

improve BC sorption properties. Chitosan and chitin are abundant natural biopolymers available 

at low cost for the preparation of structurally stable environmentally friendly BC composites. The 

chitosan functional groups, -NH3
+, -OH, -CH2COOH, and -CONH2 effectively and strongly 

interact with toxic metal ions and organic pollutants through coordinate, electrostatic, ion 

exchange and H-bonding. Chitosan/chitin-BC composites exhibit high sorption performances in 

the removal of Cd(II), Cr(VI), Pb(II) and pharmaceuticals from water.80,81,82 Chitosan-modified 

BC are attractive candidates with high sorption capacity for herbicides and as a soil amendment.83 

C3N4-BC composites prepared by incorporating melamine on to BC followed by thermal treatment 
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at 300 ⁰C have shown both adsorption and photocatalytic activity on cationic, anionic and non-

ionic organic contaminants.84 

1.6.4.4 BC Characterization techniques  

BC provides reactive surface sites for adsorption and catalytic degradation of pollutants  

and interactions with inorganic and organic pollutants are characterized using a range of analytical 

techniques. Various chemical, microscopic, and spectroscopic characterization techniques are 

available to elucidate the structural properties of BC and sorption mechanism between BC and 

pollutants. Surface morphology and elemental analysis of all materials are generally carried out by 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) facilitated with 

energy dispersive X-ray spectroscopy (EDX).85 BET (Brunauer, Emmett, and Teller) surface area, 

pore volume, and pore size distribution of BC and modified BC are determined using a N2 

adsorption isotherm (at 77 K).86 

The BC surface is composed of many chemical functional groups such as aliphatic, 

aromatic, hydroxyl, carboxyl, carbonyl, and amido groups which are the reactive sites that interact 

with pollutants. The surface functional groups and their interaction with pollutants are identified 

and monitored by Fourier transform infrared spectroscopy (FTIR),87 X-ray photoelectron 

spectroscopy (XPS),88 NMR spectroscopy also helps to identify surface functional groups, such as 

carboxyl, carbonyl, phenolic –OH, and ester groups.89 Although X-ray diffraction (XRD) BC 

patterns are not well-defined, metal/metal oxide in BC composites and adsorbed toxic metals or 

metalloids on BC can be identified using XRD.90 Boehm titration is frequently applied to 

characterize the acidic and basic functional groups on BC.91 In this method, the BC is consecutively 

equilibrated in solutions of NaHCO3, Na2CO3, and NaOH. The extract from each solution is 
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titrated with strong acid or base. Thermogravimetric analysis (TG) is widely employed to provide 

useful information on thermal stability of BC, biomass, and modified BC. 92 

1.7 Dissertation objectives 

The overarching objective of this work was to develop cost-effective surface modification 

methods for Douglas Fir biochar for achieving high removal of selected potentially toxic metal 

ions and organic contaminants. The three chemical modification methods employed to prepare 

engineered biochar were (i) KOH treatment (ii) chemical oxidative polymerization of aniline on 

BC and (iii) Fe2TiO5 impregnation on BC. Each surface modified biochar was characterized and 

investigated for potential ability to remove Cr(VI), Cd(II), Pb(II), nitrate, fluoride, and methylene 

blue under various experimental conditions. Plausible sorption mechanisms were suggested.  
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CHAPTER II 

KOH-ACTIVATED HIGH SURFACE AREA DOUGLAS FIR BIOCHAR FOR ADSORBING 

AQUEOUS CHROMIUM(VI), LEAD(II) AND CADMIUM(II) 

(Published in Chemosphere 2020, 269, 128409) 

2.1 Abstract 

Biochar has become a popular research topic in sustainable chemistry for use both in 

agriculture and pollution abatement. To enhance aqueous Cr(VI), Pb(II) and Cd(II) removal 

efficiency, high surface area (535 m2/g) byproduct Douglas fir biochar (DFBC) from commercial 

syn-gas production obtained by fast pyrolysis (900-1000 ℃, 1-10 s), was subjected to a KOH 

activation. KOH-activated biochar (KOHBC) underwent a remarkable surface area increase to 

1049 m2/g and a three-fold increase in pore volume (BET analysis). Batch sorption studies on 

KOHBC verses pH revealed that the highest chromium, lead and cadmium removal capacities 

occurred at pH 2.0, 5.0 and 6.0, respectively. KOHBC exhibited much higher adsorption capacities 

than unactivated DFBC. Heavy metal loadings onto KOHBC were characterized by scanning 

electron microscopy, transmission electron microscopy and X-ray photoelectron spectroscopy. 

Sorption of Cr(VI), Pb(II) and Cd(II) all followed pseudo-second order kinetics and the Langmuir 

absorption model. The highest Langmuir adsorption capacities at the respective pH’s of maximum 

adsorption were 140.0 mg g-1 Pb(II), 127.2 mg g-1 Cr(VI) and 29.0 mg g-1 Cd(II). Metal ions spiked 

into natural and laboratory waste water systems exhibited high sorption capacities. Desorption 
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studies carried out using 0.1M HCl revealed that Pb(II) adsorption onto the KOHBC surface is 

reversible. Portions of Cd(II) and Cr(VI)  adsorbed strongly onto KOHBC were unable  to be 

desorbed by 0.1M HCl and 0.1M NaOH. 

2.2 Introduction 

Anthropogenic and natural water contamination represents a major environmental issue 

worldwide.  Hazardous heavy metals and toxic organic products can cause adverse effects for 

human health and aquatic life. Toxic Cr(VI), As (III), Pb(II), Cd(II), Sb(V), Cu(Ⅱ)  at persistent 

low aqueous concentrations are detrimental.1,2 Understanding surface adsorption chemistry is vital 

to develop contaminated water treatment technology which is an objective of this work.   

Chromium, a common industrial waste from chrome plating, dyes and pigment 

manufacturing, leather and wood preservation, and the production of textiles pose serious health 

problems.3 Chromium can exist as Cr(VI) or Cr(III) in the environment. Cr(VI) is more mobile 

and soluble in water than Cr(III). Cr(VI) is a known carcinogen and negatively affects the human 

respiratory system and kidnys.4 The US Environment Protection Agency mandates that the 

maximum levels of chromium safely allowed in drinking water must not exceed 0.1ppm. 5 

Pb(II) and Cd(II) are widely distributed in the environment from both natural and 

anthropogenic activities such as mining, smelting, industrial processes, and water pipes, paints, 

fertilizers and pesticides.6 Lead poisoning causes neurodegenerative, reproductive, cardiovascular, 

immunological and renal issues in humans.7 Prolonged exposure to Cd(II) can cause cadmium-

mediated oxidative stress, nephrotoxicity, reproductive toxicity, osteo toxicity and tumors.8,9 Non-

biodegradable heavy metals bioaccumulate through the food chain causing further amplification 
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of toxicity.10,11 Therefore, implementing efficient remediation techniques is important for safe 

water production. Reverse osmosis and ion–exchange are not cost effective, while sedimentation, 

coagulation, and flocculation result in large quantities of metal oxy hydroxide sludges to be 

disposed of.12,13 Heavy metals have been adsorbed by peat moss, peat moss-derived biochar,14 

graphene,15 functionalized graphene oxide16,17 or activated carbon.18,19,20 However, activated 

carbon production is still expensive on a large scale. Peat has a characteristically low surface area 

and graphene is expensive. A promising, more economically sustainable alternative byproduct, 

biochar has emerged.21 

Biochar, the  product of biomass pyrolysis in a low or oxygen-free environment, has soil 

conditioning and carbon sequestration potential and adsorption capabilities.21 It’s surface functions 

(carboxylic acids, phenolic hydroxyls, lactones, quinone, carbonyls, ethers and condensed 

aromatic rings)  provide adsorption sites for metals.21 Biochar can also contain tiny silica, calcium 

carbonate, calcite, and sylvite mineral particles to aid in metal sorption through electrostatic 

reactions and ion exchange.21 These generate negative surface charges at pH 7. However, ash 

components of biochar (Ca, Mg, Na and K hydroxides /oxides/ carbonates) are basic and protonate 

at pH 7, lowering metal ion adsorption. Biochar surface modifications by acid or base treatments 

have enhanced adsorptive properties.22  

The feedstock type and pyrolysis temperature predominantly determine the biochar 

structure and pore surface functionality which mediate the efficient sorption of heavy metals or 

organic pollutants.23 High temperature pyrolysis increases surface area and porosity. The acidic 

and basic properties of biochar are associated with phenolic hydroxyl, carboxylic and heterocyclic 

nitrogen bases in the organic phase (in addition to mineral phases). XPS and Boehm titration 
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analysis have confirmed a significant removal of surface oxygenated biochar functional groups at 

pyrolysis temperatures > 700 K. This lowers surface acidity and increases basic groups associated 

with ash. Higher pyrolysis temperatures generate lower O/C and H/C mass ratios,  higher degrees 

of aromaticity and lower biochar polarity in contrast to biochar obtained at  lower temperature.24,25 

Biochar modified by acid functions can improve heavy metal uptakes to comparable or better than 

those of commercial activated carbon.26  

Biochar oxidation using H2SO4/HNO3, H2SO4/KMnO4, H2SO4/H2O2 and (NH4)2S2O8 

increases the amount of acidic functional groups based on the type of oxidizing reagent and the 

treatment time.26,27 XPS and FTIR analysis confirmed substantial increases in the amount of C=C, 

C=O, COOH and phenolic-OH groups on biochar surfaces after acid modification,28 but decreases 

in surface area and pore volume have been a frequent drawback f rom oxidations.26,29 Activation 

with KOH, K2CO3 NaOH or Na2CO3 remarkably improved pore size, surface area and  surface 

basicity compared to that of heat-only treatments.30 Alkaline treatment enlarges micropores to 

mesopores through carbon loss, providing channels for adsorbate transport and greater sorption 

capacities.30  

A unique advantage of Douglas fir biochar is its low cost. This biochar is a byproduct of 

bio-syn gas production which supports the cost of its production. It is produced in large amounts 

by feeding ‘green wet’ wood into an updraft gasifier where rapid pyrolysis (~ 900-1000 ℃ for 1-

10 s), causes both a steam explosion and a pyrolytic decomposition to char plus syn-gas formation 

to occur. This leads to a unique biochar morphology having a low material density, high surface 

area and large pore volumes. This morphology allows rapid liquid penetration which leads to faster 

adsorption kinetics and contributes to adsorption capacities.  The commercial biochar we used in 
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this study has a higher surface area, (typically 500-700 m2/g from this process) than many reported 

biochars. After KOH treatment, the resulting KOHBC surface area was significantly increased 

(~1049 m2/g). The present work reports higher surface area, higher metal adsorption capacity and 

faster uptake kinetics (< 2 h) versus the KOH-activated biochar reported in the current literature.  

DFBC and its KOH-activated form (KOHBC) were tested in different aqueous model 

systems to remove Cr(VI), Cd(II) and Pb(II). Common, natural water, matrix chemicals were 

added to our target analytes to represent real contaminated water. Real world water sample testing 

is important to give a clear view of material efficacy in environmental remediation. KOHBC was 

used to adsorb both toxic anionic metalloids and cations from aqueous phase.  

2.3 Materials and methods 

All chemicals used in this study were analytical grade from Sigma Aldrich and were used 

as received. All aqueous solutions were prepared with deionized water obtained from a Millipore-

Q water system. pH values were measured using a Hanna HI 2211 pH meter. 

2.3.1 Preparation of Douglas Fir biochar (DFBC) and its activation by KOH  

Douglas fir green wood chips (3 inches) were introduced into an air-fed updraft gasifier 

with a 1- 10 s residence time at 900-1000 0C. The large biochar particles (~2 cm) produced were 

rinsed thoroughly several times with deionized water to remove impurities, fine particulates 

adhering to their surface and water soluble organic residues before drying at room temperature for 

24 h. Dried particles were ground, sieved to obtain the DFBC particle sizes between 0.1-0.5 mm 

and stored in a closed container for further application. This DFBC has been used and characterized 

previously by our group as an adsorbent.31,32,33 Potassium hydroxide, KOH (4.00 g) was dissolved 
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in distilled water (20 mL) and added into DFBC (1.00 g). This mixture was stirred for 1 h at room 

temperature and further heated in a muffle furnace at 700 0C for 1 h under N2 at a heating rate of 

10 0C min. The resulting activated biochar was cooled to room temperature under N2, then washed 

with 0.1 M HCl and finally washed several times with distilled water to a neutral pH before oven 

drying at 80 0C for 24 h. The activated biochar was designated KOHBC. 

 

Scheme 2.1 Synthesis of KOH-activated biochar (KOHBC) 

 

2.3.2 Characterization techniques 

Biochar surface characterization was carried out by The Brunauer-Emmet-Teller (BET) 

surface area measurements, Scanning electron microscopy analysis (SEM), Transmission electron 

microscopy (TEM) and energy dispersive x-ray spectroscopy (EDS), Elemental analysis (ES), 
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Thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and point of zero 

charge (PZC) determination. Procedures and instrumentation for characterization in detail are 

reported in supporting information. 

2.3.3 Batch adsorption studies 

Equilibrium adsorption studies of Pb(II), Cd(II), and Cr(VI) on DFBC and KOHBC were 

carried out to investigate the effect of solution pH, contact time and adsorbate concentration . Stock 

solutions of 1000 mg L-1 Cr (V1), Pb(II), and Cd(II) were prepared using K2Cr2O7, Pb(NO3)2, and 

Cd(NO3)2 in deionized water.  The desired concentrations in the range between 25 to 1000 mg L- 1 

were prepared by subsequent stock solution dilutions. The effect of pH on adsorption was studied 

in three replicates at pH values from 2 to 10 using 25.0 mL solutions containing 100 mg L-1 of 

each metal. The pH values were adjusted with aqueous 0.1M HCl and 0.1M NaOH. Effect of 

contact time on biochar adsorption was monitored by varying the equilibrium time for each 

analyte. Adsorption studies were carried out using 0.025 g of biochar with 25.00 mL of each 

adsorbate at different concentrations. All sample mixtures were sealed in plastic vials and shaken 

for 24 h to reach the equilibrium. After equilibration, the solutions were filtered (Whatman filter 

paper No.1) and the cadmium and lead concentrations remaining in each filtrate were measured 

by atomic absorption spectroscopy (AAS) (Shimadzu AA-7000). The residual Cr concentration 

was determined by double beam UV-Vis spectrophotometer at 350 nm. Standard errors were 

calculated using standard deviations for three replicates. The amount of adsorbate adsorbed per 

unit mass of biochar at equilibrium, Qe (mg g-1) was obtained from Qe =
(Ci−Ce)V

W
  and used for 

adsorption isotherm analysis.  Here Ci and Ce denote the initial and equilibrium concentration of 
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adsorbate in mg L-1, V is the volume of adsorbate solution in mL and W is the weight of biochar 

in g.  

Three adsorption and desorption cycles after adsorption of Cr(VI), Pb(II) and Cd(II) on to 

both KOHBC and DFBC were carried out. Initial adsorbate concentrations for Cr(VI), Pb(II) and 

Cd(II) were 100 mg L-1 at pH 2, 5 and 6 respectively.  DFBC and KOHBC (0.20 g of each) were 

separately added to 200 mL of each adsorbate solution in a plastic bottle at 25 ℃. They were 

shaken 1 h until reaching equilibrium. After sorption experiments were carried out, the residual 

biochar was washed several times with deionized water. Then desorption experiments were carried 

out using 0.1M HCl for Pb(II), Cd(II) and 0.1 M NaOH for Cr(VI) as stripping solvents.  

2.3.4 Sorption analysis for Cr(VI), Pb(II) and Cd(II) spiked into natural and waste 

water samples 

Removal of Cr(VI), Pb(II) and Cd(II) by DFBC and KOHBC was determined from 

authentic natural environment water samples and chemical laboratory waste water samples. 

Sanderson lake (Starkville, MS) water samples (pH 8.8) were filtered through Whatman filter 

paper (No. 1) to remove solid debris prior to the analysis. Cr(VI), Pb(II) 100 ppm of each and 

Cd(II) 20 ppm were spiked into these samples (25 mL) at room temperature. Experiments were 

conducted at the initial lake water pH of 8.8 and also at selected pH values of 2 for Cr(VI), 5 for 

Pb(II) and 6 for Cd(II). DFBC or KOHBC (25 mg) were individually equilibrated with water 

samples (25 mL) in plastic vials (50 mL) at a shaking speed of 200 rpm for Cr(VI) 2h, Pb(II) and 

Cd(II) 1 h. Samples were filtered and the residual aqueous metal ion concentrations were measured 

by UV-Vis spectrometer for Cr(VI) and atomic absorption spectroscopy (AAS) for Pb(II) and 

Cd(II). Competitive sorption studies were carried out by spiking nitrate, fluoride, phosphate, 
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chromate, cadmium and lead (1ppm of each in the final solution) into lake water samples adjusted 

to the above mentioned pH for Cr(VI), Pb(II) and Cd(II). These experiments were repeated with 

waste water containing traces of heavy metals and inorganics, collected from Mississippi State 

chemical laboratory. Pre-determined Cr(VI), Pb(II) and Cd(II) waste water concentrations of 10, 

5 and 3 mg/L, respectively, were employed. Control experiments on DFBC and KOHBC were run 

in deionized water as the solvent. All experiments were performed in triplicate.  

2.4 Results and Discussion 

2.4.1 Characterization of DFBC and KOHBC 

Brunauer-Emmett-Teller (BET) adsorption-desorption isotherms confirmed that chemical 

activation of DFBC by KOH at 700 0C significantly increased the surface area from 535 m2/g in 

DFBC to 1050 m2/g in KOHBC. Total pore volume rose from 0.249 to 0.672 cm3/g and average 

pore diameters from 18.6 to 25.6 Å (Table 2.1). Activation proceeds by collapsing the carbon 

network through the transformation of KOH to K2CO3. The gaseous CO, CO2, H2O and H2 species 

generated during activation exit the solid generating enlarged pore diameters, while an in-situ 

generated metallic K diffuses into the internal structure. KOH activation reactions are summarized 

by eq. 2.1- 2.4 given below.34 Fig. 2.1. displays the DFBC and KOHBC surface morphologies. 

Upon activation of DFBC with KOH, the two morphologies showed no obvious changes despite 

the large mass loss ~60%. DFBC maintained its macroporous morphology, and its increase in pore 

diameter indicates that most of the mass loss from DFBC occurs from internal carbon loss as new 

micropores and ultra micropores form and existing pore diameters are enlarged or lengths 
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extended. The remarkable ~60% drop in overall weight and carbon wt.% and the large increase in 

ash wt.% confirms carbon loss upon activation (Table 2.1).  



 
 

34 

 

 

Figure 2.1 SEM images of (a) DFBC (b) KOHBC and TEM-EDX elemental mapping images on KOHBC after adsorption of (c) 
Cr, (d) Pb and (e) Cd 

SEM and TEM images were obtained at the Institute of Imaging and Analytical Technologies (I2AT), Mississippi State University. 
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The large increase in oxygen wt.% (Table 2.1) verifies that activated KOHBC has more 

oxygenated functional groups within its carbonaceous regions than DFBC per g, even when the 

KOHBC ash content also contains more oxygen than in DFBC. The ash content of DFBC comes 

from the oxides and carbonates of calcium, magnesium and potassium in the biomass.35 The higher 

ash content (16.90%) of KOHBC is due to the oxides and carbonates of potassium. Chemical 

activation using KOH, H3PO4 or ZnCl2 separately is more pronounced verses air, steam or CO2 

activation (eq. 2.5-2.7).21,36 Lower activation temperatures are required for the former and the 

activation process is faster.37 The chemical activation employed greatly influences  the surface 

area, pore volume and pore structure of the biochar.  

The original 900-1000 ℃ pyrolysis used to generate DFBC converted the organic 

substances into a more carbon rich high surface area (535 m2/g) char feed for the KOH activation 

process. This pre-carbonization to form DFBC under nitrogen before activating with KOH also 

modified the pore size distribution. DFBC’s morphology allowed KOH to easily contact 

substantial regions of DFBC before heating to 700 ℃ in the activation step. This KOH activation 

decreased the amount of carbon in the char. Potassium ions intercalated into the char during heating 

at 700 ℃, widening existing pores and creating new pores. The 60% wt. loss during DFBC 

conversion into KOHBC occurs due to the carbon liberation as the micropores expanded into 

mesopores. The pore volume increase is due to widening of existing micropores into mesopores 

and generation of new micropores and ultra micropores. KOH chemically etches this dense carbon 

network to produce mesopores via equations 2.1-2.4. The decomposition rate becomes faster at 

high temperature, promoting the pore size increase.38 Mass loss occurs via formation of CO2, CO, 
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H2O, and H2. K2CO3 is also formed and left in the pores. Formation of metallic K and K2CO3 

during the activation process acts to template macropores.37,39 

 

C + 2KOH → 2K + H2 + CO2  (2.1) 

 

C + 2KOH → 2K + H2O + CO (2.2) 

 

CO2 + 2KOH → K2CO3 + H2O (2.3) 

 

K2CO3 + 2C → 2K + 3CO (2.4) 

 

C + H2O → CO + H2  (2.5) 

 
CO + H2O → CO2 + H2  

(2.6) 

 

C + CO2 → 2CO (2.7) 
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Table 2.1 Elemental composition and surface morphology parameters of DFBC and 
KOHBCa 

Elemental content/ wt.% SBET
c
 

(m2/g) 
VT

c
 

(cm3/g) 
Sc 

(A0)  C H N Ob H/C O/C (O+N)/C Ash 

DFBC 80.36 2.00 0.97 13.78 0.02     0.17 0.18 2.89 535 0.249 18.6 

KOHBC 52.21 2.63 0.28 27.98 0.05    0.53 0.54 16.90 1050 0.672 25.6 
aC, H and N wt.% were obtained by combustion analysis using an elemental analyzer (EAI CE-
440) 
b The organic oxygen content was calculated by subtracting the wt.% of C, H, N and ash from the 

total wt.% (100 %) and doesn’t include the O present as metal oxides in the ash. cSBET stands for 
BET specific surface area; VT for total pore volume; S for pore size of biochar prepared. 
 
 

DFBC elemental analysis exhibits lower  H/C and O/C mole ratios and polarity index 

(O+N)/C (Table 2.1) compared to biochars prepared at lower pyrolysis temperatures.40,41 DFBC 

formation occurred at 900-1000 ℃ consistent with its low H/C ratio, which indicates it has a highly 

condensed aromatic system. This pyrolysis temperature induces more surface functional group 

cleavage and more complete destruction of aliphatic carbon regions, reforming the biochar into a 

more aromatic graphite-like structure. Therefore, the DFBC surface is less hydrophilic and more 

non-polar than many biochars. Upon KOH activation to generate KOHBC, a three-fold increase 

in H/C, O/C and polarity index (O+N)/C ratio occurred due to an increase in oxygenated functional 

group abundance compared to that of DFBC (Table 2.1). This increased surface oxidative 

functionalization is reflected in the XPS spectra. 

2.4.2 Thermogravimetric analysis (TGA) of biochar 

TGA of DFBC and KOHBC at 10 ºC/min heating rate under air (Fig. 2.2(a).) showed two 

distinct weight loss regions. Minor weight loss at 40–90 0C, due to moisture removal. This was 

followed by a significant weight loss from 470-600 ºC, with a maximum weight loss rate at 550 

ºC. Significant changes in surface functional groups begin to appear at about 400 ºC. The highest 



 
 

38 

 

rate of weight change at around 550 0C is due to the oxidative degradation of the carbon skeleton. 

KOHBC gives a lower mass loss at 600 ºC than DFBC as more thermally stable solid formation 

occurs. KOHBC had ~30% wt. residue left compared to only ~3% for DFBC. This is due to the 

high ash content in KOHBC and formation of K2CO3 during chemical activation. K2CO3 

decomposes at about 1300 ºC, well beyond the TGA temperature limit employed. TG analysis 

under nitrogen was conducted for DFBC and KOHBC (Fig. A.1) DFBC exhibited ~80% wt. loss 

at 1000 ºC, while KOHBC showed a higher thermal stability with a weight loss of only about 10% 

at 1000 ℃. A reference sample of K2CO3 heated to 1000 ℃ exhibited almost no mass loss except 

a small loss of moisture (Fig. A.1). Thus, the K2CO3 formed in KOHBC during KOH activation 

does not thermally degrade up to 1000 ℃ while the carbonaceous portion of KOHBC has about 

the same stability as that of DFBC. The amount of residue is greater above 650 ℃ in KOHBC due 

to its greater, mostly K2CO3, ash content. 
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Figure 2.2 TGA and DTG curves for (a) DFBC, (b) KOHBC at a 10 ºC/min heating rate in air, 
PZC measurement for (c) DFBC, (d) KOHBC, Effect of solution pH on adsorption 
of Cr(VI), Pb(II) and Cd(II) onto DFBC and KOHBC (d) Cr(VI) 50 mg/L, (e) Pb(II) 
300 mg/L and (f) Cd(II) 100 mg/L.  

25 mL of aqueous analyte solution at 25 ℃ with 25 mg of adsorbent doses used for each. 

2.4.3 Point of zero charge measurement 

The point of zero charge (PZC) is the solution pH where surface net electrical charge is 

zero. PZC is 9.6 for DFBC and 7.2 for KOHBC (Fig. 2.2(b),(c)). DFBC’s higher PZC indicates 

that basic groups dominate on its surface and is consistent with its higher pyrolysis temperature 

leading to a higher PZC. In a solution pH below 9.6 the DFBC surface is net positively charged 

helping attract anionic sorbents. At a solution pH above 9.6, DFBC’s surface has a net negative 

charge, facilitating metal cation sorption. KOHBC’s PZC is 7.2, suggesting both toxic metal anions 

and cations would not be repelled at slightly acidic or basic pH values.  
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2.4.4 Effect of solution pH on Cr(VI), Pb(II) and Cd(II) sorption 

The adsorption of Cr(VI), Pb(II) and Cd(II) ions was highly pH dependent (Fig. 2.2) as 

expected. Cr(V1) is present in solution as oxyanions. Hydrogen chromate (HCrO4
−) predominates 

in a solution at pH 1-6 and chromate (CrO4
2−) at pH > 6. Cr(VI) is only adsorbed on  DFBC or 

KOHBC surfaces at pH < 4 due to negatively charged adsorbent surfaces repelling (HCrO4
−) and 

(CrO4
2−) anions. Between pH 4 and 11 neither adsorbent removes Cr(VI). Cr(VI) is readily 

adsorbed on both biochars at pH 1.0-2.5 but uptake falls significantly at pH 3 (Fig. 2.4a). At pH < 

1, Cr(V1) is present as chromic acid (H2CrO4). At high concentrations (>1 g/L), HCrO4
−dimerizes 

to form dichromate (Cr2O7
2-

).42 Batch sorption studies were not performed at pH < 1. The highest 

Cr(VI) removal capacity (98%) by KOHBC was observed at pH 2.0 and 2.5 compared to 52%  and 

65% removal from DFBC. Thus, a pH of 2 was selected for all subsequent Cr(V1) adsorption 

experiments. UV absorption spectra for Cr(VI) remaining in solutions with DFBC and KOHBC 

shown in (Fig. A.2). 

Pb(II) and Cd(II) sorption on both DFBC and KOHBC rose continuously as solution pH 

increased. This rise occurred at pH 2 to 6 for Pb(II)  and 2 to 7 for Cd(II) (Fig. 2(e) and (f)). Pb(II) 

and Cd(II) exist as free hydrated ions between pH 2-5. Upon a further pH rise, Pb and Cd ions can 

begin to precipitate as hydroxides. Pb(OH)2 (Ksp = 5.00×10 -16 at  298 K) starts precipitation at 

pH 5.5 and Cd(OH)2 (Ksp = 4.00×10 -15 at 298 K) begins to slowly  precipitate at pH 6.5. The 

predominant  Pb(II) species in aqueous medium are Pb(II) ions at pH<6, Pb(OH)+ and Pb(OH)2 at 

pH = 6–12 and Pb(OH)2
−4 at pH>12.43 Thus, Pb(II) and Cd(II) adsorption can’t be specifically 

studied above pH 6 and 7, respectively, without competiting precipitation. In all cases, KOHBC 

exhibited higher sorption capacities than DFBC. DFBC and KOHBC are both net positively 
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charged in the pH ranges that sorption was studied (2-6 for Pb(II) and 2-7 for Cd(II)) where 

electrostatic repulsion exists towards Pb(II) and Cd(II). Thus, Pb(II) and Cd(II) adsorption is due 

to a complexation  mechanism to surface groups. This overcomes the decreasing electrostatic 

repulsions as solution pH rises. The amount of lead and cadmium removal was substantially  greater 

than that of Cr(VI) above pH 3. At low pH, from 2 to 3, Pb(II) and Cd(II) uptake is very low.  

2.4.5 X-ray photoelectron spectroscopy (XPS) characterization 

XPS analysis of DFBC, KOHBC and KOHBC with adsorbed Cr(VI), Pb(II) or Cd(II) was 

carried out to achieve a more surface-specific quantitative analysis of atomic ratios, adsorbent 

surface functions, and the oxidation states of the adsorbed metal. HR-XPS of DFBC and KOHBC 

gave surface region atomic percentages of C (92.7, 49.8) and O (7.2, 38.6) (Table A.1, A.2), 

respectively, illustrating that KOH activation generated far more oxygen-containing surface 

functions. After Cr(VI), Pb(II) and Cd(II) uptake at solution pH values of 2, 5, and 6 respectively, 

the metal ion surface atomic percentages for KOHBC determined by HR-XPS were 1.82 % Cr(VI), 

0.36 % Pb(II), and 0.24 % Cd(II).  

The C1s peak of DFBC before adsorption was deconvoluted into four peaks corresponding 

to well defined carbon oxidation state binding energies (BE). These appeared at 284.57, 285.60,  

286.57 and 288.14 eV due to C-H/C=C, C-O-C/C-OH, C=O and HO-C=O/ C-O-C=O respectively 

(Fig. 2.3(a)).These peak assignments are in agreement with the literature.44,45,46 The deconvoluted 

C 1s peaks for KOHBC had a greater contribution from higher binding energy peaks. This agrees 

with KOHBC having a greater fraction of oxidized surface region carbons and with the XPS-
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determined carbon and oxygen atomic percentages of 92.7 and 7.2 for DFBC vs. 49.8 and 38.6 

after KOH activation for KOHBC. 

 

 

Figure 2.3 Deconvoluted C1s HR-XPS spectra of (a) DFBC and (b) KOHBC, Deconvoluted 
O1s HR-XPS spectra of (c) DFBC and (d) KOHBC and deconvoluted HR-XPS 
spectra of (e) Cr(VI), (f) Pb(II) and (g) Cd(II) loaded on KOHBC  

 

Deconvolution of O1s peaks for DFBC and KOHBC resulted five peaks for both 

adsorbents. DFBC exhibited a dominant peak at 532.15 eV assigned to R3C-O and other peaks at 

530.81 eV, 533.19 eV, 533.95 eV and 535.33 eV (Fig. 2.3). attributed to aromatic C=O, C-OH, 
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C=O/O- C=O/CO3
2-

, and chemisorbed water molecules respectively.47 These same five peaks were 

observed for KOHBC at deconvoluted energies of 531.15, 531.75, 532.37, 533.02 and 533.72 eV. 

The absolute atomic oxygen percentages (given by the counts/s) confirm that every O1s peak in 

KOHBC is present in greater abundance than that of DFBC. KOH activation greatly enhanced the 

amount of surface oxygen-containing functions.  

2.4.6 Sorption of Cr(VI) onto KOHBC 

TEM EDX elemental mapping images obtained for Cr-loaded KOHBC confirm Cr 

adsorption occurred as well as the presence of C and O (Fig.2.1(c)). TEM-EDX elemental mapping 

on DFBC and KOHBC before adsorption of Cr, Pb or Cd are shown in supporting information 

(Fig. A.3) along with the EDX elemental compositions (by wt.%) after Cr, Pb or Cd adsorption 

(Fig.S4). HR-XPS Cr 2p, Pb 4f and Cd 3d spectra also probed heavy metal adsorption onto the 

KOHBC (Fig. 2.3(e-g)). Chromium adsorption was confirmed by the Cr 2p doublets observed 

(Fig. 2.3(e)). The survey spectrum used to identify the elements present on the biochar is shown 

in supporting information (Fig. A.5). 

The high resolution XPS Cr 2p energy level spectrum of KOHBC consists of two broad 

experimental peaks, one for Cr 2p3/2 and one for Cr 2p1/2 at binding energies centered at 577.68 

eV and 587.38 eV, respectively (Fig. 3(e)). Deconvolution of the Cr 2p3/2 peak produced peaks at 

binding energies of 576.76, 577.94 and 579.63 eV, the first of which is characteristic of Cr(III) 

and the last for Cr(VI), respectively. Cr(III) is assigned based on the known binding energies of 

Cr2O3 (576.76 eV), Cr(OH)3 (577.94 eV), and sorbed Cr(VI) is assigned based on CrO3 and HCrO4
− 

(579.63 eV), coexisting on the surface. These binding energies are  in good agreement with 
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previous assignments.48,49,50 The Cr(VI) to Cr(III) ratio on the KOHBC adsorbent surface, based 

on peak area ratios, was 10/3. Cr(VI) to Cr(III) reduction occurs as Cr(VI) oxidation of  organic 

functional groups occurs during adsorption.47  

The high resolution C 1s and O 1s peak BEs on KOHBC shifted to higher BEs and atomic 

percentages after Cr(VI) adsorption. The observation of larger atomic percentages of oxidized 

carbon and more oxygen establishes that Cr(VI) adsorption occurs with further KOHBC surface 

oxidation. C 1s peaks of KOHBC at BEs and atomic percentages of (284.08 eV, 32.2%), (C -C, C-

H) and (285.11 eV, 11.6%), (C-OH, C-O-C) shifted to (284.79, 43.4%), (285.85 eV, 16.7%), 

respectively, after Cr(VI) uptake. O 1s BEs and atomic percentages on KOHBC at (532.37 eV, 

8.7%), (C-OH) has shifted to (532.53 eV, 4.6%) upon chemisorption of Cr(VI) onto the biochar 

surface. O1s peak at (533.02 eV, 7.6%), (C=O/O-C=O) has shifted to a higher BE and a higher 

atomic percentage of (533.41 eV, 9.6%) upon the reduction of Cr(VI) in to Cr(III). The presence 

of Cr(III) and Cr(VI) as HCrO4
− on the KOHBC surface was also confirmed by the deconvolution 

of the Cr 2p1/2 peak at 587.38 eV. This produced peaks at BEs of 586.28 and 588.78 eV, which 

matched the reported Cr 2p1/2 values of Cr(III) in Cr2O3 and Cr(VI) in HCrO4
−.51,52 Cr 2p3/2 and 

Cr 2p1/2 HR-XPS spectra definitively proved that Cr(VI) adsorbed on KOHBC along with some 

less toxic Cr(III) which was formed by Cr(VI) reduction.44,53,54 After Cr(VI) uptake, the O 1s peak 

appearing at 530.96 eV was confirmed as (Cr-O), previously identified as chromium oxide 

(Cr2O3).55,56  

Cr(VI) adsorption by biochars at pH 2.0 can be interpreted to occur by two main 

mechanisms.57 (I) Direct electrostatic attractions occur between positively charged biochar surface 

sites and negatively charged chromium oxyanions. Surface protonated hydroxyl groups (-O+H2) 
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then chemisorb to Cr(VI), displacing water, resulting in surface C-OCrO3H- or C-OCrO3
2- 

functions (eg Cr(VI)). (II) Reduction of Cr(VI) to Cr(III) occurs by oxidation of biochar surface 

groups at carbon via water-mediated transfer of H+. These two processes are represented in Scheme 

2.1(a) and (b), respectively. Formation of Cr(III) species probably occurs at the surface (not in the 

solution) during reduction of biochar oxygen-containing functional groups,53,58 

Spectrophotometric studies were performed on the equilibrated filtrate after adsorption for 

the detection and quantification of Cr(III) indirectly using 1,5-diphenylcarbazide (DPC) as a 

complexing and color developing reagent for Cr(VI) formed once Cr(III) has been completely 

oxidized to Cr(VI) using KMnO4.59 This confirmed the formation of Cr(III) occurred upon Cr(VI) 

sorption onto KOHBC (Fig. A.6). The adsorption capacity calculated for 100 mg/L of Cr(VI) 

solution was 63 mg/g. After oxidizing the filtrate with KMnO4, the calculated capacity was 66 

mg/g. According to these results, the amount of Cr(III) oxidized was around 3 mg/g. Thus ~5% of 

the Cr(VI) adsorbed was converted to Cr(III). Since this reduction probably occurs at the surface,  

the amount of Cr(III) detected in the filtrate was very low. Furthermore, no Cr(II) was ever detected 

in solution by UV at 245, 290 nm.60,61  

At pH 2.0, KOHBC could interact with HCrO4
− as shown in Scheme 2.1(a) depicting a 

simple electrostatic interaction of a protonated surface oxygen on KOHBC with HCrO4
−. 

Protonated KOHBC transfers a proton to HCrO4
− and then the surface hydroxyl group initiates a 

nucleophilic attack on Cr(VI) to form a chemisorbed product. This is followed by loss of  water 

from Cr(VI).The reduction of Cr(VI) to Cr(III) shown in (Scheme 2.1(b)) is well known 

mechanistically in solution and is expected to proceed similarly on biochar surfaces. First Cr(VI) 

is reduced to Cr(IV) as shown in Scheme 2.1(b). However, the formation of Cr(III) cannot occur 
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directly from Cr(VI) by a three electron reduction. Most likely this occurs by disproportionation 

reactions between two Cr(IV) species to Cr(III) and Cr(V) or possibly other reactions between Cr 

species. It was not possible to probe these possibilities on biochar surfaces. Homogeneous 

reactions between Cr(VI) and organic substrate hydroxyl groups in acidic media begin with the 

formation of chromate intermediates.62 Kinetic analysis and spectroscopy data have found 

chromate intermediates break apart to give very reactive Cr(IV) and Cr(V) species in different 

pathways prior reduction to Cr(III) in oxygenated media.62 
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Scheme 2.2 Schematic representation of the reaction mechanism involved in (a) chemisorption 
of Cr(VI) onto biochar (b) reduction of Cr(VI) into Cr(IV) on model biochar surface 
and illustration of different types of adsorbed Pb(II) and Cd(II) species which could 
form on KOHBC during adsorption 
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Homogeneous reduction of Cr(VI) into Cr(III) is well known, but the mechanism of Cr(VI) 

reduction on solid char surfaces is not established. Several authors have demonstrated the 

reduction of Cr(VI) on magnetite and ilmenite through a direct heterogeneous electron exchange 

between structural Fe atoms and aqueous transition metals at the oxide/solution interf ace.63 

Reduction studies of Cr(VI) on multiwalled carbon nanotubes (MWCNT)64 and sulfonated 

magnetic graphene oxide65 suggest that HCrO4
− ions are immobilized first onto -OH, -COOH 

surface sites on the adsorbent and subsequently  reduced to Cr(III) on the surface.  Biochar hydroxyl 

groups and π-electron rich regions on the solid adsorbent can act as electron-donors to the metal 

center. Model biochar oxygen functionalities can be monodentate or bidentate ligands as in 

Scheme 2.1. 

Biochar surfaces are generally occupied by alcohols, phenols and polyphenol groups which 

could be oxidized to carbonyl and quinoid moieties by strong oxidizing hexava lent chromium in 

acidic media. Thermodynamic feasibility of this redox process is mainly determined by the redox 

potential of biochar functional groups and the redox potential, E(HCrO4−/Cr3+), of the (Cr6+/Cr3+)   

system which is determined by the solution pH. For a favorable surface functional group oxidation, 

the (Cr6+/Cr3+)  redox potential should be more positive than that of biochar. The redox potentials 

of biochar’s many functional groups are specifically unknown but the redox potential 

of  E(HCrO4−/Cr3+) at a given pH is determined using the Nernst equation  E(HCrO4−/Cr3+) =

 E(HCrO4−/Cr3+)
ϴ + 

0.059

3
 log

[HCrO4
−]

[Cr3+]
−7

0.059

3
pH. At higher (Cr6+/Cr3+) ratios, and lower pH 

values, the E(HCrO4−/Cr3+) system has a higher redox potential and a stronger ability to oxidize 

biochar. Therefore, biochar oxidation is increasingly favored at progressively lower pH. The pH 



 
 

49 

 

has the dominant role in determining the HCrO4
−/Cr3+ redox potential for biomass oxidation, not 

the (Cr6+/Cr3+) ratio.66,67         

2.4.7 Sorption of Pb(II) and Cd(II) onto KOHBC 

The TEM-EDX elemental mapping of KOHBC after Pb(II) adsorption (Fig. A.4) gives the 

elemental surface abundances by wt.% of C (78.7%), Pb (16.4%) and O (4.8%). The high 

resolution Pb 4f XPS spectrum (Fig. 2.3(f)) of KOHBC after Pb(II) uptake exhibited a doublet due 

to the spin orbital splitting of the 4f levels into 4f 7/2 and 4f5/2 contributions. This resulted in binding 

energies of 138.94 and 143.77 eV, respectively. Deconvolution resolved the Pb 4f 7/2 energy level 

at 138.94 eV into peak at 138.79 eV, which matches the Pb(II) eV value for PbO.68,69 Above pH 

5.5, uptake of Pb2+ increased because some Pb(OH)2 precipitates. Therefore, the optimum pH for 

studying Pb(II) sorption of Pb2+ was restricted to 5. 

 TEM-EDX elemental mapping of KOHBC after Cd(II) sorption (Fig. A.4) gives a surface 

elemental analysis atomic wt.% of C (87.1%), O (8.6%) and Cd (4.2%). Cd adsorption onto 

KOHBC was analyzed by its high resolution Cd 3d XPS spectrum (Fig. 2.3(g)). A Cd 3d doublet 

due to spin orbit coupling occurred at 405.97 eV(3d5/2) and 412.75 eV(3d3/2) binding energies. 

These are close to those reported for the Cd(II) oxidation in the model compounds Cd(OH)2
70 and  

CdO,71 respectively. The pH values at which the sorption of Pb (5.0) and Cd (6.0) were carried out 

are both below the PZC of KOHBC (7.2). Thus, sorption occurred despite net electrostatic 

repulsions of Cd(II) with the KOHBC surface that is net positively charged at pH 6. Surface 

hydroxyl and keto functions are present (-COOH, -OH, >C=O) which generate complexes with 

Cd(II). Ash content from combustion analysis (16.9 wt.%) indicates substantial K+ and Ca2+ ions 
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are present in basic inorganic phases and organic functions which can be exchanged for Pb2+ and 

Cd2+. Therefore, ion exchange plays a role in Cd(II) and Pb(II) removal. Recent literature revealed 

ion exchange accounts for around 40%  of Cd(II), Pb(II), Cu(II) and Ni(II) uptake on biochars, as 

quantified by the amount of K+ and Ca2+ released.72,73 The ion exchange onto KOHBC is more 

pronounced with K+ ions which is the major metal cation present after KOH activation. K+ cannot 

be tightly held by surface oxygen functionalities and is more easily exchanged. Bis-carboxylate 

chelates, (RCO2)2M of Ca(II), Cd(II) and Pb(II) are readily formed with their water solubilities 

greatly decreasing in this order. Thus Pb(II) is strongly adsorbed by carboxylic acid -rich surfaces 

via carboxylate complexation. However, most K+ had already been removed from KOHBC after 

the activation step during neutralization with HCl followed by washing with water.  

KOHBC did not release significant amounts of contaminants into aqueous solution. In 

preliminary experiments on solutions equilibrated with solid KOHBC, AAS measurements 

confirmed that no toxic metal ions (Cr(VI), Pb(II), Cd(II)) were detected as leaching from the 

biochar. Trace amounts of nontoxic organic compounds, and Ca(II), Mg(II), and K(I) ions initially 

present in the biochar could leach into aqueous solutions over time. 

Furthermore, the 700 ℃ pyrolysis during activation would destroy most -COOH functions. 

Therefore, exchange of K+ ions by ion exchange for Pb(II) and Cd(II) sorption is reduced in this 

study. Positively charged Ca(II) and Mg(II), coordinated to biochar surface functionalities that 

survived acid washing could contribute to exchange with Pb(II) and Cd(II) ions (Scheme 2.1). The 

higher polynuclear aromatic character of KOHBC and DFBC that was produced at high 

temperature has π-electron donors sites, known to sorb heavy metal cations (Scheme 2.1).74 This 

is increased when electron-donating phenolic hydroxyl groups or ether oxygens are aromatic ring 
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substituents in these regions. Depending on the availability of favorable steric conditions, the 

adjacent carboxylic groups could form stable dicarboxylate complexes with Cd(II) or Pb(II) 

(complex d in Scheme 1). Pb(II) ions have a lower water hydration free energy (1425 kJ mol-1) 

than that of Cd(II) (1755 kJ mol-1)75 despite the small difference in their ionic radii (Pb(II) 0.119 

nm versus Cd(II) 0.095 nm). This could thermodynamically favor removal of Pb(II) from water 

by KOHBC versus Cd(II).  

2.4.8 Adsorption kinetics 

Fast adsorption rates are valuable to permit adsorption columns to operate at high flow 

rates. Batch removal rates of aqueous Pb(II), Cd(II), and Cr(VI) by KOHBC are depicted in Fig. 

A.7. Fast adsorption of all three adsorbates occurred on KOHBC and DFBC within 1 h except for 

Cd(II) adsorption on DFBC which proceeded somewhat more slowly. High adsorption rates in the 

first 1h suggests easy availability of sufficient surface adsorption sites. Pb and Cd have nearly the 

same magnitude of electric charge but Pb(II) adsorbed nearly five times faster than Cd(II). The 

lower Pb(II) enthalpy of hydration enhanced its chemisorption rate verses that of Cd(II). Pb(II)’s  

larger ionic radius lowers surface charge density, lowering its free energy of hydration to below 

that of Cd(II). Therefore, Pb(II) ions are released more easily than Cd(II) ions from their hydration 

spheres for complexation with biochar functional groups. These factors if operating in the 

transition states for complexation, could contribute to faster Pb(II) adsorption onto KOHBC. The 

amount of Cr(VI) adsorbed  increased with increasing contact time and reached equilibrium after 

2h. The Pseudo-second-order kinetic model (eq. 2.8 and 2.9) best fit the experimental data for 
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Cr(VI), Pb(II) and Cd(II) adsorption, with linear regression coefficients (R2) closer to unity for 

both DFBC and KOHBC than those of the pseudo first order kinetic model (Table A.2). 

 

dqt
dt
= k2(qe − qt)

2 (2.8) 

 

t

qt
= 
t

qe
+ 

1

k2qe
2 (2.9) 

 

2.4.9 Adsorption isotherm studies 

Langmuir76 and Freundlich77 isotherm models for Cr(VI), Pb(II), and Cd(II) were fitted 

using experimental equilibrium data obtained at 298, 308, and 318 K on both KOHBC (Fig. A.8) 

and DFBC (Fig. A.9 and A.10). Cr(VI) batch sorption studies employed concentrations from 10 

to 300 ppm and 120 min equilibration periods, while 10-1000 ppm of Pb(II), Cd(II) were 

equilibrated for 60 min. The Langmuir model (eq. 2.10) assumes a monolayer formation at a finite 

number of surface adsorption sites and no interaction among adsorbed entities.76  

 
Ce

Qe
= 

1

Qmb
+
Ce

Qm
 qe =

Q0bCe

1+bCe
 

(2.10) 

Here Ce (mg L-1) is the equilibrium concentration and Qe denotes the amount adsorbed (mg 

g-1) at the equilibrium concentration. Qm is the maximum amount adsorbed (mg g-1). The Langmuir 

constant, b, is related to net adsorption enthalpy and the affinity of binding sites. The linear 

Freundlich model equation (eq. 2.11) assumes the surface has binding sites of varying affinities 

and multilayer surface coverage can occur, where kf and n are the adsorption capacity constant and 

adsorption intensity, respectively.  
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ln Qe = ln kf+ 
1

n
ln Ce qe = KfCe

1/n
 

(2.11) 

All isotherm data were fitted to Langmuir and Freundlich models by nonlinear regression 

using Origin Pro 2019 software. All analytes had a greater adsorption capacity on KOHBC than 

DFBC due to the higher surface concentration of oxygen containing groups and greater surface 

area of KOHBC. 

Langmuir and Freundlich adsorption isotherm parameters are tabulated in Table 2.3. Cr 

(VI) exhibits the highest Langmuir adsorption capacities of 127.2 and 33.5 mgg-1 at 318 K on 

KOHBC and DFBC, respectively. Adsorption data for Cr(VI) fitted better using the  Freundlich 

isotherm model on DFBC and KOHBC at 308 and 318K with  linear regression coefficients, R2 

greater than 0.99. The Cr(VI) capacity on DFBC and KOHBC increases with temperature, showing 

adsorption is endothermic. The Langmuir adsorption capacity for Cr (VI) increases with 

temperature and is significantly higher on KOHBC than on DFBC. Pb(II) and Cd (II) adsorption 

onto both DFBC and KOHBC fitted well with the Langmuir isotherm with higher capacities and 

regression coefficients. Both Pb(II) and Cd(II) adsorption capacities are higher on KOHBC than 

DFBC. 

2.4.10 Desorption and recovery studies 

Chromium adsorption highly depends on the  pH of the medium and Cr(VI) is hard to 

desorb with acidic reagents. Cr(VI) sorption/desorption results on KOHBC are shown in (Fig.2. 

4(a)) and on DFBC are in (Fig. A.11). When stripped with 0.1M HCl, no desorption was observed. 

Lack of dilute HCl stripping of Cr(VI) has been reported previously,58,78,79 so desorption from 

KOHBC was carried out using 0.1M NaOH (Fig. 2.4(a)). The Cr(VI) adsorption capacity at pH 2 
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was higher (60 and 25 mg/g) in the first cycle on both KOHBC and DFBC, respectively. Then it 

dropped in the second cycle after stripping with 0.1M NaOH to 46 mg/g with KOHBC and 17 

mg/g with DFBC. Then, in the cycle 3 amount adsorbed remained almost constant 45 mg/g for 

KOHBC and 15 mg/g for DFBC. Amount of Cr(VI) desorbed with 0.1M NaOH was far less than 

the amount adsorbed in each cycle but the amount of uptake was almost constant in each successive 

cycle after the first. Strong chemisorption of Cr(VI) occurs onto the biochar surface. Each Cr(VI) 

adsorption cycle causes some surface oxidation of the char which is accompanied by some Cr(III) 

deposition. Overall, poor desorption of the adsorbed chromium occurs in consecutive recycles. As 

illustrated in Fig. 2.4(a), only 48.5 mg/g of chromium is desorbed over all three cycles verses the 

total of 151 mg/g that was adsorbed in these three cycles. After three cycles, a total of 102.5 mg/g 

of chromium remain bound to KOHBC. This suggests certain surface sites were able to release 

adsorbed Cr(VI) and these sites were not changed so they could readsorb Cr(VI) in the nex t cycle. 

Other sites did not release chromium. In each cycle further site oxidation always occurs and  some 

Cr(III) is deposited. Some sites adsorbed Cr(VI) and then never release it. Oxidized sites don’t 

behave the same during adsorption or desorption as they did previously or after Cr(III) had been 

bound.  

After 100 mg/g of Pb(II) had been adsorbed during the first cycle onto KOHBC at pH 5, 

Pb(II) stripping with 0.1M HCl removed almost all of that lead. However, adsorption during the 

second and third cycles, then decreased to 52 mg/g and 49 mg/g, respectively. DFBC followed a 

similar adsorption and desorption pattern for Pb(II) (Fig. A.11). About 51 mg/g of Pb(II) adsorbed 

on DFBC in first cycle. This amount sharply dropped to (25 and 21 mg/g) in the second and third 

cycles. The reason for this drop in Pb(II) uptake after the first cycle may be due to some chemical 
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changes in certain adsorption sites so that they no longer bind Pb(II) after the Pb(II) originally 

sorbed there had been stripped. Other sites can repeatedly adsorb Pb(II). This cause has not been 

elucidated. Since stripping of Pb(II) with 0.1M HCl is effective and subsequent adsorption 

(although at a lower capacity) is easy, KOHBC is a potential candidate for treating Pb(II) 

contaminated water. 

 Cd(II) exhibited a similar adsorption pattern to that of Pb(II) during its second and third 

cycles on KOHBC (Fig. 2.4(c)) and on DFBC (Fig. A.10). Nearly a 50% uptake drop occurred 

between the first and second cycles and then the adsorbed amount stayed almost the same for the 

third cycle. However, unlike Pb(II) the amount of Cd(II) desorbed always significantly dropped to 

far less than the amount adsorbed per cycle in all three subsequent cycles. This pattern was 

observed on both KOHBC and DFBC. Thus, a large cumulative Cd(II) undesorbed  uptake had 

occurred after the three cycles shown in Fig. 2.4(c) (46 mg/g KOHBC). To see if this cadmium 

build up on KOHBC would continue to rise, Cd(II) adsorption/desorption on KOHBC at pH 6 was 

then expanded to six cycles (Fig. A.12 (a)). From cycle 2 through 6 the amount adsorbed trended 

steadily but slowly lower. However, each desorption cycle never removed as much cadmium as 

had been adsorbed in that cycle. After cycle 3, the fraction of the cadmium, which had adsorbed 

in that cycle then desorbed, was increased. After all 6 cycles, the total amount of Cd that remained 

undesorbed on the KOHBC was 69 mg/g. Obviously, KOHBC can accumulate a lot of cadmium. 

Acid treatment used in the desorption cycles can reactivate portions of the biochar surface partially 

but never to the point that the amount of Cd(II) taken up in the first cycle can be approached. 80,81,82 

The amount of Cd(II) desorbed using 0.1M HCl dropped in all consecutive cycles on both KOHBC 
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and DFBC. For some reason, 0.1M HCl cannot strip a significant fraction of the sorbed Cd(II) any 

of the six cycles, so further studies were initiated. 

 During adsorption, a portion of the Cd(II) might be reduced to Cd(0), perhaps by oxidation 

of p- and o-hydroquinone groups that might occur on the char to their quinone forms.83 If this 

Cd(0) was not extracted by HCl it might remain on KOHBC or DFBC. Cd(II) might also be 

hydrolyzed to Cd(OH)2 during stripping and this dehydrated to CdO on the char. To survive being 

stripped Cd(0) or CdO would need to be difficult to dissolve in 0.1M HCl and Cd(0) would need 

to be available by Cd(II) reduction. 

Ag(I) was reported to be reduced to Ag(0) on previously electrochemically oxidized carbon 

fibers where hydroquinone functions had been formed.83,84 Ag(I) to Ag(0) reduction is 

thermodynamically favored compared to reduction of Pb(II) and Cd(II) to their zero valent states 

based on their standard redox potentials. While the E⁰ (Ag+(aq)/Ag (s) = +0.80 V, reduction of 

Pb(II) and Cd(II) to their metallic forms under the same biochar chemical environment is far more 

difficult to accomplish as their redox potentials are -0.13 V and -0.40 V, respectively. But the 

reduction of Cr(VI) to Cr(III) is possible when considering standard redox potential of +1.35 V.85 

Furthermore, our XPS study provided no evidence for Pb(0) formation on KOHBC or DFBC (see 

HR-XPS Pb 3d spectra in Fig. 2.3) Pb(II) and Pb(0), when  present on the biochar can easily be 

distinguished by HR-XPS However, Cd(II) and Cd(0) cannot be distinguished since their Cd 3d 

peaks appear in the same region (Fig. 2.3).86 Since Pb(II) was not reduced to Pb(0) on KOHBC or 

DFBC, the reduction of Cd(II) to Cd(0) is improbable since E⁰ (Cd 2+(aq)/Cd (s) = -0.40 V. Only 

22.5 mg/g of the 35 mg/g Cd(II) adsorbed originally was desorbed in the first cycle. Thus 12.5 
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mg/g of adsorbed cadmium remained on biochar after this attempted 0.1M HCl desorption. By the 

sixth cycle (Fig. A.12 (a)) the unstripped amount had grown to 69 mg/g on KOHBC.  

The formation of CdO is accompanied in large favorable decrease in Gibbs free energy 

(∆fG⁰  = -228.4 kJ mol-1) when compared to that of PbO which has a free energy change of 

(∆fG⁰  = -187.89 kJ mol- 1)87 Therefore, CdO formation at the biochar surface is more favorable 

than the formation of PbO.  So this possibility was probed by trying to strip cadmium using a 

strong acidic oxidizing agent, aqua regia (12M HCl and 16M HNO3 in a 3:1 volume ratio) (Fig. 

A.12 (b)). After 35 mg/g of Cd adsorption in the first cycle on KOHBC, this sample was treated 

with aqua regia on the premise that it may convert CdO to soluble Cd(II) if the unstripped Cd was 

present in the form of CdO. The amount of Cd desorbed after digestion (30 mg/g) was greater than 

stripping with 0.1M HCl (23 mg/g). However, aqua regia still desorbed far less than the amount 

of (35 mg/g) Cd(II) originally adsorbed. Substantial Cd was still strongly held by the biochar. After 

one desorption cycle using 0.1M HCl as the solvent, the biochar was again stripped with aqua regia 

(8 mL, 2 h at 80 ℃) to determine if more Cd can be desorbed. The amount of Cd(II) desorbed (3 

mg/g) was not equal to the difference between the amount desorbed when using both aqua regia 

and HCl (7.5 mg/g). Since CdO is readily soluble in a variety of acids,88 it is unlikely that the 

undesorbed cadmium could possibly have been CdO.  

The low desorption of Cd(II) is known to occur in the presence of chloride ions, where 

Cd(II) forms complexes such as CdCl+, CdCl2, and CdCl3
−.89 The formation constants (log 10 K) for 

these complexes were reported to be 1.95, 2.50 and 2.35 respectively.90 A high tendency to form 

CdCl2 and  CdCl3
− likely exists  during the HCl desorption of cadmium adsorbed on KOHBC or 

DFBC. The readsorption of these complexes onto biochar would then hinder cadmium desorption. 
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These complexes may not be well desorbed with 0.1M HCl. Therefore, 6M and 12M HCl were 

employed to strip cadmium after the sixth absorption cycle (Fig. A.12 (a)). The total amount of 

Cd(II) stripped was only 9 mg/g using 6M HCl (Fig. A.12 (a)-X) versus the total accumulated Cd 

present (69 mg/g) after sixth cycle. The amount of Cd(II) desorbed further increased up to 10.5 

mg/g when doubling the volume of 6M HCl. Finally, a total of 26 mg/g of Cd(II) was desorbed 

when increasing the concentration of HCl up to 12M (Fig. A.12 (a)-Z). Desorption can be enhanced 

by using high concentrations of HCl although this desorption is far from complete or practical. 

This is in agreement with earlier literature.91 Column adsorption studies may be required before 

large scale commercial application of KOHBC. Continuous flow column adsorption (not batch) 

can be used after scale-up optimization and would allow for the low-cost separation of adsorbent 

from solution.  
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Figure 2.4 Adsorption-desorption cycles on KOHBC for (a) Cr(VI) at pH 2, (b) Pb(II) at pH 5 
and (c) Cd(II) at pH 6 and 25 ℃. 

where 0.200 g of biochar was mixed with 200 mL of adsorbent stirred at 200 rpm. NaOH 0.1M 

was used to desorb Cr(VI) and 0.1M HCl was used to desorb Pb(II) and Cd(II). (d) Cr(VI), (d) 
Pb(II) and (f) Cd(II) removal by DFBC and KOHBC. Metal ion removal from natural lake water 
at pH 8.8, lake water optimized up to pH 2 for Cr(VI), pH 5 for Pb(II) and pH 6 for Cd(II), lake 
water after the addition of Cr2O7

2-, NO3
-, PO4

3-, F-, Cd2+, Pb2+ competitive ions, chemical 

laboratory waste water and control studies in deionized water. 25 mg of DFBC and KOHBC were 
separately mixed with analyte solution (25 mL) containing  100 mg/g of Cr(VI), 100 mg/g of 
Pb(II), 20 mg/g of Cd(II) spiked at room temperature for 2 h for Cr(VI) and 1 h for Pb(II) and 
Cd(II). Error bars are the SD of three replicates. 

2.4.11 Sorption analysis for Cr(VI), Pb(II) and Cd(II) spiked into natural and waste 

water samples 

Fig. 4(d-f). depicts the percent Cr(VI), Pb(II) and Cd(II) removal by DFBC and KOHBC 

from five different aqueous systems: (I) each of the analytes (100 mg/g Cr(VI), 100 mg/g Pb(II) 

and Cd(II) 20 mg/g) spiked into the lake water sample at its natural pH (8.8), (II) these water 

samples buffered to generate their optimum pH for each analyte (Cr(VI) pH 2, Pb(II) pH 5 and 

0

20

40

60

80

100

C
r 

(V
I)

 R
e

m
o

v
a

l 
P

e
rc

e
n

ta
g

e

 DFBC  KOHBC

 

lake water

pH 2

 lake water 

       +

competitive

 ions pH 2

 

waste

 water

deionized 

water

pH 2

(d) Cr(VI) 

lake water

pH 8.8

0

20

40

60

80

100

P
b

 (
II

) 
R

e
m

o
v

a
l 

P
e

rc
e

n
ta

g
e

 DFBC  KOHBC

lake water

pH 8.8

lake water

pH 5

 

 lake water

     + 

competitive

 ions pH 5

 

waste 

water

deionized 

water

pH 5

(e) Pb(II)

0

20

40

60

80

100

C
d

 (
II

) 
R

e
m

o
v

a
l 

P
e

rc
e

n
ta

g
e

 DFBC  KOHBC

lake water

pH 8.8

 

lake water

pH 6

 

lake water

       + 

competitive

 ions pH 6

waste

 water

deionized 

water

pH 6

(f) Cd(II)

0

10

20

30

40

50

60

70

 Adsorption
 Desorption

A
d

s
o

rb
e

d
 o

r 
D

e
s

o
rb

e
d

 a
m

o
u

n
t 

(m
g

/g
)

1 cycle 2 cycle 3 cycle

(a) Chromium (VI) on KOHBC

0

5

10

15

20

25

30

35

A
d

s
o

rb
e

d
 o

r 
D

e
s

o
rb

e
d

 a
m

o
u

n
t 

(m
g

/g
)

 Adsorption
 Desorption

1 cycle 2 cycle 3 cycle

(c) Cadmium (II) on KOHBC

0

20

40

60

80

100

A
d

s
o

rb
e

d
 o

r 
D

e
s

o
rb

e
d

 a
m

o
u

n
t 

(m
g

/g
)

1 cycle 2 cycle 3 cycle

 Adsorption
 Desorption

(b) Lead (II) on KOHBC



 
 

60 

 

Cd(II) pH 6), (III) lake water samples after the addition of competitive ions (Cr2O7
2-, NO3

-, PO4
3-, 

F-, Cd2+, Pb2+), (IV) Cr(VI), Pb(II) and Cd(II) spiked into chemical laboratory waste water and (V) 

control experiments for Cr(VI), Pb(II) and Cd(II) spiked into deionized water. Cr(VI) removal 

percentages were insignificant at pH 8.8 on both DFBC and KOHBC. The highest Cr(VI) removal 

percentage by KOHBC (80%) and DFBC (35%) was obtained for the control samples run in 

deionized water. The second highest Cr(VI) removal efficiency was achieved by DFBC (33%) and 

KOHBC (60%) for the lake water samples run at pH 2. The removal efficiencies dropped up to 48 

and 38 on KOHBC for the samples treated with competitive ions at the same time and waste water 

samples. Higher removal percentages of Pb(II) and Cd(II) on DFBC and KOHBC were obtained 

using the lake water samples at their natural pH 8.8. This is due to precipitation of Pb(OH)2 and 

Cd(OH)2 above pH 5 and 6, respectively. The removal of Pb(II) and Cd(II) on DFBC and KOHBC 

dropped in the presence of the competitive ion mixture. These interfering species hinder surface 

binding of Pb(II) and Cd(II) as was reported previously for Douglas Fir biochar.31,33,92 The larger 

amount of oxygen-containing functions after KOH activation contributed to higher Cr(VI), Pb(II) 

and Cd(II) uptake by KOHBC verses DFBC under all experimental conditions. 
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Table 2.2 Langmuir and Freundlich isotherm parameters for Cr(VI), Pb(II) and Cd(II)   

 

Qo-monolayer adsorption capacity (mg/g), b - constant related to net enthalpy of adsorption, Kf - 

constant indicative of the relative adsorption capacity of adsorbent (L/g), n - a constant indicative 
of the intensity of the adsorption, R2 - regression coefficient 

 

 

 

 

 

 

 

 

Adsorbent Isotherm parameters Cr (VI) Cd (II) Pb (II) 

  Temperature (K) 

   298  308  318  298  308  318  298  308  318  

KOHBC Langmuir Q⸰ 

(mg/g) 

113.7 120.1 127.2 23.0 27.0 29.0 80.0 105.0 140.0 

  b 0.09 0.14 0.23 0.18 0.18 0.18 0.11 0.09 0.04 

  R2 0.99 0.92 0.91 0.99 0.99 0.99 0.99 0.98 0.99 

            

KOHBC Freundlich Kf  54.5 63.5 70.1 6.99 7.75 9.75 21.58 20.53 12.39 
  n 7.53 8.29 8.73 4.39 4.25 7.27 5.24 4.21 2.87 

  R2 0.99 0.99 0.99 0.97 0.98 0.98 0.98 0.99 0.98 

            

DFBC Langmuir Q⸰ 

(mg/g) 

28.1 32.5 33.5 12.6 15.0 18.0 78.2 81.6 84.1 

  b 0.48 0.20 0.77 0.15 0.09 0.18 0.20 0.21 0.19 

  R2 0.97 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.98 

            

DFBC Freundlich Kf  12.5 14.4 16.2 4.91 7.83 5.77 18.34 21.68 23.10 

  n 5.22 5.83 7.43 5.74 11.95 5.99 3.48 3.88 4.12 
  R2 0.99 0.98 0.99 0.99 0.98 0.99 0.91 0.81 0.84 
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Table 2.3 Comparison of Cr(VI), Pb(II) and Cd (II) adsorption parameters with those 
reported in literature 

 

 

Adsorbent Analyte pH Temp. 

(K) 

Conc. 

Range 

(ppm) 

Surface 

area  

(m2/g) 

Adsorption 

capacity 

(mg/g) 

Eq. 

time 

(h) 

Ref. 

Hickory wood biochar Pb II 5 298 2-250 256 11.2 24  93 

NaOH-treated HMB Pb II 5 298 2-250 873 53.6 24  93 

Hickory wood biochar Cd II 5 298 2-100 256 0.20 24  93 

NaOH- treated HMB Cd II 5 298 2-100 873 0.98 24  93 

KOH activated corn 

stalk hydrochar 

Cd(II) 6 303 0-300 1.83 30.4 24 94 

         

KOH-activated   

biochar 

Cd(II) 

Cd(II) 

6 

6 

318 

298 

5-1000 

5-1000 

1050 

1050 

29.0 

23.0 

1 

1 

This 

study 

KOH-treated corn husk 
biochar 

Pb II 5 298 20-1000 108.58 44.07 6 22 

Hydrothermal 

liquefaction of 

pinewood (P300) 

Pb II 5 318 5-40 Not 

reported 

4.25 5 95 

Maplewood biochar Pb II 4-7 298 5-550 Not 

reported 

43.3 24 96 

H2SO4 acid treated plum 

biochar 

Pb II 6 295 0-200 146.6 28.29 0.5 97 

H2SO4 acid treated 

apricot kernel biochar 

Pb II 6 295 0-200 85.6 23.89 0.5 97 

NaOH treated biochar  5.8 303 50-1000 75.92 98.33 0.5 98 

KOH-activated 

biochar 

Pb(II) 

Pb(II) 

5 

5 

318 

298 

5-1000 

5-1000 

1050 

1050 

140.0 

80.0 

1 

1 

This 

study 

Oak bark biochar Cr VI 2 318 1-100 1.88 7.51 48 99 

Oak wood biochar Cr VI 2 318 1-100 2.73 4.93 48 99 

Sugar beet tailing 

biochar 

Cr VI 2 298 50-800 0.2 123 24 58 

Ramie biochar Cr VI 2 298 10-500 5.14 82.23 24 100 

Pd modified silicon rich 

rice straw biochar-

supported nZVI. 

Cr VI 3.5 298 20-100 Not 

reported 

110.0 8 101 

Corncob biochar with  

 polypyrrole (PPy) 

(MBC/PPy) 

Cr VI 5.3 313 20-60 Not 

reported 

27.62 Not 

report

ed 

102 

KOH activated sawdust 

biochar 

Cr(VI) 2 298 100 18.69 45.88 8 103 

KOH activated corn 

straw  biochar 

Cr(VI) 2 318 10-200 2183 116.97 2 104 

KOH-activated 

biochar 

Cr(VI) 

Cr(VI) 

2 

2 

318 

298 

5-300 

5-300 

1050 

1050 

127.2 

113.7 

2 

2 

This 

study 

H2SO4 acid treated plum 

biochar 

Cr(III) 6 295 0-250 146.6 14.02 0.5 97 

H2SO4 acid treated 
apricot kernel biochar 

Cr(III) 6 295 0-250 85.6 12.68 0.5 97 

https://www.sciencedirect.com/topics/materials-science/biochar
https://www.sciencedirect.com/topics/chemistry/polypyrrole


 
 

63 

 

2.5 Conclusions 

KOH-activated biochar (KOHBC) was much more effective at removing Cr(VI), Pb(II) 

and Cd(II) from solution than its precursor, unactivated DFBC. KOH activation increased the high 

original surface area of DFBC from 535 to 1050 m2/g and average pore diameter from 18.6 to 25.6 

Å. This chemical activation of the DFBC contributed fast kinetics (1-2 h) for the sorption of 

contaminants. KOH activation of DFBC resulted, which decreased the PZC from 9 for DFBC to 7 

for KOHBC. Therefore, the KOH activation provided KOHBC with a favorable surface for the 

removal of negatively and positively charged potentially toxic metal ions, beneficial for 

environmental remediation. Point of zero charge analysis suggests electrostatic interactions play a 

key role in the attraction of Cr(VI) oxyanions to the positively charge biochar surface at pH 2 

followed by the chemisorption. During the adsorption, portions of Cr(VI) are reduced into less 

toxic Cr(III) via redox reactions at the surface. Batch sorption studies demonstrated that under a 

variety of different conditions KOHBC had a much higher adsorption capacity than DFBC for 

Cr(VI), Pb(II) and Cd(II). Sorption of these metal ions in natural lake water, chemical laboratory 

waste water and in the presence of various competitive ions were demonstrated.  Desorption and 

recovery studies for Pb(II) on KOHBC and DFBC showed a high regeneration efficiency. The 

amount of Cr(VI) desorbed by 0.1M NaOH, was less in each consecutive cycle than the amount 

adsorbed by KOHBC and DFBC. The oxidized biochar surface sites d idn’t change after the 

reduction of Cr(VI) into Cr(III) and this Cr(III) was strongly bound on the char which lead to a 

lower desorption. Cd(II) recovery studies on KOHBC and DFBC revealed that 0.1M HCl is not 

able to desorb all the amount adsorbed onto the biochar. KOHBC exhibited higher desorption and 
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recovery than DFBC for Cr(VI), Pb(II) and Cd(II). KOH treatment of DFBC is a promising new 

route to high surface area adsorbents and may lead to new research avenues in pollution abatement.  
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CHAPTER III 

BIOCHAR-SUPPORTED POLYANILINE HYBRID FOR CHROMIUM AND NITRATE 

AQUEOUS ADSORPTION 

(Accepted for publication in Environmental Management 2021) 

 

3.1 Abstract 

Biochar adsorbents remove environmental pollutants and the remediation of Cr(VI) and 

nitrate contaminants are considered here. Cr(VI) is a proven carcinogen causing serious health 

issues in humans and nitrate induced eutrophication causes negative effect on aquatic systems 

around the world. Douglas fir biochar (DFBC), synthesized by fast pyrolysis during syn gas 

production, was treated with aniline. Then, a polyaniline biochar (PANIBC) composite containing 

47 wt.% PANI was prepared by precipitating PANI on DFBC surfaces by oxidative chemical 

polymerization of aniline in 2M HCl. This modified biochar was characterized by obtaining its 

point of zero charge (PZC), BET (N2) surface area, thermogravimetric analysis (TGA), scanning 

electron microscopy (SEM) morphology and surface elements and oxidation states by X-ray 

photoelectron spectroscopy (XPS). PANIBC exhibited positive surface charge below pH 3, 

making it an outstanding adsorbent, for Cr(VI) removal. Cr(VI) and nitrate removal mechanism 

are presented based on XPS analysis. DFBC and PANIBC Cr(VI) and nitrate adsorption data were 

fitted to Langmuir and Freundlich isotherm models with a maximum Langmuir Cr(VI) and nitrate 

adsorption capacities of 150 mg/g and 72 mg/g, respectively. Adsorption capacities verses 
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temperature studies revealed that both Cr(VI) and nitrate adsorption are endothermic and 

thermodynamically favored. Regeneration studies were conducted on both DFBC and PANIBC 

using 0.1M NaOH and PANIBC exhibited excellent sorption capacities for Cr(VI) and nitrate in 

lake water samples and in the presence of competitive ions. 

3.2 Introduction 

A polyaniline biochar hybrid composite was developed for remediation of water 

contaminated with chromium and nitrate anions. A low cost and green biochar that provides a high 

surface area supports for conducting polyaniline resulting higher capacity for adsorbates. Interest 

in large scale water remediation is growing because with population growth has increased nitrate, 

fluoride, phosphate, and chromium water pollution.1,2,3 Polyaniline has been coated on various 

substrates and used in adsorption studies. Its amine and imine groups can undergo redox reactions 

and reduce heavy metals with higher valence to lower valency by oxidizing its emeraldine to its 

pernigraniline form.4 Polyaniline coated onto ethyl cellulose removed Cr(VI) with a 38.76 mg/g4 

adsorption capacity and a PAN/ferricyanide composite removed 41.62 mg/g Cu(II).5 However, its 

behavior as an adsorbent coating on biochar has not been explored. Biochar is used to remove 

toxic compounds by adsorption onto the surface. In addition, biochar hydroxyl groups can act as 

electron donors to reduce Cr(VI) into Cr(III). However lower adsorption capacity reduces the 

application of some untreated biochar for pollution abatement. To improve the Cr(VI) and nitrate 

removal capacities, we modified Douglas fir biochar with polyaniline. 

 Chromium is most often found in the environment as hexavalent Cr(VI).6 The World 

Health Organization (WHO), recommends a maximum permissible level of chromium in drinking 

water of 0.05 mg/L.7 Chrome electroplating, leather tanning, porcelain and ceramics 

manufacturing, wood preservatives, paints/pigments, and effluents from chemical plants are major 
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anthropogenic sources of environmental Cr.6,8 Green, biocompatible, reusable and high surface 

area nanomaterials, such as biochar, are becoming increasingly popular in the removal of metal 

cations from contaminated water.9,10,11 Iron containing nanomaterials including magnetite 

supported on biochar10 nano zerovalent iron (nZVI),12 reduced graphene oxide-nano zero value 

iron (rGO-nZVI),13 starch and sodium carboxymethyl cellulose coated Fe and Fe /Ni 

nanoparticles14 have good Cr(VI) adsorption properties. 

Septic tanks, animal manures, and fertilizers are common non-point sources that release 

nitrate to surface and ground waters.1,15 Over 7.5 million tons of nitrogenous fertilizers are used in 

US agriculture16 each year and a significant fraction is washed away in stormwater runoff.17,18 The 

WHO specified a maximum nitrate contaminant level in drinking water of 11 mg/L(as nitrate- 

nitrogen)7 while stormwater runoff can have concentrations as high as 16 mg/L.19 Excess nitrates 

leaching to ground and surface water cause eutrophication of aquatic systems due to enrichment 

of nutrients. This ultimately leads excessive plant and algal bloom which causes deterioration of 

ecological system.20,21 Reverse osmosis, electrodialysis, ion-exchange, and biodenitrification 

methods have been used to remediate nitrate from water, but these techniques are expensive and 

produce waste.22,23,24 These limitations have invoked the need of other alternative approaches.  

Biochar applications as a soil stabilizer, where it can preserve or add nutrients25,26 and as 

an adsorbent  for harmful pollutants, is increasing.17 It is derived by fast or slow pyrolysis of plant 

biomass in the absence of or in an oxygen deficient atmosphere.27,28 Over a decade of research has 

established renewable biochar’s ability to remove  heavy metals and organic contaminates from 

water,29,30,31 sometimes exhibiting comparable or better adsorption capacities than commercially 

activated carbon.32 Biochar’s high surface area, porosity33,34 and ability to be further modified35,36 

all contribute to high sorption capacities. Biochar surface area, ash content, pore distribution and 
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functionalities can all be tailored by activation.37,38,39 Modification with other supported phases 

like Fe3O4 can provide additional adsorption capacity for metal ion removal from aqueous 

solutions.40 Sorption occurs between positively charged metal ions coordinating with delocalized 

π electrons in electron-rich fused aromatic rings on the carbonaceous biochar surfaces.41  

Organic polymers comprised of electron-rich nitrogen moieties, such as polyaniline, are capable 

of binding cationic metal ions while protonated amines can attract negatively charged oxyanions. 

Therefore, environmentally stable conducting polyaniline (PANI), when coated on high surface 

area biochar, has the potential to result in an excellent adsorbent composite. Aniline monomers in 

acidic media undergo in-situ oxidative polymerization electrochemically or chemically forming 

PANI. Different forms of PANI can be prepared by varying the pH or by applying different 

potentials. Based on the amine/imine ratio and the extent of protonation, PANI can be tuned to its 

(I)  nonconducting, fully reduced leucoemeraldine-base (LB-PANI), (II) fully oxidized 

pernigraniline-base (PB-PANI), (III) conducting emeraldine-salt (ES-PANI), and (IV) 

semiconducting partially oxidized, emeraldine-base (EB-PANI).42,43,44,45 This polymer has many 

applications due to its conductivity including dye-sensitized solar cells,46,47 organic light emitting 

diodes,48 chemical and biosensors, .49,50 supercapacitors,51,52 and anticorrosion materials53,54. 

Herein we use an in-situ oxidative polymerization method to form a composite containing biochar 

and polyaniline (PANIBC). We present composite sorption kinetics, isotherms and possible Cr(VI) 

and nitrate adsorption mechanisms. This PANIBC was used in regeneration studies and was also 

tested in different aqueous model systems to remove Cr(VI) and nitrate representative of real world 

contaminated water samples. 
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3.3 Materials and Methods 

3.3.1 Chemicals and Equipment 

All chemicals used (aniline, ammonium persulfate, potassium dichromate, sodium nitrate 

and auxiliaries) were analytical reagent grade (AR) (Sigma-Aldrich, Fischer) unless otherwise 

specified. Aqueous stock solutions of chromium and nitrate were prepared in deionized (DI) water 

(Millipore-Q system). The pH of these solutions was adjusted using 1 M, 0.1 M, and 0.01 M HCl 

or NaOH and measured using a Hanna HI 2211 pH meter.  

Douglas fir biochar (Biochar Supreme Inc., Everson, WA) is a waste byproduct of wood 

gasification from the timber industry. Green wood chips (~3 inches) were introduced into an air-

fed updraft gasifier at 900-1000 ℃ for a 1-10 s residence time in the absence of air. Biochar 

particles (~2 cm) were collected,  rinsed with water to remove water soluble organic residues, fine 

surface particles and other impurities. They were dried at room temperature for 24 h, ground, 

sieved (0.1-0.5 mm) and stored in a closed container until use. Hereafter they are referred as DFBC. 

3.3.2 Preparation of polyaniline (PANI) / biochar composite 

Polyaniline (PANI) was synthesized by modifying a previously reported method. 55 Briefly, 

doubly distilled aniline (4.0 mL) dissolved in HCl (2 M, 40.0 mL) was mixed with DFBC (1.00 g) 

and sonicated for 1h. Ammonium persulfate (APS) (2.50 g) dissolved in HCl (2  M, 40.0 mL) was 

added dropwise to the aniline/HCl/DFBC mixture. This mixture was continuously mixing in an 

ice bath (0-5 ℃) for 4 h to achieve  in-situ polymerization. A black-green solid was produced as 

PANI precipitation occurred onto DFBC surfaces. This dark PANI-DFBC hybrid was rinsed with 

2M HCl and separated by vacuum filtration. This solid product was further rinsed several times 

with distilled water and ethanol  and air dried at 50 ℃ at 1 atm for 24 h in a vacuum oven to give 
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1.92 g of polyaniline/ biochar composite, referred to hereafter as PANIBC. Based on the weight 

gain, this PANIBC contained 47% wt.% PANI. 

 

Scheme 3.1 Synthesis of polyaniline modified biochar (PANIBC) 

 

 

3.3.3 Characterization of DFBC and PANIBC 

DFBC and PANIBC surface morphologies were examined by a JEOL JSM-6500F 

scanning electron microscope (SEM) operated at 5 kV, coupled to an energy dispersive X-ray 

(EDX) detector. Transmission electron microscopy (TEM) analyses were carried out using a TEM 

JEOL model 2100 operated at 200 kV, while TEM/EDX analyses were performed using an Oxford 

X-max-80 detector. XPS analyses were conducted with a Thermo Scientific K-Alpha XPS system. 

A monochromatic1486.6 eV (Al Kα line) X-ray source was used with a spot size of 400 µm2 with 

a maximum analytical penetration depth of 100 Å. The Brunauer-Emmet-Teller (BET) surface 
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areas and total pore volumes of both DFBC and PANIBC were determined by N2 adsorption-

desorption isotherms using a Micromeritics Tristar II Plus 3030 surface area analyzer at ~277 K. 

Thermogravimetric analyses (TGA) were carried out using a Mettler TGA/DSC 

thermogravimetric analyzer (TGA/DSC 1, STARe System, Mettler Toledo, USA) at a heating rate 

of 10 0C/ min from 50 0C to 1000 0C under both an air and nitrogen atmosphere. Fourier 

Transformed Infrared spectroscopic (FTIR) analysis (ATR mode) was employed using a Thermo 

Scientific iD-5 instrument. C, H and N percentages were obtained using a %CHN analyzer (CHN: 

ASTM D5291). Ash content of DFBC and PANIBC were found by incinerating 1 g of each sample 

at 650 ℃ for 4 h in a muffle furnace and then comparing the initial and final masses. Points of 

zero charge (PZC) of DFBC and PANIBC surfaces were determined in 0.01M NaCl solutions at 

pH values from 2 to 10. Biochar (0.05 g) was mixed with 50 mL of these solutions adjusted to 

each pH with 0.1 M HCl or 0.1M NaOH for 24 h. PZC was determined by a plot of equilibrium 

pH vs. initial pH. 

3.3.4 Batch adsorption and desorption studies 

Cr(VI) and nitrate equilibrium adsorption studies of DFBC and PANIBC investigated the 

effect of solution pH, contact time and adsorbate concentration. The effect of pH on adsorption 

employed three replicates at each pH from 2 to 10 in 25.0 mL solutions containing 50 mg L-1 of 

analyte. Effect of contact time on adsorption was monitored by varying the equilibrium time for 

each analyte. Adsorption studies employed 0.025 g of biochar with 25.00 mL of each adsorbate at 

different concentrations. All sample mixtures were sealed in plastic vials and shaken for 24 h to 

reach the equilibrium. After equilibration, the solutions were filtered (Whatman filter paper No.1) 

and the chromium concentrations remaining in each filtrate were determined by atomic absorption 

spectroscopy (AAS) (Shimadzu AA-7000). The residual nitrate concentration was determined by 
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liquid chromatography (LC) coupled with a UV-Vis diode array detector at 210 nm. Standard 

errors were calculated using standard deviations for three replicates.  The amount of adsorbate 

adsorbed per unit mass of biochar at equilibrium, Qe (mgg-1) was obtained from Qe =
(Ci−Ce)V

W
 and 

used for adsorption isotherm analysis. Here Ci and Ce denote the initial and equilibrium 

concentration of adsorbate in mg L-1, V, is the volume of adsorbate solution in mL, and W is the 

weight of biochar in g. 

Three adsorption/desorption cycles after adsorption of Cr(VI) and nitrate on to both 

PANIBC and DFBC were carried out. Initial Cr(VI) and nitrate concentrations were 60 mg/L and 

100 mg/L at pH 2 and 6, respectively. DFBC and PANIBC (0.20 g of each) were separately added 

to 200 mL of each adsorbate solution in a plastic bottle at 25 ℃. They were shaken until reaching 

equilibrium. Then, the residual biochar was washed several times with deionized water and oven 

dried at 50 ℃ for 8 h. Next, desorption experiments were carried out by stripping nitrate and 

Cr(VI) in 0.1 M NaOH. Desorbed Cr(VI) and nitrate were analyzed by AAS and LC respectively. 

3.3.5 Competitive batch sorption studies and sorption on natural water system 

Competitive batch sorption studies on DFBC and PANIBC for both Cr(VI) and nitrate were 

conducted with fluoride, chloride, and carbonate. Final concentrations (2, 5 and 10 mg/L) of each 

anion were spiked in to deionized water containing Cr(VI) (50 mg/L, pH 2) or nitrate (50 mg/L, 

pH 6). DFBC or PANIBC (25 mg) were individually equilibrated with water samples (25 mL) at 

room temperature  in plastic vials (50 mL) at a shaking speed of 200 rpm for Cr(VI) 4h, and nitrate 

2 h. Samples were filtered and the residual aqueous adsorbate concentrations were obtained by 

liquid chromatography (LC) for nitrate and atomic absorption spectroscopy for Cr(VI).  
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Cr(VI) and nitrate removal capacities from a natural water system was analyzed by spiking  

Cr(VI) (50 mg/L) or nitrate (50 mg/L) into natural lake water (pH 8.3) (Sanderson lake, Starkville, 

MS) at room temperature and following the same sorption process. This was repeated for the lake 

water samples buffered in to pH 2 for Cr(VI) and pH 6 for nitrate.  

3.4 Results and Discussion  

3.4.1 Surface characterization  

Table 3.1 DFBC and PANIBC elemental composition and surface morphology parametersa    

 

 

 

 

 

 

 

 

 

 

 

 

 
aC, H and N wt.% were obtained by combustion analysis  
b The organic oxygen content was calculated by subtracting the wt.% of C, H, N and ash from the 
total wt.% (100 %) and doesn’t include the O present as metal oxides in the ash.  
cSBET stands for BET specific surface area; VT for total pore volume; S for average pore size of 

biochar prepared. 

Elemental content DFBC 

(wt.%) 

PANI 

(wt.%) 

 

PANIBC 

(wt.%) 

 C 80.42 60.95 71.70 

 H 2.08 5.13 3.54 

 N 1.21 11.53 5.59 

 Ob 13.51 - 7.77 

H/C 0.03 0.08 0.05    

O/C 0.17 - 0.11 

N/C 0.02 0.19 0.07 

(O+N)/C 0.18 - 0.19 

Ash 2.78 9.40 11.40 

SBET
c(m2/g) 466 27 8.92 

VT
c(cm3/g) 0.107 0.006 0.002 

Sc(A0) 18.6 9.64 9.18 



 

84 

 

DFBC had a 466 m2/g Brunauer-Emmett-Teller (BET) surface area which sharply dropped 

to 8.9 m2/g upon modification by polyaniline. The DFBC average pore size dropped ~50% from 

18.6 to 9.18 Å and pore volume was reduced from 0.107 to 0.002 cm3/g. These values were 

compared with polyaniline. PANI exhibited a 0.006 cm3/g pore volume and 9.64 Å of pore 

diameter. Polyaniline deposition blocked micropores and ultramicropores at the char surface 

limiting N2 access and adsorption, decreasing BET-determined surface area, pore size and pore 

volume. SEM micrographs of DFBC and PANIBC of different magnifications are shown in Fig. 

3.1. DFBC exhibits a porous classical pine morphological char structure verses PANIBC which 

exhibits a distinctive tangled tubular fibrous structure under different magnification. A curved rod-

shaped network-like polyaniline aggregated deposit is observed covering the biochar surface in 

PANIBC. After nitrate or chromium adsorption onto PANIBC, surface morphology changes were 

not observed.  Fig. 3.1 depicts the TEM elemental mapping images of DFBC, PANIBC and both 

Cr(VI)- or nitrate-laden PANIBC. TEM-EDX elemental mapping on DFBC and PANIBC (Fig. 

B.1) after adsorption of these adsorbates confirms the presence of Cr and nitrogen, respectively.  

DFBC has a fairly hydrophobic surface since the oxygenated functional group surface 

density is low after exposure to fast pyrolysis at 900 – 1000 ℃. Elemental analysis of DFBC 

confirms low H/C (0.03), O/C (0.17) and N/C (0.02) wt. ratios as well as a low polarity index 

(O+N)/C (0.18) (Table 3.1). These values confirm a more hydrophobic and non-polar DFBC 

nature compared to a variety of other biochar varieties produced at lower pyrolysis 

temperatures.56,57 Pure PANI exhibited a higher %N (11.53) than DFBC (1.21%) and PANIBC 

(5.59%). H/C and N/C values obtained for PANI were 0.08 and 0.19 respectively. PANIBC 

exhibited H/C (0.05), O/C (0.11) and N/C (0.07) wt. ratios and a (O+N)/C polarity index of (0.19). 



 

85 

PANIBC has substantial increase in the amount of nitrogen (5.59%) verses DFBC (1.21%). This 

was introduced by precipitation of PANI particulates formed by the oxidative polymerization of 

aniline in solution. These can be reflected in the FTIR and XPS spectra. The wt.% of PANI on the 

PANIBC composite calculated was 47% based on the weight gain found in synthesis. %N of 

PANIBC calculated based on the elemental analysis N wt.% data of PANI was 5.53%. This was in 

close agreement with the %N (5.53%) obtained for PANIBC from elemental analysis. %C and %H 

in the PANIBC were also calculated based on the elemental analysis %C and %H data obtained 

from PANI and DFBC separately. They were found to be C (71.08%) and H (3.54%). These C and 

H percentages calculated were also very close to C% and H%  (71.70, 3.54%)  obtained on 

PANIBC by elemental analysis. 
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Figure 3.1 SEM micrographs and TEM-EDX elemental mapping images 

SEM micrographs of (a) DFBC (b) PANIBC (c) chromium-laden PANIBC and (d) nitrate-loaded PANIBC. Oxidative polymerization 
of aniline deposits spindle-like aggregated mass of PANI on DFBC. TEM-EDX elemental mapping images of (e) DFBC, (f) PANIBC, 
(g) chromium-laden PANIBC and (h) nitrate-laden PANIBC. SEM and TEM images were obtained at the Institute of Imaging and 
Analytical Technologies (I2AT), Mississippi State University. 
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Figure 3.2 Point of zero charge (PZC) measurements for (a) PANIBC and PANI, 

Thermogravimetric analysis (TGA) for DFBC and PANIBC at a 10 ºC/min heating 
rate in (b) air, (c) nitrogen, (d) Van’t Hoff plot for Cr(VI) and nitrate adsorption on 
PANIBC 

 

The points of zero charge (PZC) were, DFBC (9.2 ) (Fig. B.2), PANI (2.2) and PANIBC 

(3.0) (Fig. 3.2(a)) using the pH drift method.58 The high PZC of DFBC is due to carbonate and 

oxide formation from Ca, Mg, K and decarboxylation during the 900-1000 ℃ pyrolysis. PANI has 

a low PZC value as its synthesized in highly acidic medium hence have surface adsorbed protons.59 

PANIBC’s acidic PZC is consistent with other literature reports of materials coated with PANI. 

Polyaniline/multiwalled carbon nanotube composites exhibited a PZC of 2.12. 60 A polyaniline-
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coated lignocellulose PZC of 4.5 was  reported from a synthesis in a highly acidic medium, where 

protons adsorbed on the surface.59 

Cr(VI) adsorption is highly pH dependent because negatively charged surfaces repel the 

Cr(VI) oxyanions, HCrO4
− predominating from pH 1 to 6 and CrO4

2−existing above pH 6.61 At high 

Cr(VI) concentrations (>1 g/L), HCrO4
− dimerizes to form dichromate (Cr2O7

2-). Cr(VI) becomes 

chromic acid (H2CrO4 ) at pH < 1. Adsorption of Cr(VI) on DFBC was poor from pH 2 to 8 except 

at pH 2 (Fig. 3.3(a)). Despite being positively charged below pH 9.3, DFBC only adsorbs Cr(VI) 

reasonably around pH 2, suggesting that HCrO4
− must experience strong electrostatic attractions to 

be removed from water. HCrO4
− and CrO4

2− anions are strongly exothermically solvated by water. 

Similar results were reported for Cr(VI) adsorption by KOH-activated DFBC.62 Conversely, 

PANIBC has a large Cr(VI) adsorption pH window. At pH 2, 90% Cr(VI) removal occurred and 

this only dropped to 80% at pH 8 (Fig. 3.3). Langmuir adsorption capacity for Cr(VI) adsorption 

at pH 6 was 86.5 mg/g (Fig. B.3). High Cr(VI) uptake at pH 2 is due to electrostatic attractions 

between HCrO4
− and large number of protonated amine groups present on PANI and due to H 

bonding and ion exchange. 

Fig. 3.4(a). illustrates DFBC is a mediocre nitrate sorbent (22% removed at pH 2 to 18% 

at pH 6) Nitrate uptake by DFBC dropped to ~5% above pH 6. PANIBC is a better nitrate 

adsorbent. It gave 32% removal at pH 2, which then improved to 65% at pH 4, 60% at pH 6 and 

55% at pH 8. This adsorption pattern might result from H bonding and ion exchange on PANIBC 

surface and pH 6 was selected as the optimum practical pH for further nitrate adsorption studies 

for both DFBC and PANIBC considering that most natural water stream pH values are  closer to 

neutral. 
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3.4.1.2  FTIR analysis 

The FTIR vibrational bands (Fig. B.2) observed for PANI at 1544 and 1424 cm−1 are 

assignable to the C=C stretching vibration in quinonoid (Q) and benzenoid (B) rings, which are 

shifted to 1580 and 1440 cm-1 in PANIBC, respectively. This corresponds to the extent of oxidation 

and reduction of  PANI on PANIBC.63 The bands appearing at 1302 and 1275 cm−1 in PANI verses 

1325 and 1224 cm−1 in PANIBC correspond to C-N stretching adjacent to the  benzenoid ring and 

the C-N•+ polaron stretching band.64 The strong absorptions centered at 1144 and 1166 cm−1 are 

attributed to the vibrational mode of the =NH+-  structure accompanying the high degree of 

electron delocalization in Q=NH+-B or B–NH•+-B.63,65 They appeared at 1198 and 1069 cm−1 in 

PANI.66 Bands appearing from 750-850 cm−1 are due to the C–H out-of-plane bending vibrations 

of 1,4-disubstituted aromatic rings.64,67 PANIBC antisymmetric stretching vibrations of CH2 

appear at 2944 cm−1.68  

 

3.4.1.3 Thermogravimetric analysis (TGA) of biochar 

DFBC and PANIBC each underwent two distinct weight losses under air during TGA 

(Fig. 3.2 (b). Both lose adsorbed water around 100 ℃. A similar weight loss was observed for pure 

PANI. The major weight loss for DFBC occurring from ~550 to 600 ℃ is due to thermal 

decompositions including decarboxylation, decarbonylation  and carbon skeleton changes during 

further carbonization. PANIBC begins a slow weight loss at lower temperature (~350 ℃) but 

transitions into to a major weight loss from 575-700 ℃, indicating a thermally stable char 

formation develops as the PANI component of PANIBC decomposed. PANI gives a major wt. loss 

below this temperature, indicating the PANI in PANIBC interacts with the DFBC products to give 

a more thermally stable intermediate material during decomposition. Under nitrogen, PANI and 
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PANIBC both decompose at about the same temperature, but this is now lower than the major wt. 

loss temperature of DFBC from 600-750 ℃. However, the presence of nitrogen leads to high 

residual weights. PANIBC gave a 60% residual wt. verses 20% for DFBC and 40% for PANI at 

1000 ℃. Under nitrogen, PANIBC gives a small weight loss around 300 ℃ from elimination of 

chloride as HCl. Similarly, PANI eliminated adsorbed HCl.4,69 This is not prominent in the TGA 

run in the oxygen since other large mass loses are occurring  in this region.  
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Figure 3.3 Cr(VI) adsorption on PANIBC 

(a) Effect of solution pH on chromium adsorption onto DFBC and PANIBC (50 mg/L), (b) 

percentage of chromium removal verses time by DFBC and PANIBC, 100 mg/L. 25 mL of 
aqueous chromium at 25 ℃ with 25 mg adsorbent doses, (c) Chromium uptake on PANIBC (25 
mg) verses  time at initial concentrations of 50, 75, 100 mg/L at pH 2, (d) Pseudo second order 
model plot for Cr(VI) adsorption on PANIBC at pH 2 with Cr(VI) concentrations of 50, 75, 100 

mg/L, (e) Langmuir and (f) Freundlich isotherm plots for chromium adsorption on PANIBC at 
278, 298, and 318 K at pH 2, Error bars represent standard deviation of three replicates for each 
measurement. 
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3.4.2 Adsorption kinetics and thermodynamic studies 

Cr(VI) (Fig. 3.3) and nitrate (Fig. 3.4) removal on DFBC and PANIBC were plotted verses 

the equilibrium time. PANIBC removed higher percentages of Cr(VI) and nitrate than that of 

DFBC. The Cr(VI) and nitrate uptake rates were fast initially because sufficient adsorption sites 

were available. The rate slowed with time due to increasing saturation of the adsorbent by the 

adsorbates. Cr(VI) reached the equilibrium after 3 h after a 40% removal on DFBC and a 68% on 

PANIBC, using 100 mg/L of Cr(VI)  at pH 2(Fig. 3(b)). The Cr(VI) uptakes after 3 h at pH 2 (Fig. 

3.3(c)) by PANIBC were 46, 56, 60 mg/g, respectively, when the initial Cr(VI) concentrations 

were increased from 50, 75, and 100 mg/L. Nitrate removal capacity on DFBC was initially very 

low (~4%) and remained almost constant after > 1500 min using 75 mg/g of adsorbate at pH 6  

(Fig. 3.4 (b)). At these conditions, PANIBC removed 48% of the nitrate after 2 h and this remained 

constant for 24 h. The amount of nitrate adsorbed on PANIBC was measured at concentrations of 

25, 50, and 75 mg/L (Fig. 3.4 (c)). The adsorption capacities were 12, 19, 32 mg/g, respectively, 

after 2 h at pH 6 when nitrate concentrations increased from 25 to 50 to 75 mg/L. Experimental 

data for Cr(VI) (Fig. 3.3(d)) and nitrate (Fig. 3.4(d)) adsorption on PANIBC  fitted well to the 

pseudo second order kinetic model t/qt= t/qe + 1/k2qe
2, with linear regression coefficients (R2) 

close to unity. Here, t is the contact time, qe denotes the amount adsorbed (mg/g) at the equilibrium 

time, qt  is the amount adsorbed at time t (mg/g) and k2 is the second order rate constant (g/mg.min). 

The temperature effect on the Cr(VI) and nitrate adsorption capacities of PANIBC was 

monitored at 5, 25 and 45 ℃ (Fig. 3.2 (d)). All three capacities increased as temperature rose from 

5 to 45 ℃. The Van’t Hoff equation, lnKads =  ∆H°/R (1/T)  + ∆S°/R was used to calculate the 

changes in Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS) for the adsorption of Cr(VI) 

or nitrate onto PANIBC (Table 3. 2) and DFBC (Table. B.1). The isotherm constants at 5, 25, 45 
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℃ were converted into dimensionless constants, via multiplying by the liquid phase density (1×106 

mg/L).70 The ΔH, and ΔS values for Cr(VI) adsorption based on Langmuir model isotherm 

constants were 15.75 kJ/mol and 0.14 kJ/mol K and those for the Freundlich model were 9.35 

kJ/mol, 0.13 kJ/mol K. The ΔH, and ΔS values for nitrate adsorption on PANIBC, from Langmuir 

and Freundlich model isotherm constants were (7.28 kJ/mol, 0.11 kJ/mol K) and (7.33 kJ/mol, 

0.13 kJ/mol K) respectively. The positive values of ΔH and ΔS indicate that if the adsorption of 

both oxyanion, Cr(VI) and nitrate on PANIBC are both endothermic (ΔH = +) processes they must 

occur with an increase in entropy (more randomness) as these solvated ions from solution are 

adsorbed on the adsorbent surface sites at the solid/liquid interface. Gibbs free energy values, (ΔG) 

were negative at all three temperatures for both Cr(VI) and nitrate sorption. The magnitude of ΔG 

increased as the temperature rose, indicating adsorption is thermodynamically spontaneous and 

driven entropically under experimental conditions. 

Table 3.2 Thermodynamic parameters for chromium and nitrate adsorption on PANIBC  

 
 

 T 
(K) 

R2 Kads lnKads ΔG0 
(kJ/mol) 

ΔH0 

(kJ/mol) 
ΔS0 

(kJ/mol K) 

         

Cr Langmuir 278 0.915 1.28 x 104 9.46 -23.17 15.75 0.14 

  298 2.37 x 104 10.07 -25.97 
  318 3.00 x 104 10.31 -28.77 

 Freundlich 278 0.998 1.80 x 105 12.10 -26.79 9.35 0.13 

  298 2.34 x 105 12.36 -29.39 

  318 3.00 x 105 12.61 -31.99 

         

nitrate Langmuir 278 0.912 2.00 x 104 9.90 -23.3 7.28 0.11 

  298 2.30 x 104 10.04 -25.5 

  318 3.00 x 104 10.30 -27.7 
 Freundlich 278 0.998 1.48 x 105 11.90 -28.81 7.33 0.13 

  298 1.80 x 105 12.10 -31.41 

  318 2.20 x 105 12.30 -34.01 
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3.4.3 Adsorption isotherms 

Cr(VI) and nitrate adsorptions on PANIBC Fig. 3.3 and 3.4 and DFBC (Fig. B.4) were 

conducted at 278, 298, 318 K. Langmuir71 and Freundlich72 isotherm model fits were made using 

Origin Pro 2020 software. Cr(VI) batch equilibrium sorption studies were conducted at Cr(VI) 

concentrations ranging from 10-1000 mg/L for 3 h at pH 2 on PANIBC and DFBC. Similar nitrate 

(10-500 mg/L) equilibrations were run for 2 h at pH 6. Both isotherms’ parameters were evaluated 

by nonlinear regression fitting Table. 3.3. Cr(VI) exhibits the higher Langmuir adsorption 

capacities (150.0 on PANIBC and 49.0 mg/g on DFBC at 318 K) than nitrate. Langmuir adsorption 

capacities for nitrate at 298 and 318 K are (50.0, 72.0 mg/g) on PANIBC and (6.0, 10.6 mg/g) on 

DFBC, respectively. Cr(VI) and nitrate adsorption data fitted well to both Langmuir and 

Freundlich isotherm models have linear regression coefficients (R2) greater than 0.97 for both 

Cr(VI) and nitrate sorption. The Freundlich fittings were better overall, but the differences were 

not sufficient to support mechanistic differences in their derivation on way or the other. 

Cr(VI) and nitrate uptakes were then obtained on a biochar-PANI composite prepared 

under same conditions already described for PANIBC, but the amount of aniline loaded was 

greatly reduced on to the char (PANIBC-LA). This contained 9% of PANI and exhibited 32.9 m2/g 

surface area, 0.009 cm3/g pore volume and 11.3 Å pore diameter. The adsorption capacity for 

Cr(VI) solution (150 mg/L, pH 2, 25 ℃) on PANIBC was 104.26 mg/g verses 75.31 mg/g for 

PANIBC-LA (Table B.2). Amount of Cr(VI) adsorbed per square meter of surface for PANIBC 

was 11.7 mg/m2 verses 2.3 mg/m2 for PANIBC-LA. However, the amount of Cr(VI) adsorbed per 

gram of PANI on these two were 217.6 and 828.5 mg/g respectively . Adsorption capacities 

obtained for a nitrate solution (50 mg/L, pH 6, 25 ℃) on PANIBC and PANIBC-LA were 25.5 

and 16.6 mg/g, respectively (Table B.3).  
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Figure 3.4 Nitrate adsorption onto PANIBC 

(a) Effect of solution pH on nitrate adsorption onto PANIBC, (50 mg/L) (b) percent nitrate removal  
verses time on DFBC and PANIBC, 25 mL of aqueous nitrate (75 mg/L) solution at 25 ℃ with 25 

mg adsorbent doses (c) Amount of nitrate adsorbed on PANIBC verses  time from initial 25, 50, 
75 mg/L concentrations  at pH 6, (d) Pseudo second order model plot for nitrate adsorption on 
PANIBC at pH 6 from 25, 50, 75 mg/L concentrations, (e) Langmuir and (f) Freundlich isotherm 
plots for nitrate adsorption on PANIBC at 278, 298, and 318 K at pH 6, Error bars are the standard 

deviations of three replicates.  
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Table 3.3 Langmuir and Freundlich isotherm parametersa for Cr(VI), and nitrate adsorption 
on PANIBC and DFBC 

 

  

Q0_monolayer adsorption capacity (mg/g), KL -Langmuir isotherm constant (L/mg),  

Kf - Freundlich isotherm constant (L/g), n - a constant indicative of the intensity of the adsorption, 
R2 - regression coefficient 

Analyte Adsorbent Isotherm parameters Temperature 

    278 K 298 K 318 K 

       

Cr(VI) PANIBC Langmuir qo (mg/g) 90.0 114.9 150.0 

  
qe =

q0KLCe
(1+ KLCe)

 
KL(L/mg) 0.0128 0.0287 0.0300 

   R2 0.970 0.981 0.985 
       

 DFBC  qo (mg/g) 40.0 42.43 49.0 

   KL(L/mg) 0.054 0.059 0.060 

   R2 0.990 0.988 0.971 

       
 PANIBC Freundlich KF (L/g) 18.0 23.24 30 

  qe = KFCe
(1 n⁄ ) n 3.866 3.9 4.037 

   R2 0.998 0.997 0.998 

       

 DFBC  KF (L/g) 18.0 18.5 19.36 
   n 7.8307 8.0309 8.2 

   R2 0.992 0.995 0.990 

       
       

nitrate PANIBC Langmuir qo (mg/g) 50.0 63.0 72.03 

  
qe =

q0KLCe
(1+ KLCe)

 
KL(L/mg) 0.02 0.0229 0.03 

   R2 0.975 0.987 0.992 

       

 DFBC  qo (mg/g) 6.0 8.01 10.57 
   KL(L/mg) 0.022 0.024 0.03 

   R2 0.971 0.988 0.983 

       

 PANIBC Freundlich KF (L/g) 14.73 18 22 

  qe = KFCe
(1 n⁄ ) n 3.9 1.56 5.47 

   R2 0.987 0.997 0.995 

       

 DFBC  KF (L/g) 2.0 2.5 2.9 

   n 3.36 3.52 4.13 

   R2 0.991 0995 0.998 
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3.4.4 XPS analysis 

Surface region specific quantitative analysis of atomic ratios, adsorbent surface functions 

and oxidation states, including the adsorbed chromium, was conducted by XPS of DFBC, PANIBC 

and chromium- and nitrate-laden PANIBC. The low resolution survey scan (LR-XPS) of DFBC 

detected the  C and O present on the surface. After performing oxidative aniline polymerization 

on DFBC (PANIBC) C, O, N, and Cl were detected on the surface, illustrating polymerization has 

occurred depositing PANI on the char (Fig. B.5). LR-XPS of PANIBC surfaces after chromium or 

nitrate sorption gives the presence of the elements shown in Fig.  B.5. HR-XPS of DFBC and 

PANIBC gave surface region atomic percentages of C and O (92.8, 7.19) and for PANIBC C, O, 

N (82.87, 3.45, 13.25 (Table B.4, B.5), respectively, illustrating that oxidative polymerization of 

aniline deposited far more nitrogen-containing surface functions. Cr(VI) and nitrate atomic percent 

uptakes on PANIBC at pH 2 and 6 respectively, were 9.33%  for Cr(VI), and 13.28% for nitrogen, 

7.67% for oxygen on PANIBC. The larger Cr uptake on the surface was obvious. These %N and 

%O values cannot definitively establish nitrate or nitrite uptake. 
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Figure 3.5 HR-XPS for PANIBC, PANIBC-Cr(VI) and PANIBC-nitrate 

High resolution XPS of PANIBC’s C1s, O1s and N1s (a), (b), and (c), after chromium 
adsorption on to PANIBC at pH 2 C1s, O1s and N1s (d), (e), and (f), spectra, respectively, and 
after nitrate adsorption on to PANIBC at pH 6 C1s, O1s and N1s (g), (h), and (i).  
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284.57 (C-H/C-C), 285.60 (C=C), 286.57 (C-OH) and 288.14 eV (C=O) (Table. B.4) O 1s peaks 

are assigned at BEs 530.81 (C=O), 532.1 (O-CR3), 533.19 (C-OH), 533.95 ( CO3
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eV (COOH) for O1s (Fig. B.5). In PANIBC C1s peak was deconvoluted into five peaks with 

binding energies centered at 284.0 (C-C/C-H), 284.75 (C=C/aromatic C), 285.43 (C-OH/C-

N/C=N), 286.28( C=O), and 287.44 eV (COOH(R))  (Table B.4, B.5). These peaks on DFBC and 

PANIBC are in good agreement with the literature.73,74 Oxidative polymerization has increased the 

C atomic percentages of PANIBC up to 25.65 (aromatic C/C=C), 13.83 (C-OH/C-N/C=N), 14.62 

(C=O) verses 11.22, 5.04, 1.51 in DFBC. The O1s peak in PANIBC was deconvoluted into five 

peaks at 530.39, 531.01, 531.67, 532.5, 533.58 and 534.94 eV which are due to the C=O, O- CR3, 

C-OH, CO3
2-, COOH and O-N (Fig. 3.5). After Cr(VI) was adsorbed onto PANIBC HR-XPS was 

analyzed at pH 2, 6 and 8. 

Characterization of PANIBC by deconvolution of the HR-XPS’s high-resolution N l s 

core-level reveals the presence of the quinonoid imine (=N- moiety) 397.76, benzenoid amine (-

NH- moiety) 399.08, and both the positively charged nitrogen polaron (400.47) and bipolaron 

(402.62 eV) functions in the PANIBC composite. These peaks with their binding energies are 

tabulated (Table. B.6). These peak positions and corresponding binding energy values are 

consistent with the values obtained in the literature.75,76,77,4 Both FTIR and XPS data analysis for 

PANIBC confirm that PANI exists on PANIBC in the moderately oxidized emeraldine salt form 

(greenish color). During acid doping, imine sites are protonated to form diamagnetic bipolaron 

states Fig. 3.6(I). This bipolaron state can undergo further rearrangement to form paramagnetic 

radical cations Fig. 3.6(II) and (III). The resulting emeraldine salt, therefore, has a mixture of both 

bipolaron and polaron states as depicted in Fig. 3.6. Biochar surfaces contain various oxygen 

functionalities as evidenced from XPS analysis which H-bond with amine and imine moieties of 

PANI at their interfaces. In addition, delocalized π-electrons of PANI could interact with aromatic 

moieties of DFBC. These interactions between biochar and polyaniline form a stable complex (Fig. 
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3.7.). XPS and FTIR analysis confirm that the PANI in the PANIBC is essentially its emeraldine 

salt consisting of imine and amine moieties with positively charged N centers. This is best 

described by the three structures in Fig. 3.6. 

 

 
 

Figure 3.6 Structures of the Cl-doped PANI 

Chemical structures of the Cl-doped PANI formed through in-situ chemical oxidative 
polymerization of aniline and precipitated onto DFBC to form PANI. The repeating unit includes 
bipolaron and polaron states. 
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Figure 3.7 Illustration of the interaction between PANI and biochar at their interface 

 

3.4.5 Adsorption mechanism of Cr(VI) 

HR-XPS of Cr(VI)-laden PANIBC, where adsorption occurred at pH 2, 6 and 8, are 

provided in (Fig. B.6). From uptake at pH 2, the Cr 2p spectrum exhibits two broad peaks at 577 

(Cr 2p3/2) and 587 eV (Cr 2p1/2) (Fig. B.6).  Their deconvolution gave binding energies for both 

Cr(III) and Cr(VI). Atomic percentages of Cr(III) and Cr(VI) at pH 2 were 7.2 and 2.18, 

respectively. Cr(III) species appear at 576.34 eV (Cr2O3),78 577.38 eV (CrCl3),79,80 Cr(OH)3,
81

 

586.02 eV (Cr2O3)82 and 586.96 eV Cr(NO3)2
82 while Cr(VI) appears at 579.34 eV (CrO3).79  

Atomic percentage ratio of Cr(III) to Cr(VI) at pH 2 was 7.2 : 2.2 (Table B.7). In acidic medium 

Cr(VI) exists as HCrO4
− and as CrO4

2− at pH >6. Upon protonation of  negative oxygens, electron 
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density around Cr(VI) will drop and results an increasing in Cr 2p binding energy. As pH increased 

from 2 to 8, Cr 2p BE values were slightly decreased. Peak shifts to lower BE upon deprotonation 

for phosphate species on biochar P 2p 133.9 eV (pH 1) from 133.5 eV (pH 13) was reported in 

literature.10 At pH 2, a 10.2%  atomic% of Cr(VI)-O in the O1s peak at 530.71 eV83 vs. 2.01% and 

0.74% at pH 6, and 8, respectively were obtained (Table S5). Also 14.2% (C-OH), 7.4% (O-C=O) 

atomic percentages were obtained at pH 2 compared to lower atomic percentages for oxygen in 

these functions at pH 6 and 8 in the HR-XPS O 1s spectra. This correspond to oxygen-containing 

functional groups on the biochar surface binding to chromium during chemisorption of (HCrO4
−) 

Fig. 3.8C and D. The N 1s deconvoluted peaks significantly changed at every pH after Cr(VI) 

adsorption onto PANIBC. The peak at 397.76 eV (quinoid imine -N=) shifted to higher binding 

energies (eV) and a greater atomic percentage (%), respectively, at pH 2 (398.27, 0.82), pH 6 

(398.36, 4.15) and pH 8 (398.42, 5.01). The N1s peak of benzenoid amine (-NH-) in PANIBC 

(399.08 eV, 8.02%)  shifted to higher binding energies (eV) and lower atomic percentages as pH 

increased (399.51, 3.21, pH 2), (399.43, 2.69, pH 6), and (399.55, 2.58, pH 8). Cr(VI) ad sorption 

caused benzenoid amine (-NH-) atomic percentages to drop while higher oxidation state quinoid 

imine (-N=) atomic percentages rose due to oxidation of (-NH-) groups by Cr(VI) to quinoid imine 

as Cr(VI) was reduced to Cr(III) Fig. 3.8-A, B and C. (HCrO4
−) at pH 2 or (CrO4

2−) at pH >6 are 

electrostatically attracted to the  protonated amine surface NH2
+ sites. H bonding also helps anchor 

them (Fig. 3.8 D). This interaction is further supported by density functional theory calculations 

for Cr(VI) adsorption of followed by reduction to Cr(III) on a polyethyleneimine-silica 

nanocomposite in acidic media.84 Polaron-and bipolaron-doped N functions share electrons with 

Cr during Cr(VI) fixation and also with Cr(III) formation and surface chelation. Dissolved Cr(VI) 

oxyanions can exchange with Cl- ions in PANI phases. At low pH, HCrO4
− has a higher affinity to 
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protonated nitrogen than chloride ions, promoting anion-exchange. Therefore, in addition to 

reduction to Cr(III) a significant amount of Cr(VI) is removed from solution by adsorption through 

anion exchange with chloride85 (Fig. 3.8C). Presence of chloride counter ions was confirmed in 

both HR-XPS and TEM-EDX  of PANIBC. 

 Cr(VI) reduction to Cr(III) in acidic solution is accompanied by the oxidation of amine 

and polaron centers of PANI into quinonoid imine moieties (Fig. 3.8). The thermodynamic 

feasibility of this redox conversion is confirmed by considering the PANI and Cr(VI) redox 

potentials  in acidic media, where PANI undergoes two-electron oxidation at +0.519 V (SHE).86 

This is less positive than Cr(VI)’s redox potential of + 1.35 V.87 Therefore, PANIBC can reduce 

Cr(VI) into Cr(III). Less Cr(VI)  was removed by unmodified DFBC than by PANIBC under 

identical experimental conditions. 
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Figure 3.8 Schematic representation of Cr(VI) removal and partial reduction to Cr(III) by 
PANIBC 

 

3.4.6 Nitrate adsorption mechanism 

The peak HR-XPS assignments of PANIBC after nitrate adsorption at pH 2, 6 and 8 are 

tabulated in Table B.6. The PANIBC surface is more highly positively charged at pH 2 than at 

higher pH values, but nitrate adsorption is low. Maximum nitrate adsorption on PANIBC occurs 

at pH 4 to 6. Thus, electrostatic attractions with the positive PANI surface don’t dominate. Ion 

exchange likely occurs, assisted by H-bonding to nitrate oxygens from nitrogen-bound protons 
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attached to -NH2- sites which are better H bond donors than -NH- sites. Some electrostatic 

interactions with protonated PANIBC polaron and bipolaron structures may also contribute (Fig. 

3.9). Nitrate-laden PANIBC at pH 6 exhibits N1s peak binding energies at 397.96, 399.29, 400.79, 

402.74 and 406.24 eV, all of which have shifted to higher binding energies than those of  PANIBC 

and nitrate-laden PANIBC obtained at pH 2 and 10, respectively. (Fig. B.7). After nitrate 

adsorption, the atomic percentages of every peak have dropped compared to PANIBC but they 

were higher than the corresponding values obtained at pH 2 and 10. N 1 s core -level XPS peaks 

for nitrate and nitrite ions appear at binding energies between 405 - 407 eV.88 A new peak at ~406 

eV appeared after nitrate adsorption on PANIBC. Nitrate at 406 and nitrite at 405 eV can coexist 

on the biochar surface, but they could not be differentiated by XPS since there peaks occur close 

to each other and may overlap.89 This peak appeared PANIBC/ NO3
− at 406.24 eV at pH 6, 

indicating either nitrate and/or nitrite adsorption had occurred. Some nitrite formation by nitrate 

reduction on PANIBC appears possible from nitrate’s reduction potential (eq. 3.1 and 3.2 ) and 

because a portion of nitrate was converted into ammonia.  N1s XPS peak for NH4Cl appears at a 

binding energy of 400.79 eV.90 If nitrite formed, that was not further reduced to ammonia, it would 

be electrostatically attracted and able to H-bond to PANIBC like nitrate. The reductions of nitrate 

by PANIBC to ammonium ions or even nitrogen are thermodynamically reasonable from their 

standard redox potentials (see eq. 3.3 and 3.4).91 Nitrite might also be further reduced to 

ammonium ions as its redox potential is close to that of nitrate/ammonium couple (eq. 3.3 and 3.4).  

 

NO3
−+2 H++ 2 e− → NO2

−+ H2O                   E = +0.84 V (3.1) 

 

NO3
−+10 H+ +8 e− → NH4

++ 3 H2O             E = +0.88 V (3.2) 
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2 NO3
−+ 12 H++ 10 e− → N2 + 6 H2O           E = +1.24 V (3.3) 

 

NO2
−+8 H++ 6 e− → NH4

+ + 2 H2O                E = +0.90 V (3.4) 

 
  

 

Figure 3.9 Nitrate adsorption and reduction on PANIBC 
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3.4.7 Adsorption regeneration  and competitive studies 

 

Figure 3.10 Adsorption-desorption cycles and effect of competitive ions on Cr(VI) and nitrate 
adsorption 

Adsorption-desorption cycles at 25 ℃ on PANIBC and DFBC for (a) Cr(VI) at pH 2, and (b) 
nitrate at pH 6, where 0.200 g of biochar was mixed with 200 mL of Cr(VI) (60 mg/L) or nitrate 

(50 mg/L) and stirred at 200 rpm. NaOH 0.1M was used to desorb Cr(VI) and  nitrate. Error bars 
are the SD of three replicates. (c) and (d) chromium and nitrate removal on PANIBC and DFBC 
from six different aqueous solutions. (I) 50 mg/L, analyte spiked a natural pond water at pH 8.3, 
(II) 50 mg/L, analyte spiked a natural pond water at pH buffered to 2 for Cr(VI) and 6 for nitrate, 

(III) 50 mg/L, analyte spiked into deionized water at buffered pH 2 for Cr(VI) and pH 6 for nitrate, 
(IV) 50 mg/L, analyte spiked in to deionized water at pH 2 for Cr(VI) and pH 6 for nitrate in the 
presence of fluoride, chloride, carbonate competitive ions, each having a concentration in the 
mixture of 2 mg/L, (V) 5 mg/L and (VI) 10 mg/L, respectively.  
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Cr(VI) sorption/desorption results on PANIBC and DFBC are shown in Fig.  3.10(a). 

Cr(VI) adsorption highly depends on the solution pH. Since most Cr(VI) adsorption studies on 

biochar are reported in acidic pH, basic stripping is required as previously reported, 92 no desorption 

was observed with a 0.1M HCl stripper. Thus, 0.1M NaOH was used for chromium desorption 

from both PANIBC and DFBC. PANIBC adsorbed 61 mg/g of Cr(VI) in the first cycle at pH 2 vs 

32 mg/g by DFBC. Stripping by 0.1M NaOH adsorbed Cr(VI) 52 and 51.5 mg/g in the second and 

third consecutive cycles from PANIBC. Cr(VI) uptake on DFBC in the second and third cycles 

were 31 and 29 mg/g. The amount of Cr(VI) desorbed by 0.1M NaOH was (14, 12, 11 mg/g) for 

PANIBC and (8.3, 8.7, 8.9 mg/g) DFBC. The amount of Cr(VI) desorbed from both PANIBC and 

DFBC was less than the amount adsorbed in each cycle but remained almost constant throughout 

all three consecutive cycles.  

 Nitrate adsorption at pH 6 on PANIBC and DFBC is illustrated in Fig. 3.10(b). The amount 

of nitrate uptake on PANIBC was always far higher than on DFBC. In the first adsorption cycle, 

36 mg/g of nitrate was adsorbed by PANIBC vs 4 mg/g by DFBC. The amount of nitrate adsorbed 

on PANIBC dropped to 13.7 and 12.3 mg/g in the second and third cycles. Nitrate was desorbed 

from PANIBC (34.4, 10.7 and 11.9 mg/g) each cycle by 0.1M NaOH. The amount of nitrate 

stripped from DFBC in the three cycles was 2.8, 1.9, 1.8 mg/g verses uptakes of 4.1, 3.8 and 2.4 

mg/g. The amount of nitrate desorbed from both PANIBC and DFBC by 0.1M NaOH was higher 

than the amount of Cr(VI) desorbed in each cycle. The emeraldine salt form of PANIBC is 

structurally changed into PANI base following treatment with NaOH in desorption studies. The 

base form of PANI does not have a positive charge on nitrogen or a chloride ion. Therefore, most 

of the nitrate ions can no longer be retain on the PANI structure leading to greater desorption of 

nitrate. During the second and third adsorption cycles, nitrate ions cannot be adsorbed  through 
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electrostatic attraction or through ion exchange with doped chloride ions. At this stage PANIBC 

exists in its base form where adsorption primarily occurs through hydrogen bonding. Therefore, 

adsorption of nitrate is reduced compared to the first cycle where the emeraldine salt form of 

PANIBC exhibited greater nitrate adsorption. 

Fig. 3.10(c) and (d) illustrate the percent removal of adsorbed Cr(VI) and nitrate using 

DFBC and PANIBC from six aqueous systems: (I) 50 mg/L Cr(VI) or 50 mg/L nitrate were spiked 

into lake water at its pH (8.3), (II) identical samples to (I) were buffered to their optimum pH 

(Cr(VI) pH 2, nitrate pH 6), (III) Cr(VI) and nitrate were spiked into deionized water as controls, 

(IV) Cr(VI) or nitrate (50 mg/L) in deionized water were combined with five competitive ions 

(Cr2O7
2−, NO3

−, CO3
2−, F−, Cl−) with individual concentration of 2 mg/L (V) 5 mg/L and (VI) 10 

mg/L. 

PANIBC removed 48% of Cr(VI) from lake water at pH 8.3, but DFBC removed very 

little. Lake water’s high initial pH causes DFBC’s surface to be negatively charged, retarding 

Cr(VI) uptake. Buffering lake water to pH 2, as expected, increased Cr(VI) removal of 50%. This 

same result was occurred using deionized water. PANIBC removed ~75% of  the Cr(VI) in both 

lake water and DI water buffered to pH 2 no species interfered in lake water. Competitive ions 

(NO3
−, CO3

2−, F−, Cl−), lowered Cr(VI) removal on both DFBC and PANIBC as their 

concentrations rose from 2 to 10 mg/L. These interfering ions hindered Cr(VI) sorption on DFBC 

in previous work.93,94,95  DFBC didn’t remove nitrate from lake water at pH 8.3, while PANIBC 

removed 23%. Buffering lake water to pH 6, increased nitrate uptakes slightly. The deionized 

water gave the highest nitrate removal percentages for both DFBC and PANIBC. The competitive 

anions Cr2O7
2−, CO3

2−, F−, Cl− reduced nitrate removal by PANIBC. Comparison of PANIBC’s 

nitrate and Cr(VI) adsorption capacities verses other adsorbents are shown in Table 4. 
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Table 3.4 Comparison of PANIBC’s nitrate and Cr(VI) adsorption capacities verses other 
adsorbents 

Adsorbent Adsorbate pH Equilibrium 
time 

Temp. 
(K) 

Surface 
area 

(m2/g) 

Adsorption 
capacity 

(mg/g) 

Reference 

Magnetic Douglas 
fir biochar 

nitrate 7.0 10 min 298 494 14.84 93 

    308  15.05  

    318  15.53  

Sugarcane bagasse 

biochar 

nitrate 3 60 min 295 41.67 28.21 17 

Bamboo biochar nitrate 6.4 24 h 298 28 4.6 96 

Bamboo biochar/ 

montmorillonite 

nitrate 6.4 24 h 298 156 8.5 96 

Corn-straw 

Biochar-magnetic 

nitrate 6.0 24 h 278 115 6.31 97 

Polyaniline 
modified activated  

carbon 

nitrate - 30 min 298 260 48.9 98 

PANIBC nitrate 6.0 2 h 318 

298 

8.9 72.0 

63.0 

This study 

This study 

Ramie biochar Cr(VI) 2 24 h 298 5.14 82.23 99 
Eucalyptus 

globulus bark 

biochar 

Cr(VI) 2 6 h 303 265 21.3 100 

  2 6 h 313 265 25.4  

  2 6 h 323 265 28.4  
Magnetic biochar Cr(VI) 2 >24 h 298 59.34 45.45 101 

Chitosan combined 

magnetic biochar 

Cr(VI) 2 18 h 303 104.91 30.14 102 

Chitosan doped 

carbon nanotubes 

Cr(VI) 6 2 h 308 - 26.14 103 

Graphene oxide 
incorporated 

chitosan 

Cr(VI) 3 3 h 308 - 76.92 104 

Carbon microfibers 

supported 

iron/nickel bisalloy 

Cr(VI) 1 60 s 298 435 89.6 105 

Amine impregnated 

crab shells 

Cr(VI) 2 24 h - 1.22 41.41 106 

PANIBC  Cr(VI) 2 3 h 313 

298 

8.9 150.0 

114.9 

This study 

This study 

PANIBC Cr(VI) 6 3 h 298 8.9 86.5 This study 
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3.5 Conclusion 

Polyaniline/biochar composite (PANIBC) was synthesized using high surface area 

Douglas fir biochar (DFBC), a low cost adsorbent made from timber gasification to serve as a 

dispersant. Simple in-situ oxidative polymerization of aqueous aniline DFBC slurries yielded 

PANIBC for the adsorption of chromium and nitrate. Predominantly emeraldine form of 

polyaniline particles covered the DFBC, causing a lowering of surface area and pore size but 

resulting in high uptakes of Cr(VI) and nitrate from the introduction of amine, imine and polaron 

groups by PANI. Significant Cr(VI) was reduced to less toxic Cr(III) by oxidation of amine to 

polaron/bipolaron imine groups on PANIBC surface. Nitrate removal occurred by H-bonding, 

electrostatic interactions and ion exchange. By depositing smaller weight fractions of PANI on 

biochar, dispersion per unit wt. of PANI improved and higher Cr(VI) and nitrate removal 

capacities per unit wt. of PANI. This suggests that systematic reduction of the amount of PANI 

deposited on high surface area biochars or other substrates could raise sorption capacities 

substantially and enhance reductive adsorption markedly by increasing the PANI surface/weight 

ratio. Plausible mechanisms of Cr(VI) and nitrate removal by PANIBC were elucidated with the 

evidence of XPS spectroscopy. Maximum Langmuir adsorption capacity for Cr(VI) and nitrate at 

318 K was 150, 72 mg/g, respectively. PANIBC exhibited higher desorption and recovery of these 

adsorbates using 0.1M NaOH than DFBC. Experiments conducted in real water samples on 

PANIBC indicate the significance of this composite as an excellent adsorbent for Cr(VI) and 

nitrate remediation.   
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CHAPTER IV 

IRON/TITANIUM OXIDE-BIOCHAR COMPOSITE AS A VERSATILE PHOTOCATALYST 

FOR REMOVAL OF AQUEOUS CHROMIUM, LEAD, FLUORIDE AND METHYLENE 

BLUE 

(Manuscript under preparation) 

4.1 Abstract 

Incorporation of Fe/Ti oxides into biochar (BC) improves the surface properties for 

environmental contaminant  remediation. This work is the first report on Fe-Ti oxide/biochar 

(Fe2TiO5/BC) composite for sorptive removal of metal cations, oxy anions, inorganics and organic 

contaminants from aqueous solutions. Nano Fe-Ti oxide particles were dispersed on a high surface 

area biochar by a simple chemical co-precipitation method using FeCl3 and TiO(acac)2 salts 

followed by a base treatment and calcination at 500 °C. Surface structures and properties of the 

as-synthesized composite were characterized by PZC, BET, SEM, TEM, EDS, XRD, TGA, and 

XPS analysis. Adsorption of Cr(VI), Pb(II), fluoride and methylene blue (MB) on Fe2TiO5/BC 

was studied as a function of pH, equilibrium time and initial adsorbate concentration and 

temperature. Adsorption isotherm studies were carried out at 5, 25 and 45 ℃ and kinetics data of 

all four adsorbates are best fit to the pseudo second order model. Maximum Langmuir adsorption 

capacities for Cr(VI), Pb(II), fluoride and MB at 45 ℃ were 141 (pH 2), 200 (pH 5), 36 (pH 6) 

and 229 (pH 6) mg/g respectively. MB removal on Fe2TiO5/BC by the synergistic combination of 

adsorption and photocatalytic degradation at pH 3 and 6 under UV light irradiation. The removal 
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mechanisms of these contaminants on Fe2TiO5/BC by various mechanisms are proposed. Cr(VI), 

Pb(II), fluoride and MB exhibited excellent removal capacities in the presence of eight different 

competitive ions in simulated water samples.  

 

4.2 Introduction 

Water pollution caused by natural or anthropogenic activities has been a global concern. 

The polluted waters can include toxic metal ions1 and dissolved organic matter consisting of textile 

dyes,2 pesticides, cleaning solvents, polyhalogenated hydrocarbons,3,4,5 and pharmaceuticals. 

Biological, chemical and physical methods based on biosorption,6 microbial degradation, chemical 

precipitation,7 adsorption8 and advanced oxidations including electrochemical9,10 and 

photocatalysis11 are used to treat surface and waste water.  

Pollutant adsorption onto solid carbon adsorbents such as activated carbon,12,13 surface-

modified biochar,14 graphene and carbon nanotubes (CNTs)15 are often used to remove 

contaminants from waste water. Simple design, low costs, and strong sorption affinities are 

advantages of many carbon adsorbents. Adsorbent surface area, surface chemical functionality of 

the adsorbent and adsorbate, pH influences on the adsorbate/adsorbent interaction, contact time 

and mass transport are crucial factors that determine the pollutant removal efficiency from 

water.13,14 

Removal of aqueous toxic metal ions, inorganic and organic contaminants by oxides of 

Fe2TiO5 composites have been rarely reported in the literature. Herein, we present an investigation 

of the removal of Cr(VI), Pb(II), fluoride, and methylene blue (MB) from water using a Fe2TiO5 

binary oxide on biochar (BC) composite. High surface area Douglas-Fir biochar was selected as 

an excellent support platform containing tunable functional groups for dispersing Fe2TiO5. An 
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attractive feature of this composite is its ability to remove both cationic and anionic inorganic 

species and organic pollutants via adsorption while also having photocatalytic degradation 

capabilities. 

TiO2,
16 ZnO,17 and SnO2

18 have been widely used semiconductor photocatalysts for three 

decades since their photocatalytic properties were first described by Fujishima and Honda in 

1972.19 TiO2 has been an attractive candidate in pollution abatement due to its high chemical 

stability, nontoxicity, abundance and low cost. The photocatalytic oxidation of organic pollutants 

by these photocatalysts is attributed to the formation of nonselective hydroxyl radicals (HO•), 

superoxide radical (O2
•−)  and H2O2.11,16 However, TiO2’s the large band gap (3.2 eV) only 

adsorbs light at λ < 39011 nm making it unable to use most of the solar spectrum, thereby limiting 

its photocatalyst applications. 

UV irradiation on TiO2 exhibited complete degradation of textile dyes with an average 

overall TOC removal larger than 94% for a photocatalytic reaction for 6 h.20 Aqueous dye catalytic 

mineralization occurred by UV irradiation in the presence of TiO2 via formation of nitrate, sulfate 

and gaseous N2 and CO2 confirming total mineralization of dyes.19 Therefore, a catalytic system 

like TiO2 that could work by to shifting the absorption wavelength totally into visible region could 

improve solar photoresponsivity.  

Interest in  Fe2O3 particles is growing as a highly efficient, and cost-effective adsorbent for 

the removal of aqueous Cr(VI), As(III), Pb(II), Cd(II), Cu(II) and organic pollutants.21,22,23  It also 

reduces Cr(VI) to less toxic Cr(III) and oxidizes As(III) to As(V) respectively.24,25 Fe2O3 is a good 

photocatalyst for the photodegradation of organic pollutants such as MB, Rhodamine B. Biochar’s 

high surface area, enormous porosity, easily tunable functionalities, electrical conductivity and 

chemical stability can be beneficial when supporting or dispersing photocatalytic nanoparticles.26 
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Biochar has electron shuttling and storage properties due to its conductivity and redox properties 

present in its hydroquinone/quinone moieties. Black carbon biochar has an electron sink capacity 

of 0.85 and 0.87 mmol e-/g in an acetate oxidation and a nitrate reduction respectively.27 In TiO2-

biochar composite, enhanced photocatalytic efficiency was observed in a TiO2-biochar composite 

due to the electron reservoir nature of biochar, which increased the charge-separation of generated 

e-/hole pair .28 

We now report the first biochar incorporated an iron/titanium oxide prepared to deposit 

Fe2TiO5 and this composite exhibited good sorption properties towards Cr(VI), Pb(II), fluoride 

and MB. Additionally, it demonstrated photocatalytic properties towards MB in water upon 

exposure to UV light. Enhanced removal efficiency of MB is attributed to the synergistic operation 

of an adsorption/photodegradation mechanisms by Fe2TiO5/BC. This composite exhibits higher 

photocatalytic effects due to the presence of surface active catalytic sites introduced by iron and 

titanium oxide phases and the aromatic carbon structure of the biochar phase. Fe 2TiO5/BC 

performance as an adsorbent in aqueous system was tested in the presence of eight different model 

competing ions. 

4.3 Materials and methods 

All chemicals used here were analytical grade (Sigma- Aldrich, Fischer) unless otherwise 

specified. Aqueous stock solutions of chromium, lead, fluoride and methylene blue were prepared 

in deionized water and pH of these solutions were adjusted using 1 M, 0.1 M, and 0.01 M NaOH 

or HCl and measured using a pH meter (Hanna HI 2211). 
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4.3.1 Preparation of Fe2TiO5/BC  

Fe2TiO5/BC was synthesized by modifying a previously reported hydrothermal method to 

prepare Fe2TiO5.29 Briefly, titanium(IV) oxyacetylacetonate (TiO(acac)2) (7.5 mmol, 2.18 g), 

ferric chloride (FeCl3) (15 mmol, 2.97 g), and urea (NH2CONH2) (37.5 mmol, 2.25 g) were 

dissolved in deionized water (250 mL) and mixed with Douglas fir biochar (20 g). This biochar 

(BC) is a waste from timber industry wood gasification, produced by gasifying green wood chips 

at 900-1000 ℃ in an updraft gasifier for a 1-10 s residence time in a nitrogen atmosphere. This 

was followed by water rinsing to remove soluble organic residues and drying at room 

temperature.30,31 The BC particle size obtained by sieving was in the range of  0.1-0.1 mm. The 

mixed TiO(acac)2/(FeCl3 solution’s pH was adjusted to 8 using ammonium hydroxide (NH4OH) 

and further stirred at 80 ℃ for 48 h. Fe2TiO5  particles nucleate, grow and deposit on BC. Some 

nucleation and growth might occur at the BC surface. The BC was vacuum filtered from the 

mixture and washed three times with deionized water and followed by ethanol. Then the solid 

powder was dried at 60 ℃ for 2 h in a vacuum oven at 1atm and finally calcinated at 500 ℃ in a 

furnace under nitrogen atmosphere for 2 h. The resulting material is referred to as Fe2TiO5/BC and 

this contained 8.2% wt. of  Fe2TiO5. Neat Fe2TiO5 was synthesized for characterization studies 

following the above-mentioned procedure except the addition of biochar. (TiO(acac)2) (7.5 mmol, 

2.18 g),  (FeCl3) (15 mmol, 2.97 g), and urea (NH2CONH2) (37.5 mmol, 2.25 g) were dissolved in 

deionized water (250 mL), and this gave  Fe2TiO5 with a yield of ~85% wt. 
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Scheme 4.1 Synthesis of iron-titanium-biochar composite (Fe2TiO5/BC) 

 

4.3.2 Characterization of Fe2TiO5/BC 

Surface morphology of Fe2TiO5/BC was examined by scanning electron microscopy 

(SEM) (JEOL JSM-6500F), at 5 kV coupled to an energy dispersive X-ray (EDX) detector. 

Transmission electron microscopy images were obtained by a TEM (JEOL model 2100), operated 

at 200 kV with an Oxford X-max-80 detector for the TEM/EDX analyses. X-ray diffraction 

analysis was performed using a Rigaku ultima III (Cu-Kα (ℷ = 1.54 Å). Diffuse reflectance UV-

Vis spectroscopy was used to acquire the Fe2TiO5/BC band gap estimation. Brunauer-Emmet-

Teller (BET) surface area, pore volume and pore diameter were determined by N 2 adsorption-

desorption isotherms using a Micrometrics Tristar II Plus 3030 surface area analyzer at 277 K. 

Thermogravimetric analyses (TGA) were carried out at a heating rate of 10 ℃/min from 20-1000 

℃ under nitrogen atmosphere using a Mettler TGA/DSC thermogravimetric analyzer (TGA/DSC 

STARe system, Mettler Toledo, USA. X-ray photoelectron spectroscopy (XPS) measurements 

before and after Cr(VI), Pb(II), F and MB adsorption on Fe2TiO5/BC were conducted with a 
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Thermo Scientific K-Alpha system. (1486.6 eV, Al Kα line, 400 µm2 spot size with a maximum 

penetration depth of 100 Å). CHN analyzer (CHN: ASTM D5291) was used to get the weight 

percent C, H, and N in Fe2TiO5/BC. Ash content of Fe2TiO5/BC was calculated by incinerating 1 

g of sample in an open top porcelain crucible in a muffle furnace at 650 ℃ for 4 h and then 

comparing the initial and final masses. Fe and Ti wt.% of the material were determined by an acid 

digestion method. (50 mL of (1:3 v/v 70% HNO3 : 37% HCl) mixed with composite (0.1 g) at 60 

℃ for 12 h prior to the analysis). This was followed by inductively coupled plasma mass 

spectroscopy (ICP-MS). Point of zero charge (PZC) of Fe2TiO5/BC was determined by a plot of 

equilibrium pH vs. initial pH. NaCl (0.01 M) solutions (50 mL) at different pH values were (2 to 

10) prepared and mixed with Fe2TiO5/BC (0.05 g) for 24 h. 

4.3.3 Batch adsorption, effect of competitive ions on adsorption and iron leaching 

studies 

Equilibrium adsorption studies of Cr(VI), Pb(II), fluoride and methylene blue (MB) on 

Fe2TiO5/BC were performed to investigate the effect of  solution pH, contact time and adsorbate 

concentration. The effect of pH on adsorption was examined using three replicates at each pH from 

2 to 10 in 25 mL solutions containing 50 mg/L of analyte and (25 mg) Fe 2TiO5/BC doses. The 

effect of contact time was monitored by varying the equilibrium time for each analyte. Different 

adsorbate concentrations were used for batch sorption studies and plastic vials (50 mL) were used 

to mix all samples (25 mL) with Fe2TiO5/BC. Solutions were filtered (Whatman filter paper No. 

1) after reaching equilibrium. The remaining concentrations of Cr(VI), Pb(II) were determined by 

atomic absorption spectroscopy (AAS) (Shimadzu AA-7000). Fluoride was determined using a 

fluoride ion selective electrode and methylene blue (MB) by double beam UV-Vis spectroscopy 

at 664 nm. Standard deviations for three replicates were used to calculate error.  Adsorption 
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capacity for each analyte at equilibrium, Qe (mg/g) was obtained from Qe =
(Ci−Ce)V

W
 . Here, Ci and 

Ce denote the initial and equilibrium concentration of chromium or nitrate in mg/L, V is the volume 

of adsorbate in mL, and W is the weight of biochar in g. 

Cr(VI), Pb(II), fluoride and MB adsorption onto Fe2TiO5/BC in the presence of sulfate, 

phosphate, nitrate, chloride, carbonate, arsenate, molybdate and Cu(II) competitive ions were 

investigated since these ions are present in natural and waste water systems in trace or 

comparatively high amounts. The effect of each competitive ion was monitored at 0.01, 0.1 and 1 

mM at room temperature for Cr(VI), 50 mg/L, Pb(II) 100 mg/L, fluoride 50 mg/L and MB 100 

mg/L, respectively. Experiments were performed in triplicate. Fe2TiO5/BC (25 mg) was mixed 

with 25 mL of solution containing the competitive ion for 3 h with Cr(VI), Pb(II) 1 h, fluoride 2 h 

and MB 2 h, respectively. After reaching equilibrium the mixtures were filtered and the adsorbate 

concentration of each was determined. Also, the remaining competitive ion concentration after 

adsorption in each mixture was quantified using ICP-MS (for arsenate, phosphate, molybdate and 

copper), ion selective electrode (for chloride) and liquid chromatography (LC-MS) (for nitrate).  

Simultaneous Cr(VI), Pb(II), fluoride and MB removal capability and Fe2TiO5BC’s 

performance in complex water matrices were tested by simulating a mixture of 10 mg/L of each 

species in different matrices (DI water, Chadwick lake water, Noxubee lake water, Atoyac lake 

water, (Argentina, Latin America)). However, co-existing Pb(II) and Cr(VI) precipitates were 

removed by filtration prior to the sorption experiments. Removal % was used as a figure of merit 

for the comparison of sorption performance. Approximately 50.0 mg of Fe 2TiO5/BC was 

equilibrated (in triplicate, 2 h) with 25.0 mL of the multi-species pollutant solutions, These 

suspensions were filtered and filtrate were analyzed for the remaining species concentrations using 

ICP-MS (Cr(VI), Pb(II)), ISE (F-) and LC-UV (MB). 
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Iron leaching experiments were conducted on Fe2TiO5/BC (25 mg) after adsorption of 

Cr(VI), 50 mg/L, Pb(II) 100 mg/L, fluoride 50 mg/L and MB 100 mg/L (25 mL for each solution). 

These experiments were performed for each analyte at pH 3, 5, 7, and 9 at 25 ℃. Iron content in 

the filtrates after adsorption was measured using atomic absorption spectrophotometer (AAS). All 

experiments were performed in triplicate and standard deviation was used to calculate the error of 

each iron measurement. 

4.3.4 Photodegradation studies  

The photocatalytic activity of the Fe2TiO5/BC composite on methylene blue degradation 

under different experimental conditions was monitored under UV light irradiation. Aqueous MB 

and Fe2TiO5/BC (100 mg/L, 100 mL) containing the composite (100 mg) in a pyrex beaker was 

placed under a mercury spot lamp (100 W, wavelength 365 nm, UVP P/N 34-0054-01, Upland, 

USA), This lamp was placed 20 cm above the top level of the solution, which had a depth of 3 cm 

in the beaker). Photodegradation was conducted at either pH 6 or 3 for all experimental 

irradiations. Air or nitrogen was continuously bubbled through the aqueous MB solutions. Beakers 

containing MB and the photocatalyst run in the dark were covered with aluminum foil and stirred 

(100 rpm) for 2 h to achieve the adsorption equilibrium prior to the photodegradation studies.   

 

4.4 Results and Discussion 

4.4.1 Characterization of Fe2TiO5/BC 

Fe2TiO5/BC exhibited a Brunauer-Emmett-Teller (BET) surface area of 576 m2/g verses 

an original surface area of 535 m2/g for the Douglas fir biochar (Table C.1). This area is 

significantly higher than the as synthesized neat Fe2TiO5 (85 m2/g) when measured alone. The 
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surface area of the Fe2TiO5 deposits  on BC are not known because the combined value of 576 

m2/g is composed of both Fe2TiO5 and BC phases and Fe2TiO5 could be covering entree into a 

significant amount of BC pore volume. Douglas fir BC’s high surface areas (535 m 2/g) results 

from a porous morphology, large pore volume (0.249 cm3/g) and pore diameters of 18.6 Å due to 

mass loss from its internal carbon skeleton, which forms large number of micropores and ultra 

micropores during wet pyrolysis at 900-1000 ℃.31 The high surface area, pore volume (0.207 

cm3/g) and pore diameter (12.6 Å) obtained for the Fe2TiO5/BC composite is a joint contribution 

of the biochar  and Fe2TiO5 phases. The elemental Fe and Ti weight percentages obtained using 

acid digestion method for neat Fe2TiO5 and Fe2TiO5/BC were (Fe-62.4, Ti-22.7) and (Fe-6.58, Ti-

2.4), respectively. The Fe/Ti molar ratio was 2.4 to 1 in Fe2TiO5/BC and 2.3 to 1 in Fe2TiO5.  

Fe2TiO5 contains a ash content of 96.7% wt. verses 16.3% wt. of ash content for Fe2TiO5/BC, 

where this ash also contains the oxides and carbonates of potassium, magnesium, calcium, silica 

initially present in the wood feed and the iron and titanium oxides introduced by Fe2TiO5/BC.  

SEM and TEM characterizations were performed to study the surface morphology. Fig. 4.1 

exhibited the well developed porous structure, originally present in the wood precursor of carbon 

skeleton present in biochar with Fe2TiO5 depositions on biochar surface under four different 

magnification. Fe2TiO5 particles can be clearly seen as small octahedral crystalline particle clusters 

dispersed on the biochar. Approximate atomic percentages obtained by SEM-EDX (Fig. C.1) 

indicated the composition of each element present on Fe2TiO5/BC as C (84.2), O (15.1), Fe (0.5) 

and Ti (0.3). The atomic ratio of Fe to Ti was closer to 2 but the percent O ratio was higher than 5 

in Fe2TiO5/BC. This high oxygen percentage may be due to the contribution of  both inorganic 

(SiO2, CaCO3) and organic oxygen initially present on biochar. SEM-EDX is a surface sensitive 

technique which analyzes ~2 µm of depth from the material surface. These numbers don’t 
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represent the bulk values. TEM elemental mapping images on Fe2TiO5/BC (Fig. C.2) confirms the 

presence of C, O, Fe and Ti elements on the composite and this is well supported by the weight 

percentages of C (61.1), O (18.7) Fe (11.1) and Ti (9.0) obtained by TEM-EDX spectra. EDX 

elemental compositions (by wt.%) after adsorption of Cr(VI), Pb(II), fluoride and MB on to 

Fe2TiO5/BC are presented in the supporting information (Fig. C.3). 

 

Figure 4.1 SEM images of Fe2TiO5/BC under  magnifications from 500 x to 15000  

SEM images were obtained at the Institute of Imaging and Analytical Technologies (I2AT), 
Mississippi State University. 
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Figure 4.2 Characterization of Fe2TiO5/BC 

Point of zero charge (PZC=6.4) measurements for (a) Fe2TiO5/BC, (b) thermogravimetric analysis 
(TGA) for Fe2TiO5/BC at a 10 ºC/min heating rate in nitrogen, (c) XRD and (d) UV-visible diffuse 
reflectance spectrum of Fe2TiO5/BC and its band gap. 

The TGA of Fe2TiO5/BC at 10 ℃/min heating rate under nitrogen exhibited a small weight 

loss at 40-90 ℃ due to moisture removal. Then a gradual weight loss of ~18% wt. until 1000 ℃ 

was observed and this was due to thermal decomposition of carbon skeleton in the biochar. In this 

region any significant weight loss at a specific temperature was not observed. Significant weight 

loss around 565 ℃ takes place in Douglas fir biochar (Fig. C.4) due to thermal decompositions 

including decarboxylation, decarbonylation and the thermal destruction of the carbon skeleton.31  
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The XRD patterns of Fe2TiO5 and Fe2TiO5/BC are presented in Fig. 2(c). The XRD peaks get 

broad and show low intensities due to the existence of amorphous material and poor particle 

crystallinity..29,32,33,34 Neat Fe2TiO5 exhibited several strong sharp peaks in the 2θ range of 10 to 

80º. The JCPDS file No. 41-1432 for Fe2TiO5 matches well with synthesized Fe2TiO5’s major 

peaks and their indexed planes at 18.34º (200), 25.54º (101), 32.78º (230), 35.9º (301), 36.82º 

(131), 46.20º (430), 49.10º (002), and 60.34º (232).29,35,36 Fe2TiO5/BC exhibits majority of the 

peaks related to Fe2TiO5 ( Fig. 4.2(c)) confirming the successful formation of Fe2TiO5 on biochar 

surface. The broad peak ~25° in Fe2TiO5/BC is due to the biochar originates from the disordered 

cellulose crystal structure becoming increasing aromatized during high temperature pyrolysis37 

and this peak overlaps with the peak at 25.54º. In addition, the peaks at 27.1° (110) attribute for 

the presence of trace amounts of TiO2 (JCPDS file No. 21-1276)38,39 and α-Fe2O3 at 57.62º (016), 

(JCPDS file No. 33-0664)40,41 in both the neat Fe2TiO5 and Fe2TiO5/BC formed in this work.  

The bandgap of Fe2TiO5/BC was calculated by UV-Visible diffuse reflectance spectra in the 

wavelength range from 200 to 800 nm (Fig. 4.2 d). The spectra obtained was converted to the 

Kulbelka-Munk function,42 which is proportional to the absorption coefficient. The bandgap was 

estimated using a Tauc plot and extrapolating the linear region of the (αhν)2 versus photon energy 

(hv) curve given by the following formula. (αhν)2  = A ( hν − Eg ) where α is the absorption 

coefficient, A is constant, hν is the energy of light and n is a constant, which depends on the nature 

of the electron transition. The band gap was estimated as 1.65 eV. Band gaps of 1.4143 and 1.9544 

eV have been reported for Fe2TiO5 nanopowder. Similar results were obtained for the 1.5 eV band 

gap for bare biochar and 1.86 eV for a CuWO4-biochar composite.45 

Fe2TiO5/BC exhibited a net point of zero charge (PZC) of 6.4 resulting from the 

contribution of  Fe2O3, TiO2 and biochar phases in the composite. PZC values for Fe2O3/TiO2 
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ceramic46 (4.8), Fe2O3
47 (6.9) and TiO2

47 (5.2) were reported previously in the literature. PZC of 

the BC in Fe2TiO5/BC is around 9.20 and this highly depends on the surface functional groups and 

the ash content.31 At high pyrolysis temperature, Ca, Mg carbonates and oxides formed lead to a 

high PZC. PZC of 6.4 of Fe2TiO5/BC reflects the contribution of surface Fe-OH, Ti-OH and Fe-

O-Ti functional groups.  

The pH dependence for adsorption of Cr(VI), Pb(II), fluoride and MB on Fe2TiO5/BC are 

presented in Fig. C.5. In aqueous solutions Cr(VI) is present as oxyanions. Hydrogen chromate 

(HCrO4
−), predominates at pH 1-6, and chromate (CrO4

2−) dominates at pH > 6.31 Cr(VI) is present 

as chromic acid (H2CrO4) at pH < 1,48 but in this work experiments were not conducted below pH 

2. The highest Cr(VI) removal of 75% was observed at pH 2 for a 100 mg/L solution. This rapidly 

decreased to 20% removal at pH 3. Cr(VI) removal was negligible from pH 4-10. Above pH 4 , 

HCrO4
− species may be repelled from negatively charged adsorbent surfaces which leads to a poor 

Cr(VI) removal. Thus pH 2 was selected for all Cr(VI) adsorption studies.  

Pb(II) adsorption on Fe2TiO5/BC rose continuously as solution pH increased from 2 to 5. 34%. 

Pb(II) removal occurred at pH 5 was observed for a 100 mg/L solution at 25 ℃. Pb(II) exists as 

free hydrated ions between pH 2-5 and electrostatic repulsions exist in positively charged surface 

below pH 6.4. Yet high Pb(II) removal from solution at these low pH values can be seen. When 

pH of the solution rose electrostatic repulsions are decreased but Pb(II) removal experiments were 

not continued after pH 5 since Pb(II) starts to precipitate as Pb(OH)2 at pH 5.5 (Ksp = 5.0 x 10 -16 

at 298 K). Above pH 6 lead hydroxyl complexes such as  Pb(OH)+, Pb4(OH)4
4+, Pb3(OH)4

2+ are 

formed, so precipitation dominates and adsorption can’t be studied above pH 6.49 

Fluoride adsorption was robust in pH 3 -10 (~22 %). This is mainly due to greater 

electrostatic attractions with positively charged Fe-O+H2, Ti-O+H2 surfaces and hydrogen bonding 
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with protonated Fe2TiO5BC surfaces. The removal percentage dropped slightly when increasing 

pH all the way to 12 (15 % removal). This could be due to the electrostatic repulsion from Fe-O- 

and TiO- as well as negative BC surfaces above pH 9.2 and increasing competition from OH - ions. 

 MB exhibited a wide pH window from 4 to 10. MB was 50% removed from solution at pH 4 and 

this remained almost constant from pH 4 to 10. BC’s aromatic structure can trigger the MB 

adsorption via π-π interactions, hydrogen bonding with N centers present in MB. At low pH values 

positively charged N centers on MB repel the positively charged Fe2TiO5/BC surfaces resulting 

low adsorption. At a pH above the pzc of Fe2TiO5 (4.8), negatively charged deprotonated Fe-O-, 

Ti-O- surfaces enhance the MB adsorption via electrostatic attractions. 

4.4.2 Adsorption kinetics 

 

Figure 4.3 Effect of contact time 

Effect of contact time on Cr(VI) (100 mg/L, pH 2), Pb(II) (50 mg/L, pH 5), F (50 mg/L, pH 6) 

and MB (100 mg/L, pH 6) adsorption at 25 ℃ onto Fe2TiO5/BC. (a) amount adsorbed in mg/g 
(b) linear fit of pseudo second order kinetics. Fe2TiO5/BC (25 mg) was mixed with 25 mL of 
solution containing each of the analyte with a stirring rate of 200 rpm. 

Cr(VI), Pb(II), fluoride and MB removal on Fe2TiO5/BC were plotted verses the time (Fig. 

4.3). All adsorbates reached the equilibrium after 2 h and then remained almost constant for 24 h. 
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Cr(VI) removal percentage at pH 2 was 52% using 100 mg/L solution. Pb(II) removal at pH 5 and  

fluoride removal at pH 6 for a 50 mg/L solution were  ~60% and ~38%, respectively. MB (pH 6) 

exhibited 98%, a higher removal percentage than the other analytes on Fe2TiO5/BC. Fast uptake 

rates were observed initially for all analytes due to the availability of sufficient adsorption sites on 

the composite surface. Uptake gradually slowed down with time due to the increasing surface 

saturation. Experimental data for Cr(VI), Pb(II), fluoride and MB adsorption on Fe2TiO5/BC fitted 

well to the pseudo second order kinetic model, t/𝑞𝑡= t/𝑞𝑒 + 1/𝑘2𝑞𝑒
2 with high correlation 

coefficients (R2) closer to unity., Here, t is the contact time, qe denotes the amount adsorbed (mg/g) 

at the equilibrium time, qt is the amount adsorbed (mg/g) at time t and k2 is the second order rate 

constant (g/mg.min). 

4.4.3 Adsorption isotherms and thermodynamics 

Cr(VI), Pb(II), fluoride and MB adsorptions on Fe2TiO5/BC were conducted at 278, 298 

and 318 K and data was fitted to Langmuir50 and Freundlich51 isotherms using Origin Pro 2020 

software (Fig. 4.4) and Table 4.1. Batch sorption equilibrium studies were conducted for Cr(VI) 

and MB (10-1200 mg/L), Pb(II) (10-1000 mg/L) and fluoride (5-600 mg/L). The maximum 

Langmuir capacities obtained for Cr(VI), Pb(II), fluoride and MB adsorption on Fe 2TiO5/BC at 

318 K were 141, 200, 36, and 130 mg/g and  119, 180, 26, and 210  mg/g at 298 K respectively. 

Adsorption capacities increased as temperature increased from 278 to 318 K. The Van’t 

Hoff equation,  lnKads = −∆H°/R (1/T) +  ∆S°/R, was used to calculate the enthalpy (ΔH), and 

entropy (ΔS) for Langmuir and Freundlich constants (Fig. C.6). The isotherm constants at each 

temperature (5, 25, 45 ℃) were converted into dimensionless constants. This was performed by 

multiplying by the density of the liquid phase (1x106 mg/L).52 The ΔH, and ΔS values for 

Langmuir and Freundlich model isotherm constants for Cr(VI), Pb(II), fluoride an d MB 
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adsorptions on Fe2TiO5/BC were tabulated in Table 4.2. All values for ΔH and ΔS are positive 

showing that all four analytes adsorbed on Fe2TiO5/BC endothermically with increasing 

randomness between initial and final states. Gibbs free energy values,  (ΔG) were negative for all 

four sorbates at all three temperatures. The magnitude of (ΔG) increased with increasing the 

temperature. These  adsorptions are thermodynamically feasible, spontaneous processes.  

 

Table 4.1 Langmuir and Freundlich isotherm parameters for Cr(VI), Pb(II), fluoride and MB 
adsorption on Fe2TiO5/BC 

 

 

Analyte Isotherm parameters Temperature 

   278 K 298 K 318 K 

      
Cr(VI) Langmuir qo (mg/g) 83.0 119.9 141.6 

 
qe =

q0KLCe
(1+ KLCe)

 
KL(L/mg) 0.024 0.026 0.030 

  R2 0.988 0.987 0.993 

      

 Freundlich KF (L/g) 4.0 7.0 10 
 qe = KFCe

(1 n⁄ ) n 2.19 2.36 2.49 

  R2 0.990 0.991 0.983 

      

Pb(II) Langmuir qo (mg/g) 150.0 180.0 200.0 

 
qe =

q0KLCe
(1+ KLCe)

 
KL(L/mg) 0.015 0.021 0.042 

  R2 0.991 0.996 0.994 

      

 Freundlich KF (L/g) 2.3 5.5 10.0 

 qe = KFCe
(1 n⁄ ) n 1.48 2.0 2.16 

  R2 0.979 0.993 0.996 
      

F- Langmuir qo (mg/g) 24.174 26.0 36.0 

 
qe =

q0KLCe
(1+ KLCe)

 
KL(L/mg) 0.0152 0.0166 0.0190 

  R2 0.989 0.991 0.973 

      

 Freundlich KF (L/g) 2.14 2.46 3.17 
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Table 4.1 (continued) 

qe - adsorption capacity at equilibrium (mg/g), qo - monolayer adsorption capacity (mg/g), KL- 
Langmuir isotherm constant (L/mg), Kf - Freundlich isotherm constant (L/g), n - a constant 
indicative of the intensity of the adsorption, R2 - regression coefficient 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 qe = KFCe
(1 n⁄ ) n 2.30 2.31 2.34 

  R2 0.992 0.990 0.991 

      

MB Langmuir qo (mg/g) 175.0 210.6 229.9 

 
qe =

q0KLCe
(1+ KLCe)

 
KL(L/mg) 0.013 0.016 0.02 

  R2 0.995 0.998 0.991 

      
 Freundlich KF (L/g) 21.1 23.3 26.1 

 qe = KFCe
(1 n⁄ ) n 2.84 3.20 3.43 

  R2 0.992 0.998 0.989 
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Table 4.2 Thermodynamic parameters for Cr(VI), Pb(II), Fluoride and MB adsorption on 
Fe2TiO5/BC 

 
 

 T 
(K) 

R2 Kads ln Kads ΔG0 
(kJ/mol) 

ΔH0 

(kJ/mol) 
ΔS0 

(kJ/mol K) 

         

Cr Langmuir 278 0.90 2.43 x 104 10.1 -23.1 3.84 0.09 
  298 2.60 x 104 10.2 -25.4 

  318 3.00 x 104 10.3 -27.0 

 Freundlich 278 0.98 4.00 x 103 8.29 -19.3 16.9 0.13 

  298 7.00 x 103 8.85 -21.8 

  318 10.0 x 103 9.21 -24.5 
         

Pb Langmuir 278 0.93 1.50 x 104 9.62 -22.1 18.8 0.15 

  298 2.20 x 104 9.99 -25.0 

  318 4.20 x 104 10.7 -27.9 

 Freundlich 278 0.98 2.30 x 103 7.74 -17.9 27.1 0.16 

  298 5.50 x 103 8.62 -21.2 
  318 10.0 x 103 9.21 -24.4 

         

         

F Langmuir 278 0.95 1.52 x 104 9.63 -22.2 4.07 0.09 

  298 1.66 x 104 9.72 -24.1 

  318 1.90 x 104 9.85 -26.0 

 Freundlich 278 0.92 2.14 x 103 7.67 -17.6 7.18 0.09 

  298 2.46 x 103 7.81 -19.3 

  318 3.17 x 103 8.07 -21.1 

         

         

MB Langmuir 278 0.97 1.30 x 104 9.52 -21.8 7.09 0.10 

  298 1.60 x 104 9.68 -23.9 

  318 2.00 x 104 9.90 -25.9 

 Freundlich 278 0.98 2.11 x 104 9.96 -23.0 3.88 0.10 

  298 2.33 x 104 10.1 -24.9 

  318 2.61 x 104 10.2 -26.8 
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Figure 4.4 Langmuir and Freundlich isotherm plots 

Langmuir and Freundlich isotherm plots for Cr(VI), Pb(II), fluoride and MB adsorption on Fe2TiO5BC at 278, 298, and 318 K. (a), (b) 

Cr(VI) at pH 2 for 2 h, (c), (d) Pb(II) at pH 5 for 1 h (e), (f) fluoride at pH 6 for 3 h and  (g), (h) MB at pH 6 for 2 h. Fe2TiO5/BC (25 
mg) was mixed with 25 mL of solution containing each of the analyte with a stirring rate of 200 rpm. Error bars are the stand ard 
deviations of three replicates. 
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4.4.4 Adsorption interaction 

4.4.4.1 X-ray photoelectron spectroscopy (XPS) analysis 

 

 

Figure 4.5 HR-XPS deconvoluted spectra of the Fe2TiO5/BC’s adsorbent surface (a) C1s (b) 
O1s (c) Ti 2p and (d) Fe 2p   

 

Low resolution survey scan (LR-XPS) of Fe2TiO5/BC and the chromium-, lead-, fluoride- 

and methylene blue-laden Fe2TiO5/BC indicate the presence of C, O, Fe, Ti, Cr, Pb, and F elements 

on the surface regions of the composite (Fig. C.7). This surface specific analysis (maximum 

penetration 100 Å with increasing sensitivity as the surface layer of atoms is approached) helps 

define functional groups, atomic ratios and the respective elemental oxidation states by evaluating 
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the samples’ high resolution X-ray photoelectron spectra (HR-XPS). HR-XPS of Fe2TiO5/BC 

exhibited surface region atomic percentages of C (70.4), O (18.5), Fe (6.0) and Ti (4.0) (Table 

C.2,3). After Cr(VI), Pb(II) and fluoride uptake by Fe2TiO5BC at pH 2, 5 and 6 respectively, the 

ion surface atomic percentages were 2.5% Cr(VI), 1% Pb(II) and 0.3% fluoride, directly 

confirming adsorption of each. 

C1s peak of Fe2TiO5/BC was deconvoluted into five peaks at 284.50 eV, 285.46 eV, 286.62 

eV, 288.21 eV, and 289.96 eV binding energies corresponding to  C-C/C-H, C=C, C-OH/C-O-C, 

C=O. and CO3
2-/COOH(R) respectively (Fig. 4.5a). Deconvolution of the O1s peak revealed five 

peaks including a dominant peak at 530.22 eV (C=O) (Fig. 5b). These peaks were at 531.12 eV 

(O-CR3), 531.9 eV (C-OH), 533.13 eV (CO3
2-) and 533.82 eV (COOH(R) (Table C.3). Binding 

energies of the Ti 2p core level are assigned to two characteristic peaks (Fig. 5c) for Ti 2p1/2 464.6 

eV (TiO2)53 and Ti 2p3/2 458. 6 eV (TiO2).54, (Fe2TiO5)32,33 A satellite peak at 471.6 eV can be 

clearly seen for Ti(IV) oxidation state.55 Fe 2p HR-XPS for Fe2TiO5/BC were deconvoluted into 

multiple peaks, mainly corresponding to the Fe2O3 deconvoluted peaks for Fe 2p1/2 (722.7 eV) and 

Fe 2p3/2 (710.8 eV) in Fe2TiO5.32,33 This indicates the Fe(III) oxidation state in the as synthesized 

material. 

Cr(VI) adsorption on the composite surface gave Cr(VI) species and some reduction to 

Cr(III) (Fig. C.8). This was verified by using the reference Cr 2p3/2 peaks present for Cr2O3 at 576.7 

eV56,57, 577.7 eV58 for Cr(III). Also a peak at 579.6 eV for Cr(VI) appeared agreeing with the 

CrO3.59,60 The surface atomic percentages of Cr(III) and Cr(VI) after adsorption of Cr(VI) onto 

Fe2TiO5/BC were 2.5 and 1.5. The presence of both Cr(III) and Cr(VI) species on the surface 

shows a  majority of Cr(VI) species has reduced to less toxic Cr(III). The initial O1s peaks (530.22, 
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10.5), (531.12, 1.87) and (531.98, 3.4) present on Fe2TiO5/BC before Cr(VI) uptake have shifted 

to higher binding energies and larger atomic percentages (530.49, 14.8), (531.40, 5.7) and (532.15, 

5.6)  after  Cr uptake. While greater subresolution of oxygen peaks are impossible, it is clear that 

the increased binding energies (eV) show that removing 1s electrons from oxygens in these peak 

regions has become more difficult. Spin orbital splitting of Pb’s 4f energy level resulted doublets 

attributed to 4f 7/2 and 4f 5/2 levels in the HR-XPS of  Fe2TiO5/BC after Pb(II) uptake (Fig. 

C.8).Deconvoluted 4f 7/2 peaks at 139.2 eV and 138.73 eV are due to Pb(II) as referred to 

(PbO).61,62 HR-XPS for F1s exhibited a fluoride peak at 684.76 eV referred to (NaF).63,64 

Possible sorption interactions of the Cr(VI), Pb(II), fluoride, MB and competitive 

contaminants on BC and Fe2TiO5 surfaces are briefly summarized in scheme 1. Interactions can 

occur through electrostatic attractions (CO3
2-), hydrogen bonding (F-, Cl-, AsO4

3-, PO4
3-, CO3

2-, 

NO3
-, SO4

2- and CrO4
2-), weak chemisorption (AsO4

3-, PO4
3-, CrO4

2-, SO4
2- and CO3

2-), π-π 

interactions (MB) and coordination (Pb(II) and Cu(II)) on BC phenolics or carboxylates. On the 

Fe2TiO5 surface, chemisorption dominates for AsO4
3-, PO4

3- (inner-sphere), CO3
2- and SO4

2- 

(outer-sphere). Electrostatic attractions (Pb(II), Cu(II), MB) and hydrogen bonding (NO3
-, Cl- and 

F-) may also play a role. In addition, the stoichiometric precipitation of Fe(III) compounds of 

CrO4
2-, PO4

3-, and AsO4
3- oxyanions or F- and Cl- anions that are insoluble must be considered at 

pH values where some ion leaching may occur. 
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Scheme 4.2 Schematic representation of possible interactions of Cr(VI), Pb(II), fluoride, MB 
and competitive contaminants ions on Fe2TiO5 phase 
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4.4.5 Effect of competing ions on Cr(VI), Pb(II), F and MB adsorption 

 

Figure 4.6 Effect of competing ions 

Individual effects of competing sulfate, phosphate, nitrate, chloride, carbonate, arsenate, molybdate and Cu(II) (0.01, 0.1 a nd 1 mM) 

adsorption on Fe2TiO5/BC (a) Cr(VI) (100 mg/L, pH 2, 2 h), (b) Pb(II) (100 mg/L, pH 5, 1 h), (c) fluoride (50 mg/L, pH 6, 3 h) and (d) 
MB (100 mg/L, pH 6, 2 h). Quantification of the competing ions individually remaining in the filtrate after adsorption onto (e) Cr(VI), 
(f) Pb(II), (g) fluoride and (h) MB respectively. Cf/Ci is the ratio of the final and initial aqueous concentrations of competing ions. In 
all experiments Fe2TiO5/BC (25 mg) was mixed with solutions containing the competing ions (25 mL)  at 25 ℃.  
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Cr(VI), Pb(II), fluoride and MB removal by Fe2TiO5/BC from aqueous systems depends 

strongly on the other competing ions present in water bodies because the Fe 2TiO5 and biochar 

phases present in Fe2TiO5/BC may have a variety of affinities to other ions. Therefore, eight 

competing ions were used at low, medium and high concentrations (0.01, 0.1, and 1 mM) during 

the adsorption of Cr(VI), Pb(II), fluoride and MB onto Fe2TiO5/BC. Each of these competing ions 

either enhanced or decreased the adsorption of Cr(VI), Pb(II), fluoride and MB. These competitive 

ion sorptions (Fig. 4.6) were quantified by analyzing the filtrate after adsorption.   

Phosphate, chloride, carbonate, arsenate and Cu(II) enhanced Cr(VI) uptake. Sulfate and 

molybdate and high concentration arsenate reduced Cr(VI) uptake, but nitrate had no influence.  

Fe2TiO5/BC removed the competing molybdate (~80% for 1 mM) and all other competitive ions 

as well. Arsenate, phosphate and chromate anions have similar geometries that can compete for 

the same adsorption sites on the composite, particularly Fe-OH sites.65 Interestingly, all ions 

reduced the Pb(II) adsorption onto Fe2TiO5/BC. This occurred because Pb(II) makes water-

insoluble compounds with most of these anions such as PbSO4, Pb(H2PO4)2, PbCl2, PbCO3, 

Pb(H2AsO4)2 and Pb(MoO4). Arsenate, molybdate, phosphate and chloride used in low  

concentrations (except 1 mM) were effectively removed either by precipitation or adsorption onto 

Fe2TiO5/BC. Also, these anions can be electrostatically attracted to Fe2TiO5/BC, while Pb(II) 

cations are repelled by the positively charged biochar surfaces. Nitrate, chloride and Cu(II) uptake 

was low. They may only form weak H-bonds or weak electrostatic interactions with adsorbate 

surface and Cu(II) has competing effects similar to Pb(II) for the adsorption sites. Fluoride removal 

dropped in the presence of all the competing anions. The composites net PZC is ~6.5 and these 

experiments were formed at pH 6. Thus, the char surface phases protonated and have some 
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electrostatic attractions to fluoride. CaCO3 phases on BC might provide adsorption sites. All the 

competing anion adsorptions onto Fe2TiO5/BC were low except Cu(II). MB adsorption was 95% 

in the absence of any competing ion. All competing ions slightly reduced MB removal on 

Fe2TiO5/BC except sulfate and phosphate. MB which exhibits a large pH window (pH 4 -10) 

adsorbing to Fe2TiO5/BC surface by electrostatic attractions, π-π interactions and chelation. 

Nitrate, chloride and molybdate (except at high conc.) adsorption on to Fe 2TiO5/BC was higher 

than phosphate, arsenate and Cu(II). 

 

Figure 4.7 Simultaneous removal of Cr(VI), Pb(II), fluoride and MB  

Simultaneous removal of Cr(VI), Pb(II), fluoride and MB in DI water, Chadwick lake water, 

Noxubee lake water and Atoyac lake water from Argentina at pH 6 (50.0 mg of 10 mg/L 
Fe2TiO5/BC was mixed with 25.0 mL of water sample for 2 h at a stirring rate of 200 rpm). 
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The simultaneous adsorption of all four adsorbents was studied from DI water and three 

natural water sources. Cr(VI), Pb(II), fluoride and MB removal percentages spanned in (6.6-11.7), 

(73-92), (27.5-27.8) and (89-90) ranges respectively (Fig. 4.7). These removal percentages did not 

dramatically differ from that in DI water at pH 6, suggesting that Fe2TiO5/BC can perform well in 

many complex matrices. pH was maintained at 6, close to that of natural water. Thus the maximum 

sorption performance for each species was not be achieved. These data confirm Fe2TiO5/BC can 

simultaneously remove of heavy metals, oxy anions, dyes, and anions. 
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Table 4.3 Comparison of Cr(VI), Pb(II), fluoride and MB adsorption with sorbents reported 

in literature 

 

Adsorbent Analyte pH Temp.
(K) 

Conc. 
Range 

(ppm) 

Surfac
e area  

(m2/g) 

Adsorption 
capacity 

(mg/g) 

Eq. 
time 

(h) 

Refs. 

Biochar coated TiO2 

nanocomposite 

Cr(VI) 3 288 25-150 - 77.52 0.25 66 

Biochar coated 

Fe3O4@SiO2-NH2 

particles 

Cr(VI) 1 303 500 56.2 27.2 5 67 

hematite-modified 

biochar-clay granular 

composites (HGCs) 

Cr(VI) 5 298 0.1-200 61.72 19.51 24 68 

         

Fe2TiO5/BC composite Cr(VI) 2 318 5-1400 656 141.6  This work 

Cellulose acetate/TiO2 Pb(II) 5.2 308 50 30.2 31.9 5 69 

TiO2/lignin 

composite 

Pb(II) 5 293 50 - 37.56 3 70 

TiO2 functionalized 

hydroxide ethyl aniline 

Pb(II) 5.5 328 2-100 - 26.05 3 71 

Fe-Ti oxides 
nanoparticles 

Pb (II) 7.0 298 0.15 208 2.97 0.15 72 

Fe2TiO5/BC composite Pb(II) 5 318 5-1000 656 200.1  This work 

Fe-Ti oxides 

nanoparticles 

F 7.0 298 4.5 208 7.2 0.5  72 

TiO2-ZrO2 composite F 9 298 5 - 13.1 24 73 
Perennial grass biochar F 7 298 25 5.57 1.25 1 74 

Fe2O3 and Fe3O4 

dispersed biochar 

F 7 308 1-60 494 9.04 5 

min 

40 

Fe2TiO5/BC composite F 6 318 5-600 656 36.0  This work 

Magnetic biochar MB 10 298   31.25 2 75 
Phosphomolybdic acid 

treated biochar 

MB 7 318 5-450 1.18 146.23 72 76 

Montmorillonite clay 

modified iron oxide 

MB 5.5

-

7.5 

333 100-

1000 

118.1 71.12 4 77 

Magnetic rectorite/ iron 
oxide 

MB - 298 1-30 - 31.18 8 78 

Fe2TiO5/BC composite MB 6 318 5-1200 656 229.9  This work 



 

151 

4.4.6 Photodegradation studies of MB 

 

Figure 4.8 MB photodegradation 

MB photodegradation (100 mg of Fe2TiO5/BC mixed with 100 mL of 100 mg/L MB in a Pyrex 

beaker ( having 95% optical transmittance above 350 nm) with a lamp placed above the open 
beaker at room temperature, pH 3) (a) 1-4 Fe2TiO5/BC in MB solution in the presence of (1) light 
+ air, (2) dark + air, (3) light + N2 and (4) dark + N2. 5-8 MB solution without photocatalyst in the 
presence of (5) light + air, (6) dark + air, (7) light + N2 and (8) dark + N2. (b) MB photodegradation 

on Fe2TiO5/BC after a 2 h pre-adsorption period, adsorption and photodegradation together and 
photodegradation after addition of (t-BuOH). Here, Cf and Ci are the final and initial concentration 
of MB after and before photodegradation. 

 

In the absence of Fe2TiO5/BC, photolysis of MB irradiated under air or nitrogen was 

negligible at both pH 3(Fig. 4.8) and 6 (Fig. C.9).The degradation of MB under air/dark or under 

nitrogen/light in the presence of the photocatalyst was also very slow (Fig. 4.8). The MB 

degradation rate increased in the presence of Fe2TiO5 with light and oxygen  but, exposing 

Fe2TiO5/BC and MB aqueous to light and air exhibited the highest MB degradation rate at both 

pH 3 and 6. The photodegradation rate and efficiency of MB were higher when simultaneous 

adsorption and photodegradation were carried out compared to starting irradiation only after dye 

adsorption equilibrium was established (Fig. 4.8(b)). This high photodegradation rate was likely 
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due to initial  MB adsorption on the Fe2TiO5/BC active sites followed by degradation by the 

reactive oxygen species (ROSs) result exposure of the active sites again for new MB to adsorb and 

degrade. Therefore, the chance of every MB absorbed onto Fe2TiO5/BC to undergo 

photodegradation is very high. This enhanced photodegradation rate by the synergistic effect of 

adsorption and photodegradation at the same time26 since the ROSs don’t have to migrate far from 

the activation centers 

Photodegradation of organic pollutants have been largely addressed and the mechanisms 

are well-established.79 Energy of light equal or greater than the semiconductor’s band gap is 

absorbed resulting in a formation of electron-hole pair.80,81 Such photo oxidative degradations are 

caused by the formation of reactive oxygen species (ROSs) such as HO•,  O2
•− and h+ generated 

upon illumination of the photocatalyst.  The ROSs formed can diffuse over submillimeter distances 

away from the activation sites and degrade MB in solution or adsorbed to biochar and Fe2TiO5 

phases that they are able to reach.82  

Upon light absorption, electron in the ground state HOMO level (0.90 V vs. SHE)83 of MB 

reaches to the excited LUMO level (-0.94 V vs. SHE)83 (eq. 4.1). Since HOMO level of MB is 

higher in energy than the redox potential of O2/O2
−∙ couple (-0.33 V)83, the excited state of MB 

injects an electron into ground state oxygen. This results in the oxidation of MB into MB+• (eq. 

4.2) and reduction of oxygen into superoxide radical anion O2
−∙ (eq. 4.3) In this context, excited 

MB can inject an electron in to the low lying conduction band (-0.83 V vs. SHE)84 of  Fe2TiO5 

resulting in an electron in the conduction band of the Fe2TiO5 and the holes position in the oxidized 

MB (eq. 4.4) In addition, light absorption by Fe2TiO5 can result an electron-hole pair formation 

in the conduction band and valence band of the Fe2TiO5 respectively (eq. 4.5).  Hydroxyl radicals 
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formed in the photoprocess can oxidize H2O giving hydroxyl radicals (eq. 4.6). Superoxide radical 

anions, in acidic media can undergo protonation giving H2O2, another oxidizing agent (eq. 4.7) All 

these reactive oxygen species can attack MB+• leading to its degradation (eq. 4.8)   

 

MB 
hv
→  MB* (4.1) 

 

MB*→ MB+• + e- (4.2) 

 

e - + O2 →  O2
•− (4.3) 

 

Fe2TiO5MB
hν
→ Fe2TiO5MB*→ Fe2TiO5(e-) +MB+ (4.4) 

 

Fe2TiO5 +hν → Fe2TiO5(hVB
+   +eCB

− )  (4.5) 

 

Fe2TiO5/MB
+• (hVB

+ )+ H2O → HO ∙ + H+ (4.6) 

 

O2
•−+ H+⇌ HO2

• → H2O2 +O2 (4.7) 

 

ROSs + MB → degradation products  (4.8) 
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Figure 4.9 Schematic representation of MB degradation under UV light 

 

Biochar surface redox active moieties and its condensed aromatic ring morphology 

facilitate electron storage and shuttling between different reactants from activation sites to the 

acceptors.85 Therefore, biochar is reported to enhance the reactivity of Fe2TiO5 present on the 

biochar surface. Biochar  acts as an electron reservoir that conducts electrons away from e/h pairs 

generated by photoactivation of TiO2 in TiO2-biochar composite.28 This reduces e/h pair 

recombination and enhance charge separation which, in turn  improves photodegradation 

efficiency.  

Addition of 10 ppm of Fe2+ into aqueous MB enhanced the ability of UV light to degrade 

MB via photo-Fenton type production of oxidants. This enhanced the rate of formation of  HO• 

(eq. 4.9). Hydroxyl radicals are strong oxidants in MB degradation. This could explain the  higher 

degradation efficiency of MB observed at pH 3 verses pH 6. Experiments confirmed Fe3+ is 
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leached from the Fe2TiO5/BC at ~pH 3 (Fig. C.10) during irradiation and Fe3+ ions trigger the 

photo-Fenton reaction86,87 which accelerates HO• radical production (eq. 4.10) causing the faster 

degradation of MB. To ascertain the dominant ROS in this photodegradation, degradation was 

evaluated in the presence of tertiary butyl alcohol (t-BuOH), a well known HO• scavenger88. The 

degradation of MB significantly decreased upon adding of t-BuOH, confirming that MB 

degradation is predominantly caused by HO• radicals. 

Fe2++ H2O2 +H
+ → Fe3++ H2O + HO

• (4.9) 

 

Fe3+
 

+ H2O + h → Fe2+
 

+ HO•+ H+ (4.10) 

 

4.5 Conclusion 

A cheap commercially available high surface area byproduct biochar from wood 

gasification was used to support to incorporate Fe2TiO5. Fe2TiO5 phase in the composite 

introduced more surface active sites into the biochar surface and facilitated removal of additional 

contaminants. Aqueous removal of Cr(VI), Pb(II), fluoride and MB on Fe 2TiO5/BC followed 

pseudo second order kinetics with maximum Langmuir adsorption capacities of 141, 200, 36 and 

229 mg/g at 318 K and 119, 180, 26, 210 mg/g at 298 K respectively. Synergism between 

adsorption and photocatalytic degradation enhanced the removal of MB under UV light irradiation. 

At low pH, MB degradation by the Photo-Fenton reaction was accelerated by the leaching of 

Fe(III) ions to the medium from the synthesized Fe2TiO5/BC composite. This increased the 

formation of hydroxyl radicals, responsible for the destruction of MB. Competitive adsorption 
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studies reveal  this composite can be used to specifically remove Cr(VI), Pb(II), fluoride and MB 

even in the presence of other common ions present in water bodies.  
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85. Klüpfel, L.; Keiluweit, M.; Kleber, M.; Sander, M., Redox properties of plant biomass-
derived black carbon (biochar). Environmental Science & Technology 2014, 48 (10), 5601-
5611. 

86. Wang, C.; Liu, H.; Sun, Z., Heterogeneous photo-Fenton reaction catalyzed by nanosized 
iron oxides for water treatment. International journal of Photoenergy 2012, 2012. 

87. Ensing, B.; Buda, F.; Baerends, E. J., Fenton-like chemistry in water: oxidation catalysis 
by Fe (III) and H2O2. The Journal of Physical Chemistry A 2003, 107 (30), 5722-5731. 

88. Li, X.; Li, J.; Bai, J.; Dong, Y.; Li, L.; Zhou, B., The inhibition effect of tert-butyl alcohol 
on the TiO2 nano assays photoelectrocatalytic degradation of different organics and its 
mechanism. Nano-Micro Letters 2016, 8 (3), 221-231. 

 

 



 

165 

CHAPTER V 

FUTURE DIRECTIONS 

World-wide water pollution due to anthropogenic activities and natural processes is 

inevitable and accessible clean water is a major concern in most of the parts in the world. 

Detrimental health is a consequence of contaminated water that people have already experienced. 

Therefore, looking for low cost environmentally friendly and simple remediation methods is timely  

and vital for human and environmental health.   

Surface modified biochar has been a promising adsorbate for the removal of most of the 

organic and inorganic contaminants in drinking and wastewater. The experiments that  were 

performed in this study were mainly focused on batch-mode operation. Although this mode 

provides useful equilibrium characteristics and adsorption kinetics, the data obtained are not 

sufficient to provide accurate scale-up data required in the design of adsorption columns. 

Therefore, studies of continuous flow adsorption will need to be completed before full value of 

this work can be realized. Columns should be packed with modified biochar and a peristaltic pump 

can be utilized to drive the heavy metal /organic dye contaminant solution downward through the 

column at a constant flow rate.  

The presence of other pollutant species may compete with target species for adsorption 

processes. This can lead to a reduced adsorption capacity for the pollutant of interest. Therefore, 

matrix effects should also be studied to obtain a deeper insight into these adsorption processes. 

Photocatalytic mineralization of organic pollutants has received much attention. This technique 
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completely degrades organic pollutant into CO2, H2O and simple inorganic compounds and is 

therefore, environmentally benign. Biochar with its large surface area is a suitable platform for a 

variety of hybrid photocatalysts. BC, being a good electron acceptor, facilitates electron-hole pair 

separation upon photoexcitation of the photocatalyst. This enhances the efficiency of 

photocatalysis towards the mineralization of pollutants. A variety of nanohybrid photocatalysts 

including iron oxide-BC composites could be prepared and tested towards the degradation of 

selected organic pollutants. To gain insight into the photodegradation mechanism, photoirradiation 

experiments should be performed in the presence of oxygen radical quenchers.   
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APPENDIX A 

KOH-ACTIVATED HIGH SURFACE AREA DOUGLAS FIR BIOCHAR FOR ADSORBING 

AQUEOUS CHROMIUM(VI), LEAD(II) AND CADMIUM(II)-SUPPORTING 

INFORMATION 
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A.1 Surface characterization 

A.1.1 Surface area measurements 

The Brunauer-Emmet-Teller (BET) surface areas and total pore volumes of both DFBC 

and KOHBC were determined by N2 adsorption-desorption isotherms using a Micromeritics 

Tristar 11 Plus surface area analyzer. Biochar samples (100 mg) were degassed at 180 0C under 

N2 for 60 min on a Micrometrics Flow Prep 060 degas system prior to the analysis. The Dubinin-

Astakhov equation105 or pore volume was used to analyze the adsorption data to determine the N2 

adsorption isotherms. This equation is log a = log a0 − D log
n  (P0

P
 ), where a is amount of gas 

adsorbed per unit mass of adsorbent (mol/g), a0 is the micropore capacity (mol/g), D is a constant, 

P and P0 are the equilibrium and saturation vapor pressure of adsorbate at temperature T (K). 

Micropore volume was calculated by density functional theory (DFT), W0 = a0
44 ×103

ρ
, where W0 

is the limiting micropore volume (cm3/g), a0 is the micropore capacity (mol/g) and ρ is the density 

of adsorbed gas (g/cm3).105 

A.1.2 Scanning electron microscopy analysis (SEM) 

DFBC and KOHBC surface morphologies were examined using a JEOL JSM-6500FFE-

SEM operated at 5 kV. Sample were coated on a carbon stub attached to carbon tape and mounted 

into a sample holder for SEM analysis. 

A.1.3 Transmission electron microscopy (TEM) and energy dispersive x-ray 

spectroscopy (EDS) 

DFBC and KOHBC samples were examined by TEM (JEOL model 2100) at 200kV. Each 

sample (10 mg) was mixed with 0.5mL distilled water and vortexed for one minute. A drop of 
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each suspension was carefully deposited on a carbon film in a 300-mesh copper grid and allowed 

to vacuum dry for 4 to 5h prior to analysis. EDS was carried out using an Oxford X- max-80 

detector. 

A.1.4 Elemental analysis (EA) 

Carbon, hydrogen, nitrogen content of DFBC and KOHBC were determined using a CE-

440 Elemental Analyzer (Exeter Analytical, North Chelmsford, MA).  Biochar (~2 -3 mg) was 

placed into a tin capsule and weighed using an ultra-microbalance (Sartorius, Data Weighing 

Systems, Inc., Elk Grove, IL). The tin capsule was sealed immediately with an Exeter Analytical 

Capsule Sealer and placed inside a nickel sleeve for sample injection. Static combustion was 

conducted at 900 °C in pure oxygen. Helium was used to carry the combustion products through 

the analytical system and for purging the instrument. A calibration verification standard was 

injected after every ten sample runs to ensure quality control. 

A.1.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of DFBC and KOHBC were carried out using a Mettler 

TGA/DSC thermogravimetric analyzer (TGA/DSC 1, STARe System, Mettler Toledo, USA) at a 

heating rate of 10 0C/ min from 50 0C to 1000 0C under an atmosphere of air (50 mL/ min). 

A.1.6 X-ray photoelectron spectroscopy (XPS) 

Surface analysis of KOHBC and Cd-, Pb-, Cr-laden samples were carried out using a 

Thermo Scientific K-Alpha XPS system. A monochromatic1486.6 eV (Al Kα line) X-ray source 

was used with a spot size of 400 µm2 with a maximum analytical penetration depth of 100 Å. Low 

resolution survey scans provided the surface elemental distribution. High resolution spectra of 
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each element present in the biochar surface were deconvoluted by a Gaussian method using Origin 

Pro 2019 software. 

A.1.7 Point of zero charge (PZC) determination 

The point of zero charge of DFBC and KOHBC were determined in 0.01M NaCl solutions 

in pH intervals of 1 at pH values from 2 to 11. The pH was adjusted using 0.1 M HCl and 0.1M 

NaOH. DFBC and KOHBC samples (0.05g) were immersed in 50mL plastic vials (three 

replicates) at each pH value, sealed, and stirred for 24h in an Orbital shaker to reach equilibrium. 

These solutions were filtered, and the pH of the supernatant was recorded using a HI 2211, 

pH/ORP meter. The PZC was determined by a plot of equilibrium pH vs. initial pH. 

 

Table A.1 O 1s High resolution (HR) XPS peak assignment for Cr(VI), Pb(II), Cd(II) laden 
biochar 

Peak/ chemical species DFBC KOH-BC KOHBC-
Cr 

KOHBC-
Cd 

KOHBC-
Pb 

Aromatic 

C=O, Cr-O 

Binding energy 

(eV) 

530.81 531.15 530.46 531.02 530.87 

Atomic 

Percentage (%) 

1.1 11.75 2.2 1.6 2.3 

FWHM (eV) 1.6 1.4 1.5 1.5 1.5 

O-CR3 Binding energy 

(eV) 

532.15 531.75 531.62 532.05 531.99 

Atomic 

Percentage (%) 

3.4 6.9 8.4 4.3 4.5 

FWHM (eV) 1.6 0.9 1.4 1.6 1.6 

C-OH Binding energy 

(eV) 

533.19 532.37 532.53 533.62 533.32 

Atomic 

Percentage (%) 

1.0 8.7 4.6 14.7 8.9 

FWHM (eV) 1.0 1.0 1.3 1.6 1.5 

CO3
2-, C=O, 

O-C=O 

Binding energy 

(eV) 

533.95 533.02 533.41 534.48 534.42 
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Table A.1 (Continued) 

 
Atomic 

Percentage (%) 

1.2 7.6 9.6 3.4 4.5 

FWHM (eV) 1.3 1.2 1.5 1.8 1.6 

Chemisorbed 

water 

molecules 

Binding energy 

(eV) 

535.33 533.72 534.59 535.32 535.88 

Atomic 

Percentage (%) 

0.5 6.8 2.8 4.7 1.2 

FWHM (eV) 1.6 1.6 1.5 1.6 1.6 

*The BE values were estimated with a maximum error of ±0.05 eV in curve fitting 

 

Table A.2 C1s High resolution (HR) XPS peak assignments for Cr(VI), Pb(II), Cd(II) laden 
biochar  

Peak/ chemical species DFBC KOH-BC KOHBC-
Cr 

KOHBC-
Cd 

KOHBC-
Pb 

 aromatic C, 

C-H, C-C, 
(protonated 

and alkylated 

aromatic C) 

Binding 

energy (eV) 

284.57 284.08 284.79 284.84 284.53 

Atomic 

Percentage 

(%) 

75.0 32.2 43.4 56.1 58.9 

FWHM (eV) 1.0 1.2 1.4 1.0 1.0 

O-C-O, 

C-OH 

Binding 

energy (eV) 

285.60 285.11 285.85 286.14 285.89 

Atomic 

Percentage 
(%) 

11.2 11.6 16.7 8.4 12.5 

FWHM (eV) 1.2 1.4 1.5 1.4 1.5 

C-OH, 

(phenolic C), 

C=O (ketonic 

C) 

Binding 

energy (eV) 

286.57 286.07 287.11 287.09 287.22 

Atomic 

Percentage 

(%) 

5.0 3.4 4.8 3.9 3.5 

FWHM (eV) 1.5 1.3 1.5 1.5 1.5 

COOH 

(carboxylic 

C), CO3
2- 

Binding 

energy (eV) 

288.14 288.88 288.86 288.83 288.75 

Atomic 

Percentage 

(%) 

1.5 2.6 3.6 1.2 2.3 

FWHM (eV) 1.5 2.4 1.5 1.5 1.5 

*The BE values were estimated with a maximum error of ±0.05 eV in curve fitting 
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Table A.3 Adsorption kinetic parameters 

 Pseudo first order kinetic 

model parameters 

Pseudo second order kinetic 

model parameters 

Adsorbate 
 

Adsorbent Initial 
conc. 

(mg/L) 

qe, exp. 
(mg/g) 

qe, 
calc. 

(mg/g) 

K1 
(min-1) 

R2 qe, 
calc. 

(mg/g) 

k2 

(gmg1mi

n-1) x10-3
 

R2 

          

Cr(VI) DFBC 100 37.1 24.3 0.063 0.891 37.5 7.6 0.998 

KOHBC 75 
100 

150 

66.1 
88.1 

101.8 

37.3 
31.5 

40.9 

0.065 
0.02 

0.047 

0.905 
0.674 

0.945 

67.1 
90.1 

103.1 

5.4 
2.6 

2.5 

0.999 
0.997 

0.998 

Pb(II) DFBC 100 83.8 14.9 0.074 0.615 84.7 10.4 0.999 

 KOHBC 100 103.5 2.9 0.072 0.757 103.1 67.0 0.999 

Cd(II) DFBC 25 15.1 8.1 0.045 0.960 15.5 12.8 0.995 

 KOHBC 25 21.6 0.9 0.031 0.822 21.6 156.4 0.999 
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Figure A.1 TGA curves for DFBC and KOHBC in nitrogen 

 

 

 

Figure A.2 UV absorption spectra shown for Cr(VI) remaining in solutions with DFBC and 
KOHBC 
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Figure A.3 (a)TEM-EDX elemental mapping images for different elements on (a) DFBC (b) 
KOHBC before adsorption of Cr, Pb and Cd  

 

 

Figure A.4 TEM-EDX spectrum for Cr(VI), Pb(II) and Cd(II) atomic wt.% adsorbed by 
KOHBC 
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Figure A.5 LR-XPS spectra of DFBC, KOHBC, Cr(VI), Pb(II) and Cd(II) laden biochar 

 

Figure A.6 UV absorption spectra shown for Cr(VI) remaining in solutions with KOHBC 

Adsorption of Cr(VI) 100 mg/L at pH 2. 25 mL of Cr(VI) was mixed with 25 mg of KOHBC 
with a stirring rate of 200 rpm.  
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Figure A.7 Adsorption of Cr(VI) at pH 2, Pb(II) at pH 5 and Cd(II) at pH 6 versus time. 

Analyte concentration for Cr (VI) and Pb(II) was 100 mg/L and Cd(II) 25 mg/L. 25 mL of the 
analyte was mixed with 25 mg of each type of biochar with a stirring rate of 200rpm. Three 
replicates were performed to obtain each data point. 
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Figure A.8 (a) Langmuir and (b) Freundlich adsorption isotherms at pH 2.0 for Cr (VI) on 

KOHBC 

25mL of Cr(VI) mixed with 25 mg of KOHBC for 120 min at a stirring rate of 200 rpm. 
Langmuir adsorption isotherms for (c) Pb(II) at pH 5 (d) Cd(II) at pH 6 on KOHBC where 25 
mL of analyte was mixed with 25 mg of KOHBC for 60 min at a stirring rate of 200 rpm.  
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Figure A.9 Langmuir adsorption isotherms on DFBC 

(a) at pH 2 for Cr(VI), (b) at pH 5 Pb(II), and (c) at  pH 6 Cd(II) using 25mL of analyte was 
mixed with 25 mg of DFBC for 60 min and stirred at 200 rpm. 

 

 

Figure A.10   Freundlich adsorption isotherms on DFBC 

(a) at pH 2 for Cr(VI), (b) at pH 5 Pb(II), and (c) at  pH 6 Cd(II) using 25mL of analyte was 
mixed with 25 mg of DFBC for 60 min and stirred at 200 rpm. 
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Figure A.11   Adsorption-desorption cycles on DFBC 

(a) Cr(VI) at pH 2, (b) Pb(II) at pH 5 and (c) Cd(II) at pH 6 on DFBC at 25℃. 0.200g of biochar 
was mixed with 200mL of adsorbent at stirring rate of 200 rpm. Error bars are the SD of three 

replicates. 

 

 
 

Figure A.12   Adsorption-desorption cycles on KOHBC for Cd(II) at pH 6 and 25 ℃ 

0.200 g of biochar was mixed with 200 mL of adsorbate stirred at 200 rpm. (a) 0.1M HCl was 
used for the desorption of Cd(II) during cycles 1-6. Then 6M and 12M HCl was used to desorb 

25 mg of KOHBC after the sixth cycle’s 0.1M HCl desorption. X (6M HCl, 25 mL), Y (6M HCl, 
50 mL) and Z (12M, 25 mL). (b) 0.1M HCl was used for the desorption of Cd(II) and aqua regia 
(HCl to HNO3) in 3:1 ratio was used as oxidizing agent after the adsorption. Error bars are the 
SD of three replicates. 
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Table B.1 Thermodynamic parameters for chromium and nitrate adsorption on DFBC 

 

Table B.2 Comparison of adsorption for Cr(VI) on PANIBC-LA and PANIBC 

 N2 BET 
surface 

area 

(m2/g) 

Pore 
volume 

(cm3/g) 

Pore 
diameter 

(Å) 

Adsorption 
capacity 

(mg/g) 

 Adsorption 
density 

(mg/m2) 

Adsorption 
(mg/g PANI) 

        

PANIBC-LA 

(PANI wt. 9%) 

32.9 0.009 11.3 75.3  2.3 828.5 

PANIBC 

(PANI wt. 47%) 

8.92 0.002 9.2 104.3  11.7 217.6 

Cr(VI) removal on PANIBC-LA and PANIBC.  25 mL of aqueous Cr(VI) (150 mg/L, pH 2) 

solution was mixed with 25 mg adsorbent for 3 h at 25 ℃. The average value from three 
replicates for each measurement is reported. 

  

 

 

 T 

(K) 

R2 Kads ln Kads ΔG0 

(kJ/mol) 

ΔH0 

(kJ/mol) 

ΔS0 

(kJ/mol K) 

         
Cr Langmuir 278 0.81 5.40 x 104 10.8 -25.8 2.01 0.10 

  298 5.90 x 104 10.9 -27.8 

  318 6.00 x 104 11.0 -29.8 

 Freundlich 278 0.97 1.80 x 105 12.1 -29.3 1.27 0.11 

  298 1.85 x 105 12.2 -31.5 
  318 1.93 x 105 12.3 -33.7 

         

nitrate Langmuir 278 0.84 2.20 x 104 9.9 -22.0 5.81 0.10 

  298 2.40 x 104 10.1 -24.0 
  318 3.00 x 104 10.3 -26.0 

 Freundlich 278 0.99 2.00 x 106 14.5 -32.1 6.80 

 

0.14 

  298 2.50 x 106 14.7 -35.0 

  318 2.90 x 106 14.9 -37.7 
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Table B.3 Comparison of adsorption for nitrate on PANIBC-LA and PANIBC 

 N2 BET 
surface 

area 

(m2/g) 

Pore 
volume 

(cm3/g) 

Pore 
diameter 

(Å) 

Adsorption 
capacity 

(mg/g) 

Adsorption 
density 

(mg/m2) 

Adsorption 
(mg/g PANI) 

       
PANIBC-LA 

(PANI wt. 9%) 

32.9 0.009 11.3 16.6 0.5 182.3 

PANIBC 

(PANI wt. 47%) 

8.92 0.002 9.2 25.5 2.9 53.2 

Nitrate removal on PANIBC-LA and PANIBC. 25 mL of aqueous nitrate (50 mg/L, pH 6) 

solution was mixed with 25 mg adsorbent for 3 h at 25 ℃. Average value from three replicates 
for each measurement is reported. 

 

Table B.4 C1s High resolution (HR) XPS peak assignments for DFBC, PANIBC, Cr(VI)   
(pH 2, 6, 8)- laden PANIBC and nitrate (pH 2,6,10)-laden PANIBC  

Peak/ Chemical species 
  

PANIBC-Cr PANIBC-Nitrate   
DFBC PANIBC pH 2 pH 6 pH 8 pH 2 pH 6 pH 10 

C-C, 

C-H 

   
  

   
  

 

Binding 

Energy (eV) 

284.55 284 284.56 284.36 284.45 284.23 284.31 284.08 

FWHM 

(eV) 

1.02 0.94 1.32 1.04 1.06 0.98 1.09 0.96 

Atomic % 75.0 24.6 26.8 20.4 28.1 22.8 32.0 20.1 
   

  
   

  
 

 C=C, 

Aromatic 

C 

Binding 

Energy (eV) 

285.6 284.75 285.28 284.87 285.12 285.13 285.18 284.94 

FWHM 

(eV) 

1.23 1.15 1.31 1.3 1.4 1.18 1.01 1.42 

Atomic % 11.2 25.7 9.7 30.6 31.4 24.0 18.8 33.7 
   

  
   

  
 

C-OH, 

C-N, 

C=N 

Binding 

Energy (eV) 

286.57 285.43 286.22 285.94 286 286.05 285.9 286.12 

FWHM 

(eV) 

1.5 1.06 1.5 1.5 1.5 1.48 1.48 1.5 

Atomic % 5.0 13.8 6.8 3.5 10.6 17.7 20.2 4.6    
  

   
  

 

C=O Binding 

Energy (eV) 

288.1 286.3 287.9 287.5 287.4 287.1 286.9 287.5 
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Table B.4 (Continued) 

 
FWHM 

(eV) 

1.48 1.49 1.89 1.5 1.5 1.5 2 1.5 

Atomic % 1.5 14.6 2.4 2.1 3.6 4.1 5.7 4.6 
   

  
   

  
 

COOH(R)  Binding 

Energy (eV) 

 
287.44 288.66 288.82 288.89 288.64 288.88 288.75 

FWHM 

(eV) 

 
1.97 1.51 1.5 1.5 1.5 1.99 1.5 

Atomic % 
 

4.1 2.6 2.1 2.0 3.0 2.3 2.4 
       

  
 

CO3
2- Binding 

Energy (eV) 

   
291.89 292 291.83   291.74 

FWHM 

(eV) 

   
1.48 1.5 1.5   1.5 

Atomic % 
   

1.9 1.4 3.4   2.1  
       

 

*The BE values were estimated with a maximum error of ±0.05 eV in curve fitting 

Table B.5 O1s High resolution (HR) XPS peak assignments for DFBC, PANIBC, Cr(VI) (pH 
2, 6, 8)-laden PANIBC and nitrate (pH 2,6,10)-laden PANIBC 

Peak/ Chemical species 
  

PANIBC-Cr PANIBC-Nitrate 

 
 

DFBC PANIBC pH 2 pH 6 pH 8 pH 2 pH 6 pH 10 
          

C=O, 

Cr(VI)-O 

Binding 

Energy (eV) 

530.81 530.39 530.71 530.2 529.89 530.71 530.47 530.3 

FWHM 

(eV) 

1.6 0.79 1.46 1.54 1.22 1.51 1.29 1.18 

Atomic % 1.1 0.3 10.2 2.0 0.7 0.8 0.6 0.7    
  

   
  

 

O-CR3 Binding 

Energy (eV) 

532.15 531.01 529.65 531.28 530.97 531.57 531.24 531.16 

FWHM 
(eV) 

1.6 0.98 1.06 1.34 1.36 1.35 1.02 1.17 

Atomic % 3.36 0.76 1.5 4.6 2.5 3.3 1.1 1.9    
  

   
  

 

C-OH Binding 
Energy (eV) 

533.19 531.67 531.48 532.07 531.71 532.2 531.96 531.86 

FWHM 

(eV) 

1.0 0.9 1.2 1.5 1.3 1.2 1.1 1.2 
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Table B.5 (Continued) 

 
Atomic % 1.0 0.7 14.2 3.6 3.2 2.1 2.7 3.4    

  
   

  
 

CO3
2-  Binding 

Energy (eV) 
533.95 532.5 532.28 533.11 532.65 532.99 532.9 532.71 

FWHM 

(eV) 

1.3 1.08 1.25 1.49 1.49 1.33 1.32 1.2 

Atomic % 1.1 0.8 7.4 1.5 1.9 1.4 1.7 1.4 
   

  
   

  
 

COOH(R),  Binding 

Energy (eV) 

 533.58 533.29 533.97 533.76 533.88 534.01 533.65 

FWHM 

(eV) 

 1.23 1.54 1.42 1.57 1.56 1.42 1.59 

Atomic %  0.9 4.2 0.8 1.4 1.5 1.5 1.8 
   

     
 

Chemisorbed 

water, O-N 

Binding 

Energy (eV) 

535.23 534.94 534.43    536.16  

FWHM 

(eV) 

1.63 1.27 1.02    1.52  

Atomic % 0.5 0.3 0.5    0.3   
        

*The BE values were estimated with a maximum error of ±0.05 eV in curve fitting 
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Table B.6 N1s High resolution (HR) XPS peak assignments for PANIBC, Cr(VI) (pH 2, 6, 
8)-laden PANIBC and nitrate (pH 2,6,10)-laden PANIBC 

Peak/ Chemical species 
 

PANIBC-Cr PANIBC-Nitrate 

 
 

PANIBC pH 2 pH 6 pH 8 pH 2 pH 6 pH 10 

 
      

  
 

Imine 

=N- 

Binding 

Energy 

(eV) 

397.76 398.27 398.36 398.42 397.89 397.96 397.93 

FWHM 

(eV) 

0.93 1.14 1.14 1.27 1.05 0.86 1.14 

Atomic % 0.5 0.8 4.2 5.0 0.5 0.6 0.9 
      

  
 

Amine N-H Binding 

Energy 

(eV) 

399.08 399.51 399.43 399.55 399.35 399.29 399.19 

FWHM 

(eV) 

1.45 1.96 1.11 1.05 1.4 1.5 1.39 

Atomic % 8.02 3.2 2.7 2.6 6.9 7.7 6.9 
      

  
 

N with radical 

cation –NH•+- 

(polaron) 

  
  

Binding 

Energy 

(eV) 

400.47 401.14 400.26 400.39 400.69 400.79 400.26 

FWHM 

(eV) 

2 2 1.5 1.5 1.5 2 1.5 

Atomic % 3.5 0.6 2.3 1.9 2.1 2.4 1.7 
      

  
 

Protonated 

imine =NH+- 

(bipolaron) 

 

Binding 

Energy 

(eV) 

402.62 403.2 402.42 402.52 402.07 402.74 401.43 

FWHM 

(eV) 

2 1.75 2 2 0.5 2 1.5 

Atomic % 0.9 0.2 0.5 0.6 0.8 0.7 1.1 

 
      

  
 

NO3
-  

 

Binding 

Energy 

(eV) 

 
 

405.41 405.75 406.29 406.24 406.16 

FWHM 

(eV) 

 
 

1.51 1.5 1.26 1.34 1.31 

Atomic %  
 

0.3 0.3 1.5 1.8 0.9  
  

   
 

 

*The BE values were estimated with a maximum error of ±0.05 eV in curve fitting 



 

186 

 

Table B.7 Cr 2p High resolution (HR) XPS peak assignments for Cr(VI) laden PANIBC at 
pH 2, 6, 8.  

Peak/ Chemical species PANIBC-Cr 

 
 

pH 2 pH 6 pH 8 
  

  
  

Cr(III)  Binding Energy 

(eV) 

576.34 576.49 576.39 

FWHM (eV) 1.06 1.35 1.49 

Atomic % 1.1 0.5 0.3 

Cr(III)  

 
  

  

Binding Energy 

(eV) 

577.38 577.61 577.45 

FWHM (eV) 2.17 1.93 2 

Atomic % 6.1 0.6 0.7 

Cr(VI) Binding Energy 

(eV) 

579.34 579.28 579.19 

FWHM (eV) 2.44 1.92 2 

Atomic % 2.2 0.6 0.6 

*The BE values were estimated with a maximum error of ±0.05 eV in curve fitting 
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Figure B.1 TEM-EDX spectra for (a) DFBC, (b) DFBC-Cr, (c) DFBC-nitrate, (d) PANIBC, 
(e) PANIBC-Cr and (f) PANIBC-nitrate 
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Figure B.2 Point of zero charge (PZC) measurements for (a) DFBC, (b) FTIR spectrum for 
DFBC and PANIBC 

 

Figure B.3 Langmuir and Freundlich isotherm plots for Cr(VI) adsorption on PANIBC 

25 mg of PANIBC was mixed with 25 mL of Cr(VI) for 3 h at 298 K and pH 6 at 200 rpm. Error 
bars are the standard deviations of three replicates.  
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Figure B.4 Langmuir and  Freundlich adsorption isotherm for Cr(VI) and nitrate on DFBC 

(a) Langmuir, and (b) Freundlich adsorption isotherm for Cr(VI) at pH 2 on DFBC at 298, 308, 
318 K.  (c) Langmuir, and (d) Freundlich adsorption isotherm for nitrate at pH 6 on DFBC at 
298, 308, 318 K. Error bars are the standard deviations of three replicates.  
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Figure B.5 LS-XPS spectra for DFBC, PANIBC, DFBC-nitrate and PANIBC-nitrate  
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Figure B.6 High resolution XPS spectra after chromium adsorption on to PANIBC 

PANIBC’s C1s, O1s and N1s, at pH 6 (a), (b), (c) and at pH 8 (d), (e), (f). HR-XPS spectra on 
PANIBC of Cr 2p1/2 and Cr 2p3/2 at pH 2, 6, 8 (g), (h), (i), respectively. 
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Figure B.7 High resolution XPS spectra after nitrate adsorption on to PANIBC 

PANIBC’s C1s, O1s and N1s, at pH 2 (a), (b), (c), and at pH 10 (d), (e), and (f) respectively.
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APPENDIX C 

IRON/TITANIUM OXIDE-BIOCHAR COMPOSITE AS A VERSATILE PHOTOCATALYST 

FOR REMOVAL OF AQUEOUS CHROMIUM, LEAD, FLUORIDE AND METHYLENE 

BLUE - SUPPORTING INFORMATION
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Table C.1 Elemental composition and surface morphology parameters of Fe2TiO5/BC 

 
aC, H and N wt.% were obtained by combustion analysis using an elemental analyzer (EAI CE-
440) 
b The organic oxygen content was calculated by subtracting the wt.% of C, H, N,  and ash from 
the total wt.% (100 %) and doesn’t include the O present as metal oxides in the ash. cSBET stands 
for BET specific surface area; VT for total pore volume; S for pore size of biochar prepared. 
dDouglas fir biochar 

 

   

 

Elemental content/ wt.% SBET
c
 

(m2/g) 

VT
c
 

(cm3/g) 

Sc 

(A0) 
 C H N Ob H/C O/C (O+N)/C Ash Fe Ti 

DFBCd 80.36 2.00 0.97 13.78 0.02     0.17 0.18 2.89 0.68  535 0.249 18.6 

Fe2TiO5/BC 38.85 6.08 1.71 17.56 0.16 0.45 0.49 16.3 6.58 2.3 576 0.207 12.6 

Fe2TiO5        96.9 32.4 16.7 85 0.023 10.8 
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Table C.2 C1s High resolution (HR) XPS peak assignments for Fe2TiO5, Fe2TiO5/BC, 
Cr(VI)-laden Fe2TiO5/BC, Pb(II)-laden Fe2TiO5/BC, fluoride-laden Fe2TiO5/BC, 
and MB-laden Fe2TiO5/BC   

 
Peak/ Chemical species 

 Characteristic 
(units) 

Fe2TiO5 Fe2TiO5/BC Cr Pb F MB 

C-C, 

C-H 

   
  

   

Binding 

Energy (eV) 

284.8 284.5 284.77 284.5 284.66 284.67 

FWHM (eV) 1.33 1.06 1.06 1.07 1.03 1.08 

Atomic % 13.57 51.27 36.89 52.27 63.02 48.89  
      

 C=C, 
Aromatic 

C 

Binding 
Energy (eV) 

285.46 285.46 285.38 285.52 285.56 285.86 

FWHM (eV) 0.86 1.5 1.5 1.5 1.5 1.5 

Atomic % 1.01 9.18 7.47 9.08 8.77 11.82 
 

      

C-OH,  Binding 

Energy (eV) 

286.41 286.62 286.63 286.56 286.42 287.04 

FWHM (eV) 1.34 1.5 1.5 1.5 1.5 1.5 

Atomic % 1.8 4.85 5.26 4.76 8.9 3.65  
      

C=O Binding 

Energy (eV) 

288.86 288.21 288.5 288.09 287.91 288.57 

FWHM (eV) 1.29 2 2 2 2 2 

Atomic % 1.25 3.16 3.34 3.25 5.01 3.15  
      

COOH(R)  Binding 
Energy (eV) 

289.51 289.96 290.49 290.04 290.06 290.36 

FWHM (eV) 0.95 2 1.71 2 2 1.72 

Atomic % 0.21 1.92 0.74 1.82 2.77 1.21 
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Table C.3 O1s High resolution (HR) XPS peak assignments for Fe2TiO5, Fe2TiO5/BC, 
Cr(VI)-laden Fe2TiO5/BC, Pb(II)-laden Fe2TiO5/BC, fluoride-laden Fe2TiO5/BC, 
and MB-laden Fe2TiO5/BC 

 Peak/ Chemical species 

 Characteristic 
(units) 

Fe2TiO5 Fe2TiO5/BC Cr Pb F MB 

 
       

C=O, 

Cr(VI)-O 

Binding 

Energy (eV) 

530.31 530.22 530.49 530.27 530.32 530.38 

FWHM (eV) 1.25 1.22 1.32 1.26 1.16 1.23 

Atomic % 37.12 10.5 14.8 10.63 2.5 10.03  
      

O-CR3 Binding 
Energy (eV) 

531.21 531.12 531.4 531.17 531.25 531.47 

FWHM (eV) 1.39 1.13 1.12 1.02 1.39 1.54 

Atomic % 4.28 1.87 5.72 1.76 1.01 5.29 
 

      

C-OH Binding 

Energy (eV) 

532.07 531.98 532.15 531.96 532.08 532.48 

FWHM (eV) 1.35 1.5 1.2 1.43 1.43 1.15 

Atomic % 3.58 3.41 5.85 3.23 1.47 1.87  
      

CO3
2-  Binding 

Energy (eV) 

533.04 533.13 533 533.12 533.35 533.35 

FWHM (eV) 0.75 1.18 0.93 1.21 1.59 1 

Atomic % 0.34 1.01 1.57 0.92 2.23 0.84  
      

COOH(R),  Binding 
Energy (eV) 

533.69 533.82 533.64 533.82 534.28 533.96 

FWHM (eV) 0.79 1.6 0.89 1.56 1.61 1.55 

Atomic % 0.23 1.75 1.2 0.93 1.19 1.35 
 

      

Chemisorbed 

water,  

Binding 

Energy (eV) 

536.67  534.23 535.48 535.42 536.54 

FWHM (eV) 1.48  1.29 1.52 1.5 1.47 

Atomic % 0.28  1.72 0.29 0.54 0.15  
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Table C.4 Ti2p High resolution (HR) XPS peak assignments for Fe2TiO5, Fe2TiO5/BC, 
Cr(VI)-laden Fe2TiO5/BC, Pb(II)-laden Fe2TiO5/BC, fluoride-laden Fe2TiO5/BC, 
and MB-laden  Fe2TiO5/BC 

   Peak/ Chemical species 

 Characteristic 
(units) 

Fe2TiO5 Fe2TiO5/BC Cr Pb F MB 

  
  

  
   

Ti 2p1/2 

TiO2, Fe2TiO5 

Binding Energy 

(eV) 

458.77 458.65 458.9 458.65 458.86 458.83 

FWHM (eV) 1.2 1.17 1.25 1.22 1.14 1.19 

Atomic % 15.05 3.74 4.14 3.71 0.91 3.67 

Ti 2p satellite 
 

      

Binding Energy 
(eV) 

471.79 471.65 471.84 471.86  471.62 

FWHM (eV) 2.56 2.82 2.81 2.83  1.7 

Atomic % 1.04 0.29 0.3 0.29  0.12 
 

      

 

  



 

198 

 

Table C.5 Fe2p High resolution (HR) XPS peak assignments for Fe2TiO5, Fe2TiO5/BC, Cr(VI)-

laden Fe2TiO5/BC, Pb(II)-laden Fe2TiO5/BC, fluoride-laden Fe2TiO5/BC, and MB-laden  

Fe2TiO5/BC 

 Peak/ Chemical species 

 Characteristic 
(units) 

Fe2TiO5 Fe2TiO5/BC Cr Pb F MB 

Fe(III) 

2p3/2 

Fe2O3 

   
  

   

Binding 

Energy (eV) 

708.94 710.87 711.06 710.77 711.74 710.9 

FWHM (eV) 1.23 1.8 1.91 1.76 1.91 1.82 

Atomic % 0.3 0.83 0.98 0.78 0.16 0.76  
      

Fe(III) 
2p 3/2 

Fe2O3 

Binding 
Energy (eV) 

710.85 712.38 712.38 711.94 713.53 712.01 

FWHM (eV) 1.88 2.04 1.92 2 2.2 1.99 

Atomic % 3.04 0.72 0.67 0.62 0.13 0.62 
 

      

Fe(III) Binding 

Energy (eV) 

712.27 714.27 714 713.62 724.87 713.59 

FWHM (eV) 1.98 2.2 2.2 2.2 1.91 2.13 

Atomic % 2.15 0.38 0.52 0.45 0.32 0.41  
      

Fe 2p 3/2 

satellite 

Binding 

Energy (eV) 

713.81 716.15 716.06 715.43 726.44 715.06 

FWHM (eV) 2.2 2.2 2.2 2.119 2.2 1.86 

Atomic % 1.35 0.14 0.23 0.24 0.15 0.19 
 

      

Fe(III)    

2p 3/2 
Maghemite 

satellite 

Binding 

Energy (eV) 

715.69 718.86 717.98 716.52 728.26 716.74 

FWHM (eV) 2.2 2.87 1.54 2.19 1.54 2.2 

Atomic % 0.61 0.3 0.21 0.14 0.13 0.14 
 

      

Fe 

2p3/2 

Binding 

Energy (eV) 

718.23 720.75 719.69 719.14  719.35 

FWHM (eV) 3 3.12 2.31 3  2.87 

Atomic % 0.76 0.32 0.31 0.33  0.29        
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Table C.5 (Continued) 

Fe 

2p1/2 

Binding 

Energy (eV) 

720.59 722.73 721.75 721.59  721.58 

FWHM (eV) 3.26 2 2.58 3.2  3.29 

Atomic % 1.21 0.45 0.28 0.28  0.34  
 

     

Fe(III) 

2p1/2 

maghemite 

Binding 

Energy (eV) 

722.34 724.19 723.86 723.57  723.7 

FWHM (eV) 1.28 1.81 2 1.8  1.86 

Atomic % 0.44 0.7 0.67 0.38  0.36  
 

     

Fe 
2p1/2 

Binding 
Energy (eV) 

723.99 725.55 725.18 724.82  725 

FWHM (eV) 1.91 2.05 2 1.98  1.98 

Atomic % 2.82 0.88 1.06 0.89  0.78 
 

 
     

Fe 

2p1/2 

Binding 

Energy (eV) 

725.51 727.18 726.8 726.42  726.4 

FWHM (eV) 2.06 2.2 2.16 2.2  2.07 

Atomic % 3.21 0.55 0.94 0.8  0.73  
 

     

Fe 

2p1/2 

Binding 

Energy (eV) 

727.21 728.95 728.86 728.23  727.86 

FWHM (eV) 2.2 2.2 2.2 2.17  1.83 

Atomic % 1.72 0.38 0.48 0.46  0.37 
 

 
     

Fe(III) 

2p1/2 

Binding 

Energy (eV) 

729.02 731.36 732.19 732.31  729.54 

FWHM (eV) 2.17 3 2.4 2.9  2.18 

Atomic % 0.92 0.23 0.26 0.23  0.17 
       

Fe(III) 

satellite 

Binding 

Energy (eV) 

730.8 733.97 734.25 734.09  732 

FWHM (eV) 2.91 3.12 2.54 3.26  2.9 

Atomic % 0.19 0.26 0.25 0.22  0.12        
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Figure C.1 SEM-EDX elemental mapping for Fe2TiO5/BC 

 

Figure C.2 TEM-EDX images with elemental mapping of Fe2TiO5/BC, Cr-laden- 

Fe2TiO5/BC, Pb-laden- Fe2TiO5/BC, F-laden- Fe2TiO5/BC, and  MB-laden- 
Fe2TiO5/BC 
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Figure C.3 TEM-EDX spectra for Fe2TiO5, Fe2TiO5/BC, Cr-laden- Fe2TiO5/BC, Pb-laden- 
Fe2TiO5/BC, and F-laden- Fe2TiO5/BC 

 

 

Figure C.4 (a) Point of zero charge (PZC) for Fe2TiO5, (b) thermogravimetric analysis (TGA) 
for DFBC and  Fe2TiO5  
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Figure C.5 pH dependance for removal by Fe2TiO5/BC 

pH dependance for removal by Fe2TiO5/BC of (a) Cr(VI) 50 mg/L, (b) Pb(II) 100 mg/L, (c) 
fluoride 50 mg/L and (d) MB 200 mg/L. Fe2TiO5/BC (25 mg) was mixed with 25 mL of solution 
at room temperature for 24 h. 
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Figure C.6 Van’t Hoff plot for (a) Freundlich and (b) Langmuir adsorption models of Cr(VI), 
Pb(II), fluoride and MB on Fe2TiO5/BC  

 

 

Figure C.7 Low resolution XPS spectra for (a) Fe2TiO5, (b) Fe2TiO5/BC, (c) Cr-laden-
Fe2TiO5/BC, (d) Pb-laden-Fe2TiO5/BC, (e) F--laden-Fe2TiO5/BC, (f) MB-laden-

Fe2TiO5/BC  
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Figure C.8 HR-XPS deconvoluted spectra of (a) Cr-laden- Fe2TiO5/BC and (b) Pb-laden- 
Fe2TiO5/BC  

 

 

Figure C.9 MB photodegradation 

MB photodegradation (100 mg of Fe2TiO5/BC mixed with 100 mL of 100 mg/L MB in a Pyrex 
beaker (having 95% optical transmittance above 350 nm) at room temperature, pH 6) (a) 1 -4 

Fe2TiO5/BC in MB solution in the presence of (1) light + air, (2) dark + air, (3) light + N2 and (4) 
dark + N2. 5-8 MB solution without photocatalyst in the presence of (5) light + air, (6) dark + air, 
(7) light + N2 and (8) dark + N2. (b) MB photodegradation in the presence of Fe2TiO5/BC + 10 
mg/L Fe(II) and  Fe2TiO5 at pH 6 or 3. Here, Cf and Ci are the final and initial concentration of 

MB after and before photodegradation  
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Figure C.10 Amount of iron leached after adsorption 

Amount of iron leached after completing the adsorption of Cr(VI), Pb(II), fluoride and MB on 

Fe2TiO5/BC. 25 mg of Fe2TiO5/BC was mixed with 25 mL of analyte each containing 50 mg/L 
at 298 K. 
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