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Abstract 
Phosphoric Acid Chemically Activated Waste Wood:  

Production, Modification and Selenium Adsorption  

Oliver K.L. Strong 

Activated Carbon (AC) is commonly produced by gasification, but there 

has been increasing interest in chemical activation due to its lower activation 

temperatures and higher yields. Phosphoric acid, in particular, succeeds in both 

these areas. Phosphoric acid activated carbon (PAC) can be environmentally 

sustainable, and economically favourable, when the phosphoric acid used in the 

activation is recycled. This thesis describes the digestion and activation of waste 

wood using phosphoric acid, as well as methods used to recover phosphoric 

acid, functionalize the produced activated carbon with iron salts and then test 

their efficacy on the adsorption of target analytes, selenite and selenate. In order 

to achieve an efficient phosphoric acid based chemical activation, further 

understanding of the activation process is needed. A two-step phosphoric acid 

activation process with waste wood feed stock was examined. The filtrate 

washes of the crude product and the surface composition of the produced PAC 

were characterized using X-ray Photoelectron Spectroscopy (XPS), Fourier 

Transform-Infrared spectroscopy (FT-IR), Ion Chromatography (IC), and 31P 

Nuclear Magnetic Resonance (NMR). XPS of the unwashed PAC contained 13.3 

atomic percent phosphorous, as phosphoric acid, while the washed sample 

contained 1.4 atomic percent phosphorous as PO43-, and P2O74-. Using 31P NMR, 



 

 iii 

 

phosphoric acid was identified as the primary phosphorous species in the acidic 

0.1 M HCl washings, with pyrophosphates also appearing in the second 0.1 M 

NaOH neutralizing wash, and finally a weak signal from phosphates with an alkyl 

component also appearing in the DI wash. IC showed high concentrations of 

phosphoric acid in the 0.1 M HCl wash with progressively lower concentrations in 

both the NaOH and DI washes. Total phosphoric acid recovery was 96.7% for 

waste wood activated with 25% phosphoric acid, which is higher than previous 

literature findings for phosphoric acid activation. The surface areas of the PAC 

were in the 1500-1900 m2g-1 range. Both pre and post activation of iron salts 

impregnation resulted in iron uptake. Pre-activation resulted in only iron(III) 

speciation while post-activation impregnation of iron(II)chloride did result in 

iron(II) forming on the PAC surface. The pre-activated impregnated PAC showed 

little to no adsorption of selenite and selenate. The post-activation impregnated 

iron(II)chloride removed up to 12.45 ± 0.025 mg selenium per g Iron-PAC. 

Competitive ions such as sulfate and nitrate had little effect on selenium 

adsorption. Phosphate concentration did affect the uptake. At 250 ppm 

approximately 75% of adsorption capacity of both the selenate and the selenite 

solutions was lost, although selenium was still preferentially adsorbed. Peak 

adsorption occurred between a pH of 4 and 11, with a complete loss of 

adsorption at a pH of 13.  

Keywords: Activated carbon, activation, phosphoric acid, selenium, selenate, 

selenite, iron doping  
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Thesis Objectives 
 

In this thesis, I have described methods for producing activated carbon 

through the phosphoric acid activation of waste wood. Methods for functionalizing 

both pre and post activation are described as well as their subsequent feasibility 

with respect to their adsorption of analytes.  

The primary objectives of this research were to: 

 

1. Determine the efficacy of producing high surface activated carbons through the 

phosphoric acid activation of waste wood 

2. Analyze the effects of recovering and reusing phosphoric acid in the activation 

process  

3. Functionalize the phosphoric acid activated carbon surface with iron salts both 

pre and post activation. 

4. Demonstrate the adsorption of the target analytes selenite and selenate 
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1.0 Introduction 
 

Activated carbon (AC) is a microporous material comprised of carbon 

atoms that is used predominantly as a filter in water remediation and as an 

electrode in supercapacitors. Activated carbon as seen in Figure 1 is valued for 

its high surface area. A single gram has a surface area ranging between 1000-

4000 m2 (~ equivalent to half a soccer field). The disorder of the graphene sheets 

is directly related to its porosity.1 This could be pictured with potato chips, where 

a stack of Pringles potato chips in a tube are much like the sheets of graphene in 

graphite and a bowl of potato chips would be much like an activated carbon. 

  

Figure 1: Scanning electron microscopy image of activated carbon produced by 
treating waste wood with 25% H3PO4 at a 1.74:1 ratio % by weight. 
  

The more disordered the sheets are, the greater the volume of pores are 

in an activated carbon. It is the porosity that accounts for the large surface area 
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of activated carbon. Slit-shaped pores range in size from less than 2.0 nm 

(micropores), 2-50 nm (mesopores) or to larger than 50 nm (macropores).  

Outside of chemisorption to surface functional groups, it is the pores that are 

responsible for the physisorption of molecules, primarily via Van der Waals 

forces.1 Several factors affect the properties of the AC -(i) feedstock type, (ii) 

activation type and (iii) activation conditions.  

AC derived from coal, waste wood, coconut shells, peach pits etc. all have 

very different proportions of lignin, hemicellulose and cellulose content. Cellulose, 

hemicellulose and lignin are all organic polymers found in plant derived materials 

and their chemical structures can be seen in Figure 2. As lignin is a 

heterogenous mixture of cross-linked phenolic polymers the most common 

monolignols are shown. This work used waste wood as a feedstock, as it has a 

favourable chemical composition for activation, is economically viable, and 

sustainable. Approximately 1.5 million metric tons of clean waste wood are 

produced annually in Ontario. It is a mixture of different hard woods and soft 

woods, from different tree species, which leads to a certain amount of feedstock 

variability. Of this 1.5 million metric tons, only 12% is diverted away from landfill 

and recycled into manufacturing. Most of this is used for low value products such 

as mulch and animal bedding.2 Although waste wood has a variable composition, 

it is an ideal candidate for phosphoric acid activation because it meets the two 

most stringent guidelines for a feedstock; it is a waste material and therefore 
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virtually free, and it is composed of cellulose, hemicellulose and lignin with which 

phosphoric acid can react.   

 

a)                                                     b) 

   

c) 

 

Figure 2: Chemical structures of (a) cellulose, (b) hemicellulose and (c) common 
monolignols found in lignin. 
 

For activated carbon, the activation conditions and feedstock type 

influence the pore size distribution, total surface area, pH, and surface functional 

groups.1 A higher cellulose content in the feedstock results in increases in the 

activated carbon’s mesopore volume, whereas higher lignin content increases 

micropore volume.5,6 Functional groups on the surface of the AC can enhance 

the adsorption process by forming either reversible, or non-reversible bonds with 
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adsorbates. This targeted adsorption by activated carbons can be increased and 

controlled by the species and concentrations of dopants.3,4 These characteristics 

determine the extent of physical, and chemical adsorption of the adsorbate on 

the surface of the AC. Moreover, these characteristics enable tailoring of AC 

properties for target applications for instance, the removal of contaminants from 

effluent streams in industrial settings. AC makes an excellent filter, as it can 

adsorb and remove target species in both the gas and aqueous phase. Notably, 

the large surface area is also ideal for charge transfers and is being looked at as 

a promising material to improve pseudocapacitance in supercapacitors. 8  

 

1.1 Activation Methods 
 

The majority of activated carbon is produced through gasification using coal 

feedstock at high temperatures (>1000°C), in a stream of steam, air or carbon 

dioxide.1,2 It is a highly endothermic reaction with low yields in the range of 15 to 

30%.7 Because of the high-energy inputs, low yields and poor control of pore 

distribution, there has been increasing interest in using more cost-effective 

chemical activation processes. Chemical activation can occur at lower 

temperatures and produces higher yields.1,2,3 Potassium hydroxide (KOH), zinc 

dichloride (ZnCl2) and phosphoric acid (H3PO4) are the most commonly used 

chemical activation agents.  

Potassium hydroxide activation generally produces excellent surface areas 

(2000- 3000 m2g-1), however, potassium hydroxide activation produces lower 
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yields (16%-25%)5,6 when compared to phosphoric acid activation. The 

potassium hydroxide activating agent is added after carbonization of the 

feedstock and requires high temperatures in the range of 800-900 ℃, adding to 

the energy costs. Potassium hydroxide activation occurs via intercalation of 

potassium cations between the graphene sheets. The resulting strain that is 

introduced within the sheets results in buckling as the carbon particles 

breakdown.1 The recovery of KOH from the system is determined by the 

activation temperature. The percentages of K, K2CO3, CO and H2 produced in the 

reaction are temperature dependent. At activation temperatures between 600-

900 °C the predominant speciation of potassium produced is K2CO3 which makes 

recovery of the KOH more complex.8 Above 900 °C KOH activation produces 

predominantly metallic K making KOH recovery more feasible. The activation 

results in pore size ranging between 0.5 – 1.5 nm. This size of micropore is ideal 

for hydrogen storage applications, however a nanopore size with no intermediate 

mesopores can result in slower kinetics.8,9,10,11  

Phosphoric acid activation has substantially higher yields (35-45%) than 

KOH activation of cellulosic materials such as wood, but has generally lower 

surface areas. Phosphoric acid activated carbon’s porosity is found between 2 - 

15 nm depending on the acid concentration.12 Phosphoric acid activation requires 

a feedstock that is usually a plant-based material that is rich in cellulose, 

hemicellulose and lignin as represented in Figure 2 a-c.  
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The initial stage, activation mechanism with phosphoric acid involves two 

significant steps in the treatment of a feedstock (i) digestion and (ii) crosslinking. 

In the digestion phase, the phosphoric acid cleaves aryl-ether bonds in lignin, 

and hydrolyzes glycosidic linkages in the hemicellulose and cellulose.13 Digestion 

occurs at temperatures below 110 °C and leads to the formation of ketones. 

Cyclization, dehydration and condensation reactions form crosslinks with 

phosphate, pyrophosphate and other polyphosphates which link biopolymer 

fragments.1,2 The extent of the polymerization is dependent on both the initial 

acid concentration and the mass ratio of acid to feedstock. This produces intra 

and inter crystalline swelling in the cellulose.  

The second activation stage is under an inert atmosphere, and at higher 

temperatures (150-400 °C). The inert atmosphere prevents combustion, instead 

driving energy into cross linking reactions between the phosphoric acid and the 

carbon chains as seen in Figure 3.  Lower molecular weight carbon chains that 

might normally produce CO or CO2 gases are retained due to crosslinking, 

resulting in higher yields of AC. H3PO4 inhibits the formation of levo-glucosan in 

cellulose, a route to volatile products. This inhibition, shown in Figure 4,  

contributes to higher yields.9,14 
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Or in the case of pyrophosphoric acid, pyrophosphate esters can form: 

   

Figure 3: Mechanism of the formation of phosphate esters and the crosslinking 
of cellulose during activation. 
 

 

Figure 4: Reaction mechanism for flame retardation of cellulose impregnated 
with phosphoric acid.6  

 

Formation of levo-glucosan

Esterification blocks formation 
of levo-glucosan
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As the temperature increases cyclization and condensation reactions lead 

to increases in aromaticity. The phosphoric acid acts as a templating agent for 

the formation of pores. After activation the phosphoric acid is washed out leaving 

the pores behind.1 Lower impregnation ratios and concentrations (the ratio of 

activating agent to feedstock by weight) lead to a higher micropore volume, 

whereas higher impregnation ratios and concentrations lead to a decrease in 

micropore volume and an increase in mesopore volume. This is most likely a 

result of the polymeric species length in each case. At even higher impregnation 

ratios a loss in porosity and surface area can occur, most likely due to the 

collapse of pores.2 The result is that the pore size distribution of macropores, 

mesopores, and micropores can be controlled to a certain extent by the 

impregnation ratios of activating agent, allowing for the tailoring of AC to increase 

adsorption of target species. Interestingly, even at higher activation 

temperatures, the most abundant and thermally stable phosphorous species 

during this process is a phosphate-like structure bound to the carbon lattice by C-

O-P bonding. C-P-O bonding also occurs but to a lower extent.9  

Heteroatoms such as oxygen and phosphorous that become incorporated 

into the AC framework affect the acid-base properties of the final material. 

Activation with phosphoric acid leads to an increase in phosphorous compounds 

left in the final AC product. This can result in improved cation exchange 

properties.5 While pore size distribution is important to the kinetics of reactions 

especially in electrode applications, the surface functional groups are of primary 



 

 12 

 

importance in analyzing adsorption properties of more challenging adsorbates 

such as selenite, selenate, arsenite and arsenate. It has been demonstrated 

repeatedly that while surface area is important it is the functional groups on the 

surface that are predominantly responsible for adsorption of these target 

species.15,16 A pertinent example of this, using phosphoric acid activation, is 

described by Celis et al. who compared AC produced from sawdust activated 

under air and under a self-generated atmosphere.17 They found that the former 

had significantly smaller surface areas but a greater number of surface functional 

groups and subsequently had roughly twice the adsorption of Cd(II) per gram of 

AC. 

When activation temperatures are increased from 400 to 600 °C there is 

increased graphitization and an induced shrinkage in the carbon structure 

resulting in a loss of surface area, pore volume and yield.9 Concentration of the 

phosphoric acid can be used to manipulate the ratio of micropores to mesopores. 

An increase in concentration results in a shift to a larger diameter of mesopores, 

ideal for increasing mass transfer. It is by controlling the activating conditions 

such as temperature, acid to feedstock ratio, and gas flow that both the porosity 

and proportion of surface functionality can be manipulated. 

While phosphoric acid activation is advantageous, as it can be added 

directly to the feedstock, has high yields and lower activation temperatures, the 

cost of chemicals is still a large obstacle for commercial production.1,4,5 In order 

to understand what role the phosphoric acid plays in the activation, as well as if it 



 

 13 

 

is economically recoverable for industrial scale up, it is important to understand 

all steps in the phosphoric acid activation process. Previous studies have shown 

that thermal treatment with phosphoric acid activation of lignocellulosic materials, 

produces gaseous CO, CO2, CH4, and aldehydes.18 One of the goals of this 

research was to demonstrate that the phosphoric acid could be recovered and 

reused in future activations. 

 

1.2 Surface Modification of Activated Carbons 
 

A large surface area is useful for adsorption and for catalysis, whereas the 

functionality on the surface is vital for target adsorption, or bonding of specific 

species of analytes. Not all of the functional groups necessary for target analytes 

may be formed simply by activation. There are two strategies to add functionality, 

the first and predominant strategy is to form an activated carbon and then treat it 

with molecules rich in the desired heteroatoms (i.e. nitrogen, oxygen, iron, etc.).19 

Alternatively the heteroatoms can be added directly to the feedstock either prior 

to activation, during activation, or as a component of the activating agent.20,21 

Physically activated carbon and KOH activated carbon has had some success 

with the latter method.  

Typically, transition metals as well as amines are targeted as 

advantageous additions to the activated carbon surface for the removal of 

analytes and for increased capacitance and pseudocapacitance in electrodes. It 

is important to modify the distribution of the heteroatoms so that they are 
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accessible to target molecules (analyte or electrolyte). Activated carbon 

pyrolyzed with iron ethylenediaminetetraacetic acid has shown improvements in 

power density in microbial fuel cells.19 Several studies have produced nano-iron 

doped activated carbon that allows for easy separation. This has been achieved 

by the physical activation of feedstocks impregnated with iron salts like iron 

sulfate at high temperatures, and by the reduction of iron using sodium 

borohydride after modification with iron salts.22,23,24 Impregnation of iron by 

evaporation rather than precipitation has shown better adsorption of arsenic. 

Arcibar et al showed that iron impregnations that were too high proved ineffective 

due to the inaccessibility of pores and impregnated iron to the target analytes, 

arsenate and arsenite. Coagulation of analyte with iron and aluminum salts is 

also a common method for removal of toxins.25 Work in this area has provided 

insight into the reaction mechanisms of the metal salts with target analytes. 

Analysis methods such as XPS and FT-IR are able to obtain much cleaner 

signals without interference from a support structure like activated carbon (ie. a 

high resolution XPS of the O1s peak would show only signal of oxygen bonded to 

the selenium or metal salt without any strong competing signal from oxygen 

contained in or on the activated carbon). While often highly reactive, the 

coagulation method requires subsequent filtration which can be difficult and 

costly.  
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1.3 Selenite and Selenate Remediation 
 

Selenium is a vital micronutrient for humans and other mammals, but it 

becomes toxic at higher concentrations in the body. The World Health 

Organization recommends a 10 𝜇𝑔 level of selenium in drinking water with a 

maximum of 40 𝜇𝑔 per day.26 It plays an essential dietary role as it is required for 

the formation of the enzyme glutathione peroxidase which is involved in fat 

metabolism.27 The redox kinetics of selenium have been investigated for 

industrial applications. For example, selenium based thin films have been 

suggested  as an alternative to crystalline Si solar cells.28,29 Production and 

consumption of fossil fuels are the main sources of selenium released through 

anthropogenic activities.30 Selenium is commonly found as selenite (Se(IV) SeO3-

2) and selenate (Se(VI) SeO4-2) in water. Se(IV) is more toxic than Se(VI), but 

both have been found to bioaccumulate.30,31 Whether selenium takes the form of 

selenite or selenate is strongly governed by water chemistry. Both the pH and 

oxidizing conditions have strong effects. Selenium (VI) is present in oxidizing 

conditions, generally as HSeO3-, while Se(IV) is more present in reducing 

conditions generally as SeO42-.32 Higher levels of selenium are generally found in 

ground water than in surface waters due to contact with minerals.33 Strategies for 

the removal of selenite and selenate, include weakly basic poly-amine ion 

exchange columns and precipitation followed by adsorption on an adsorbent 

material.34,  
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 The principal mechanism of adsorption for unfunctionalized activated 

carbon is via Van der Waals forces. This makes it an excellent adsorbent for 

larger non-polar molecules, but less absorptive of anionic species. As selenate 

and selenite are both anions, the predominant mechanism for their adsorption 

onto activated carbon surfaces has been found to be through surface 

functionalities and defects.35,36 Because of this, iron salts have been a particular 

focus due to their abundance and ability to complex with both selenite and 

selenate.37 Work with solutions of nanoscale zero-valent iron has shown 

intraparticle reduction of Se(IV). During the reaction, iron is oxidized and diffuses 

outward, as selenium and oxygen are attracted inward and form a thin layer of 

reduced zero valent selenium.38 This reduction appears to be crucial to prevent 

the desorption of selenium.39,40 By impregnating the PAC with iron species this 

work looks to use both chemisorption and physical adsorption for the capture of 

selenium species.  

The flue gas during the carbonization and activation, the surface 

composition, and the filtrate washings of the activated carbon were all examined 

to evaluate the effectiveness of the activation, the recycling of phosphoric acid, 

iron impregnation and selenium remediation. A portion of this work was 

completed in collaboration with our industrial partner Carbonix, who is looking at 

the feasibility of large-scale production of AC using this feedstock source and 

phosphoric acid activation.41 
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This research pursued the following objectives; 1) To determine if the 

phosphoric acid used to activate waste wood was recoverable, 2) To determine if 

the surface of activated carbon could be functionalized using iron salts pre and 

post-activation and 3) To see if the functionalized activated carbon could be used 

for the removal of both selenate and selenite anions from an aqueous solution. 

To the author’s knowledge, pre-activation doping of activated carbon produced 

with phosphoric acid had not been completed before this date. Finding 

economical solutions for remediating industrial sites is still needed. Even though 

solutions currently exist to solve some of the many current issues, these methods 

are often considered too expensive to be commercially feasible (bioreactors, iron 

nano-particles).41,42  
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2.0 Key Instrumental Techniques 
 

The following characterization techniques were used to analyze the activated 

carbon that was produced in this work.  

 
2.1 X-Ray Photoelectron Spectroscopy (XPS) 
 

XPS was used to identify the atomic percent of impregnated elements as 

well as their speciation and oxidation state. Samples were analysed using a 

Fisher K- alpha XPS with a pass energy of 50 eV. Atomic concentrations and 

speciation of key elements for this research, such as carbon, phosphorous, iron, 

and oxygen were identified. The elemental detection limit for XPS is 

approximately 0.5 atomic percent.  

Washed and unwashed samples of AC were analyzed by X-ray 

photoelectron spectroscopy (XPS). The XPS employed was a thermo scientific K-

alpha X-ray photoelectron spectrometer with an aluminum K-alpha x-ray source. 

Pressures were between 10-6 and 10-7 Pa. Survey scans were run with energy 

ranges between 0-1100 eV with a sweep time of 180s, a step size of 0.7 eV and 

a spot size of 700 x 400 𝜇𝑚 starting with a pass energy of 50 eV. The pass 

energy represents the energy necessary for any electron to pass through the 
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detector slits and onto the detector.  The C1s peak was calibrated to 284.8 eV. 

XPS is ideal for this work, as hydrogen and helium are the only elements it does 

not detect. The analysis was done at the Ontario Centre for the Characterization 

of Advanced Materials. Analysis of the XPS data was completed using Avantage 

software. Figure 5 shows the basic schematic of XPS where core electrons of a 

sample are excited by x-rays. Core electrons are then ejected and detected. This 

is executed under a vacuum so that the electrons emitted from a specimen meet 

as few gas molecules as possible on their way to the analyser. This minimizes 

scattering and energy loss. 

 

Figure 5: Diagram of how a typical X-ray photoelectron spectrophotometer is set 
up. 
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Since this is done under vacuum, the total kinetic energy (𝐸)*) of the 

electron is equal to the incident photon energy of the x-ray, minus the amount of 

thermodynamic work required to remove an electron from the surface of a 

material (𝑒∅) and minus the electron binding energy (𝐸.) of the core level 

electrons, which is dependent on the effective nuclear charge. It is the electron 

binding energy that is solved for in equation 1.43 

EQ.1 

𝐸)* = ℎ𝑣 − 𝐸. − 𝑒∅ 

𝐸. = ℎ𝑣 − 𝐸)* − 𝑒∅ 

 

  

This equation does not apply to the Auger process in which a hole created 

by the ejection of a core electron is filled by a higher energy electron from an 

outer orbital.  In the Auger process a photon is either released (x-ray 

fluorescence) or the energy is passed to another electron in the same energy 

level which is then ejected (Auger emission).  

XPS has a surface depth resolution of about 1𝜇𝑚, and is sensitive to 

surface functional groups. Unfortunately, this means sample contamination can 

be an issue when using XPS. The sputtering of ions is often used to clean the 

surfaces of specimens.  For example, sputtering allows the analysis of a carbon 

network as opposed to the CO2 or O2 adsorbed to the surface. Sputtering can 

also remove carbon dust that has fallen on a sample.  
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2.2 Surface Area, Pore size and Pore Volume Analysis 
 

All surface area and pore size analysis were completed on synthesized 

activated carbons and functionalized activated carbons, using a Micromeritics 

Gemini V with Brunner Emmet Teller (BET) analysis, and a Micromeritics Tristar 

II+ with BET and Density Functional Theory analysis (DFT).  

To evaluate the porosity of activated carbons, the most common 

characterization uses three isotherms of N2 at 77 K. These can be used to 

establish surface area and pore size distribution. This analysis relies on basic 

adsorption phenomena. Adsorbates such as N2 and CO2 differ in their molecular 

size and polarity as well as their saturation pressures. Knowing the saturation 

pressure allows for the nitrogen adsorbed, the adsorbate (na), measured in 

mmol∙g-1 or in cm3g-1, to be plotted against the change in relative pressure (p/p0) 

as in Figure 6.  

 

Figure 6: Isotherm, (Temperature is held constant) where adsorption is plotted in 
cm3g-1 against the relative pressure p/p0. 
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There are six isotherm shapes as classified by IUPAC and shown in 

Figure 7. Type 1 isotherms, or Langmuir isotherms, rise quickly and smoothly to 

a maximum value of adsorption without inflection and are indicative of the 

formation of a monolayer. This isotherm is typically seen in solution adsorption. 

Highly microporous carbons, containing little to no mesopores or macropores, 

produce the initially steep gradient seen in Type 1 isotherms. The steeper the 

gradient is, the more microporous the material is. Type 2 isotherms are 

characteristic of adsorption on open and mesoporous surfaces. They contain an 

inflection in the region where relative pressure p/p0 is greater than 0.1 and a 

second inflection where p/p0 is greater than 0.9 where it rises rapidly. The Type 3 

isotherm has a convex shape which is a feature of sites of low adsorption 

potential. It is indicative of multilayers forming as the lateral interactions are 

stronger than those between the adsorbate and the adsorbent surface. Type 4 

isotherms are different from type two in that they exhibit a hysteresis that is the 

result of capillary condensation i.e. multilayer adsorption of the adsorbent from 

vapour phase into the pores to form a condensed liquid due to van der Waals 

interactions within the pore. Type 5 isotherms are indicative of mesoporous 

homogenous surfaces. Type 6 isotherms are also indicative of non-porous 

homogenous surfaces where each step represents multilayer adsorption. 

Activated carbon produces isotherms from nitrogen adsorption that are generally 

Type 2 and 4.   

 



 

 28 

 

 

Figure 7: IUPAC classification of adsorption isotherm shapes.44 
 

Isotherm data is used to quantitatively evaluate the surface area. To do 

this, mathematical equations have been developed which contain expressions for 

monolayer coverage of the adsorbate. There are several models and theories 

including Langmuir, Brunauer Emmet and Teller, and Dubinin-Radushkevitch 

Equation 2 is the Brunauer Emmet and Teller (BET) equation and was used 

predominantly in this thesis for calculating the surface area of activated carbons. 

(Eq.2) 

𝑝
𝑉(𝑝6 − 𝑝) =

1
𝑉8𝑐

+
(𝑐 − 1)𝑝
𝑉8𝑐𝑝6

 

Where V= amount adsorbed in volume (cm3g-1) at standard temperature 

and pressure (STP), Vm= monolayer capacity in volume STP(cm3g-1), p is the 

equilibrium vapour pressure, p0 is the saturation vapour pressure, and c is a 

constant giving the average energy of adsorption. 
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For surface area analysis of adsorbates, the mass of a specialized tube is 

measured, and the sample is added. The sample is degassed with nitrogen at 

300 °C to remove any molecules that would have already adsorbed to the 

surface from the air (CO2, water vapour), and the mass is taken again. The tube 

is then cooled in liquid nitrogen and nitrogen gas is slowly pumped into the tube. 

The pores of the adsorbent exert van der Waals forces on the nitrogen gas 

preventing nitrogen gas that has adsorbed to the surface from exiting as they 

exist in a more energetically stable state, with micropores filling first at lower 

pressures. The adsorption of the nitrogen results in a pressure change. By 

observing the change in pressure, the amount adsorbed can be calculated and 

assuming a monolayer of adsorption, the surface area, pore volume and pore 

size distribution can then be calculated.  

The nitrogen molecules that adsorb to the surface may move to another 

adsorption site or be ejected. The most time-consuming aspect of the analysis is 

waiting for equilibrium after each injection of adsorbent. More modern equipment 

mitigates this by injecting more if it equilibrates quickly.  

The activated carbon surface is amorphous and heterogeneous and 

therefore adsorption occurs at sites that are more energetically favourable first. 

The adsorption of a molecule at one site can affect how and if a molecule can 

adsorb in a neighbouring site.45 The size of the pore entrance can also affect 

adsorption with larger molecules unable to enter. This is referred to as closed 
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porosity and can be an important factor when looking at methods for the 

adsorption of larger molecules, such as naphthenic acids. 

 

2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS) 
 

SEM was used to analyze the concentration of iron impregnated on 

phosphoric acid activated carbons. SEM is an electron microscope that can 

produce an image using electrons. It operates under vacuum using an electron 

source from which electrons are accelerated through lenses to produce a 

focused beam which hits the surface of the sample and penetrates to a depth of 

1-10 nm. The beam scans the surface which produces secondary electrons, back 

scattered electrons and X-rays, which are then collected to form an image. 

Energy Dispersive X-ray spectroscopy (EDS) uses the x-ray information, 

measuring the relative abundance of emitted x-rays vs. their energy. By 

examining the x-rays and their energy the elemental composition can be 

determined (but not the speciation).  

 

2.4 Nuclear Magnetic Resonance (NMR) 
 

Solutions of filtrate samples from both the HCl and NaOH washing steps 

were examined using phosphorous 31 NMR. This was done in order to examine 

the speciation of the phosphorous in the washes. Since phosphoric acid is 

typically used as a calibrating reference, 0.1 M etidronic acid was used as a 
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phosphorous calibration reference instead.42 While phosphoric acid has an 

oxidation state of +5, the carbon-phosphorous bond of etidronic acid results in an 

oxidation state of +3 for etidronic acid. This produces a shift so that it appears 

much higher on the spectrum at 20 ppm.46 Using this alternate reference allows 

for the identification of phosphoric acid and other phosphorous species in the 

filtrate from the washing stage. The NMR used for this was a Varian 500 MHz 

with a P31 probe spinning at 10 Hz. Samples were prepared by taking HCl, and 

NaOH filtrates from the washing stage and placing them in NMR tubes with a 0.1 

M etidronic acid reference. Results were analyzed in Spinworks.     

 

2.5 Microwave Plasma Atomic Emission Spectroscopy (MPAES) 
 

Microwave plasma atomic emission spectroscopy is used to identify the 

concentration of analytes in solution. Figure 8 describes the microwave plasma 

emission spectrometry process. The sample solution is drawn through a tube to 

the nebulizer where the solution is atomized as an aerosol and introduced to the 

nitrogen plasma. 
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Figure 8: Diagram of the microwave plasma emission spectroscopy process. 
 

This results in an excitation from the ground state to an excited state. The 

relaxation produces a photon which is then run through a monochromator and a 

detector. By creating a calibration curve with standardized concentrations of 

target atoms, unknown sample concentrations within solution (iron, selenium etc.) 

were calculated. The Agilent MP-AES 4200 was used for all microwave plasma 

emission spectroscopy. The Agilent MP-AES 4200 had a detection limit of 1 ppm 

for selenium and of 10 ppb for iron.47  
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3.0 Method Development and Experiments  
 

Three sets of experiments were conducted. The first set was designed to 

optimize phosphoric acid activation of waste wood and the recovery of H3PO4 for 

successive reactions. The second set was designed to explore iron 

functionalization of the PAC surface by the addition of iron salts both pre and 

post activation. The final set of experiments were designed to gauge the 

effectiveness of the Fe-PAC composites at removing selenate and selenite from 

solution.  

 

3.1 Ion Chromatography (IC) Procedure for Calculating Phosphate 
Concentrations 
 

Filtrate washing volumes were first measured and recorded. All washings 

were then pH balanced to 5.5, adding approximately 4 mL 10 M NaOH to 0.1M 

HCl washings and 3-4 drops to 0.1 M NaOH washings. All volumes were then 

diluted to 50 mL with the addition of Millipore water. A 250 µL aliquot was then 

removed and diluted in a 100 mL volumetric flask. Samples were run on a 

Metrohm 761-Compact IC. The Metrosep A Supp 5-150 column had a mobile 

phase with 3.2 mM Na2CO3+1.0 mM NaHCO3 in 18 MΩ ∙cm H2O. It had a flow 

rate of 0.7 mL min-1. The stationary phase was polyvinylalcohol with quaternary 

ammonium groups and a column size of 150 x 4 mm with a 5 𝜇m particle size. 
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The detector settings were, 100 mM H2SO4/18 MΩ ∙cm H2O. The sample loop 

was 20 µL with a run time of 16 minutes. 

 To run the IC, the sample injector was first placed in fill mode and rinsed 

with 5 mL 18 MΩ ∙cm H2O. The sample loop was then rinsed with 3 mL of sample 

prior to injection. A standardization curve was created with samples from serially 

diluted Na3PO4.  

 

3.2 Optimization of H3PO4 Activation 
 

Waste wood was ground to pass through 18 mesh screen (1.00 mm). 

Optimization of activation, using waste wood treated with phosphoric acid 

between 10 wt % and 85 wt %, showed 25% to be an effective phosphoric acid 

concentration that produced large surface areas. Initially a carbonization step at 

185	℃, with times varied between 30 minutes and 1hr was also performed before 

varied activation times at 400	℃. During this work carbonization was removed in 

favour of digestion at 35 ℃ with 25% H3PO4. Digestion times between 9 and 24 

hours were investigated using 25% H3PO4 at a 1.74:1 by weight ratio before 

activation at 400 ℃. 

 

3.3 Alternative H3PO4 Activation 
 

A 4:1 ratio of 25% H3PO4 to waste wood with digestion and agitation for 6 

hours, at 80 ℃ was also investigated. Samples were then vacuum filtered, dried 
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at 110 ℃ overnight and activated at 400 ℃ for 30 minutes under N2, followed by 

the washing procedure of 0.1M HCl with agitation at 80 ℃ for 1 hr followed by 

washing with 0.1M NaOH and deionized water.  

 

3.4 Standard Activation Used for Subsequent Surface Modification 
Experiments  
 

The standard H3PO4 activation of waste wood is shown in Figure 9. Waste 

wood was ground until it passed through mesh 18 screen (1.00mm). It was then 

digested by 25 % H3PO4 at a 1.74:1 dry mass ratio for 20 hours at 35 ℃. The 

digested waste wood was then placed in crucibles in a muffle furnace for 30 

minutes at 400	℃ under nitrogen at 18 L/min.  

It was washed with 0.1 M HCl at 80℃ for 1 hr with agitation (1 g unwashed 

PAC to 10 mL 0.1 M HCl), followed by 0.1 M NaOH (1 g unwashed PAC to 10 mL 

0.1 M NaOH) and finally DI water at 80℃ (10 mL to 1 g initial unwashed product). 

Analysis by phosphorous 31 nuclear magnetic resonance spectroscopy (31P 

NMR) and ion chromatography (IC) was carried out on the washings. 
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Figure 9: Standard method of phosphoric acid activation of waste wood followed 
by post activation functionalization with iron(II) chloride.  
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3.5 Recycling of H3PO4 
 

Two experiments were used to test the effectiveness of recycling 

recovered H3PO4. In both setups the 0.1M HCl wash which contained diluted 

H3PO4 from the activation was re-concentrated. It was then either topped up to 

account for the loss of phosphoric acid or it was left as is and used in successive 

activations.  

  

3.6 KOH Activation of PAC 
 

2 g of PAC was mixed overnight with 100 mL 1.5 M KOH (4 KOH:1PAC by 

mass ratio) at 35 ℃. It was then heated at 185 ℃ for 2 hours followed by 1 hr at 

800 ℃, 750 ℃ or 650 ℃ at 18 L/min under N2. Samples were then washed with 

75 mL 0.1 M NaOH for 72 hours followed by 100 mL DI water.  

 

3.7 Surface Modification 
 

The addition of iron salts, nitrogen and carboxylic acids to the activated 

carbon surface were examined. The primary surface modification experiments 

were done with iron salts and were achieved using two methods applied pre and 

post activation. Iron salts examined as sources for impregnation include: 

iron(II)chloride (Fe(II)Cl2), iron(III)citrate (C6H5FeO7), ethylenediaminetetraacetic 
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acid iron(III) sodium salt (C10H12N2NaFeO8), and iron(III)pyrophosphate 

(Fe4(P2O7)3).  

 

3.7.1 Pre-Activation Impregnation with Iron Salts  
 

Iron salts were dissolved in 25% H3PO4 at concentrations of 0.05 M, 0.10 

M, 0.15 M, and 0.25 M and then mixed with 5 g waste wood maintaining the 1.74 

to 1 mass ratio of dry H3PO4 to feedstock. The samples were then digested at 

35℃ for 20 hours under air in a convection oven before being activated at 400℃ 

for 30 minutes. Samples were washed with 100mL 0.1M HCl for 1 hr at 80℃ with 

stirring before being vacuum filtered with a 0.1 M NaOH wash, followed by a DI 

water wash. Samples were then dried overnight at 110℃. 

 

3.7.2 Post-Activation Impregnation with Iron Salts  
 

PAC was treated with 1 M NaOH for 1 hour (10 mL: 1g PAC), washed with 

DI to a constant pH and dried. The base treated PAC was then impregnated by 

the iron salts with the same range of concentrations as the pre-activation 

impregnation (0.05 M, 0.10 M, 0.15 M, and 0.25 M). All samples both pre and 

post activation modification were completed in triplicate.  
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3.7.3 Nitrogen Functionalization  
 

Two methods were looked at solely for the addition of nitrogen groups, the 

first using ammonium hydroxide and the second using melamine. 

 

3.7.3.1 Ammonium Hydroxide Functionalization 
 

Ammonium hydroxide adsorption to activated carbon was also 

investigated. 1 g of PAC was treated with 100 mL of 0.107 M ammonium 

hydroxide and agitated for 48 hours before being vacuum filtered and dried at 

110 ℃.	Samples were analyzed using SEM, EDS and XPS.  

 

3.7.3.2 Melamine Functionalization 
 

Melamine was mixed with PAC at a dry mass ratio of 1:10. Two sets of 

PAC melamine solutions were then heated under N2 at 400 ℃ and 950 ℃. 

Samples were then washed with DI water and dried at 110 ℃ over night.48 

 

3.7.4 Carboxylation of PAC 
 

In order to facilitate the addition of carboxylic acid groups to the PAC 

surface, both a nitric acid and a citric acid treatment were applied.  
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3.7.5 Nitric Acid Oxidation of PAC 
 

Twelve grams of PAC was refluxed with 300 mL of 70% nitric acid at 40 ℃ 

for 1 hr and then filtered with DI water.49  

 

3.7.6 Citric Acid Decomposition on PAC Surface 
 

PAC was treated with 600 mL 0.1 M NaOH for 12 hours A constant pH of 

10.9 was reached after continuous washing with DI. The filtered and dried base 

treated PAC was then treated with 0.5 M citric acid at a 1:1 mass PAC-NaOH:CA 

and placed in a muffle furnace under air at 200 ℃ for 1 hr. A second sample was 

done at 300 ℃ for 30 minutes. A third method took the PAC-NaOH:CA and 

evaporated the water before heating to 300 ℃ under air for 30 minutes. 50 

 

3.8 Adsorption of Selenite and Selenate by Iron-PAC 
 

The adsorption of the target analyte anions, selenite and selenate, was 

investigated by placing 100 mg of iron impregnated PAC in 100 mL solutions of 

25 ppm selenate and selenite. After initial experiments post-activation 

impregnation with iron (II) chloride was determined to be most suitable for this 

application and was used in subsequent reactions testing efficiency and kinetics. 

 

 



 

 42 

3.8.1 Reaction Kinetics of Adsorption of Selenite and Selenate on Iron-PAC 
Composite 
 

The kinetics of the reaction were examined by testing the removal of 

selenium over time. 100 mg of Iron-PAC was placed in 100 mL solutions of 25 

ppm selenite. 100 mg of Iron-PAC was also placed in 100 mL solutions of 25 

ppm selenate. Solutions were filtered, and selenium concentration was tested 

after 10 minutes, 30 minutes, 60 minutes, 120 minutes and 1200 minutes using 

microwave plasma emission spectrometry. The Selenium-Iron-PAC was also 

examined using XPS. 

 

3.8.2 Competitive Ion Analysis 
 

To test the effect of competitive anions on selenium uptake, 100 mg Iron-

PAC was added to solutions of 25 ppm selenite with concentrations of 10 ppm, 

25 ppm, 50 ppm and 250 ppm nitrate, phosphate, and sulfate. All solutions were 

then vacuum filtered, and the filtrate was examined for selenium content using 

microwave plasma emission spectrometry.51 

 

3.8.3 Effect of pH on Adsorption of Selenium 
 

Water requiring treatment such as that in tailings ponds or from industrial 

processes can exist under a variety of conditions. Oil sands processed water 

typically has a pH between 7.7 and 8.6.52 The pH is one of these conditions that 
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can vary. To investigate the effect of pH on selenium adsorption, solutions of 100 

ppm selenite with pH values between 1 and 14 were made by adjusting pH with 

NaOH and HCl. 100 mg of Iron-PAC was then placed in these solutions and left 

for 1 hr. with no agitation. Solutions were then vacuum filtered, and the filtrate 

was analyzed for selenium content using microwave plasma emission 

spectrometry.38,53  
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4.0 Activated Carbon Synthesis Parameters and Recycling of 
H3PO4 
 

This work looks at the optimization of H3PO4 activation of waste wood and 

explores the feasibility of recycling phosphoric acid for continued activations 

thereby reducing chemical inputs. Highlighted in this research are some of the 

key advantages; the optimized low temperature digestion stage and the low 

activation temperature which together dramatically reduce energy inputs.  

 

4.1 Optimization of Phosphoric Acid Activation of Waste Wood 
 

Earlier work completed within the Inorganic Materials Research Lab 

(IMRL) demonstrated that activation with a mass ratio of H3PO4 to feedstock at 

1.74:1 with 25% H3PO4 was seen to improve surface areas over activating with 

85% H3PO4. By decreasing the concentration but maintaining the dry mass ratio 

at 1.74:1 two things occur. The first is increased permeability as the water 

transports the acid by soaking further into the waste wood feedstock. The second 

is a more even distribution of the H3PO4. Therefore, as water is removed, 

pyrophosphate is less likely to be formed. Longer chains of pyrophosphate could 

result in larger pores and in pore collapse when the phosphate is removed during 

washing. The surface area of waste wood before activation was found to be 8 

m2g-1. Surface areas of PAC produced with increasing digestion times went from 
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1655 ± 222 m2g-1 at 0 hours to peaking at 2081 ± 69 m2g-1 at 15 hours. No 

statistical increase in surface area was seen with increased digestion times of 18 

hours, 20 hours and 24 hours. This indicates that the acid has permeated as far 

as it can into the wood particles under the experimental conditions.  Additionally, 

no statistical difference was observed between PAC produced with digestion and 

no carbonization (1742±75 m2g-1) and PAC produced with digestion and 

carbonization (1729±233 m2g-1). This was also observed at 9 hours of digestion, 

although a longer digestion was chosen going forward for convenience. Because 

of this the carbonization step was removed in subsequent experiments.  

 The pore size distribution of the resulting standard phosphoric acid 

activated carbon was measured using N2 and CO2 adsorption on the 

Micromeritics Tristar. These pore size distributions can be seen in Figure 10. The 

phosphoric acid activated carbon had an average pore volume of 1.065±	0.411 

cm³/g with an average pore size of 2.317±0.023 nm. The PAC has a broad 

antisymmetric shoulder in both Figures that the 4:1 KOH activation does not. This 

indicates that it contains mesopores between 2 and 5 nm. The majority of its 

porosity is between 1 and 3 nm which is more microporous than literature results 

of other activated carbons produced using phosphoric acid.54  This may be a 

result of the lower concentration phosphoric acid resulting in reduced 

polymerization of the phosphate and therefore a more microporous activated 

carbon. The broader pore size distribution may be advantageous for increased 

mass transfer and for the adsorption of larger molecules.  
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Figure 10: Incremental Pore volume vs. pore width of standard H3PO4 activation 
at 400 ℃ for 1 hr, and 4:1 KOH activation of waste wood at 800 ℃ for 1 hr. 
 

4.2 Feasibility of Recycling of H3PO4  
 

To promote the economic viability of activated carbon produced using the 

method developed in this research it is necessary to show that recovering and 

reusing the H3PO4 is achievable with no detrimental effects on the surface areas 

of the PAC. Feedstock used during this research was processed wood generated 

as waste from construction sites. The XPS elemental analysis, seen in Table 1, 

shows that the waste wood feedstock was free from preservatives, and, that 

oxygen, carbon and nitrogen are the main components.  A small amount of 

calcium (0.2 atomic %) is present likely from drywall dust.  
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Table 1: Atomic % of elements of the waste wood feedstock material, calculated from the 
XPS survey scan. 
Name Atomic % 

C 1s 71.2 

O 1s 27.1 

N 1s 1.3 

Ca 2p 0.2 

Si 2p 0.2 

XPS of the crude, unwashed AC, has a peak at 185 eV, characteristic of 

the phosphorous 2s orbital and a peak at 135 eV, characteristic of the 

phosphorous 2p orbital. High resolution XPS of the phosphorous 2p peak is 

shown in Figure 11. Integration under the peak reveals that the unwashed AC 

contains 13.3 atomic percent phosphorous, with the majority being phosphoric 

acid. This is indicative of the phosphoric acid input remaining within the sample 

during activation, which is supported by FT-IR spectroscopy results.  
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Figure 11: High resolution XPS of the 2p phosphorous peak of unwashed AC, 
formed under the following conditions: 2g 85% phosphoric acid: 1g wood, mesh 
18, carbonized at 140⁰C for 30 min (convection oven), activated at 400⁰C for 30 
min (muffle furnace), N2 flow rate 18 L min-1. 
 

Phosphate is highly soluble and the subsequent XPS of a 5 minute and 

1hour wash show the phosphorous content falls from the 13% in the unwashed 

sample to 1.81 and 1.19 atomic percent phosphorous respectively; with 

phosphorous bound to the surface most likely as NaH2PO4, H2PO2, P2O5, and 

PO. The relative phosphorous content to carbon and oxygen content of the 

washed sample can be seen in Figure 12, the survey scan of the standard 

phosphoric acid activated carbon. Figure 13 shows the high resolution 
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deconvoluted phosphorous 2p spectrum of the activated carbon after the 

standard wash procedure. 

 

Figure 12: XPS survey scan of standard PAC sample after washing procedure.  
 

 

Figure 13: High resolution XPS scan and deconvolution of P 2p peak of standard 
washed PAC.  
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The results are in line with other work that shows the C-O-P bond is more 

stable and forms rather than the C-P-O bond.55 It also shows that while some 

phosphate species remain on the surface of the AC, the majority has been 

removed during the wash procedure.  

 The 31P NMR in Figure 14 used etidronic acid as the standard (20 ppm) as 

phosphoric acid, which is typically the standard for 31P NMR, was the target 

analyte. Figure 15 of the 0.1 M HCl washing showed a peak at 0.074 ppm that is 

characteristic of phosphoric acid demonstrating that this is the only significant 

phosphorous species.56 Figure 16, a 31P NMR of the NaOH washings, shows 

peaks characteristic of phosphoric acid at 0.4 ppm, and the pyrophosphates, 

diphosphoric acid at -10.6 ppm and triphosphoric acid at -21.1 ppm and -22.6 

ppm.57 Pyrolyzed phosphoric acid could have been present in the acidic wash, 

and may have decomposed quickly prior to the 31P NMR experiment. The 

formation of pyrophosphate species by phosphoric acid under thermal treatment 

is well known and occurs by a simple dehydration process.1 The presence of 

pyrophosphate in the basic environment of the 0.1 M NaOH (pH 13) washing 

suggests that the acidic environment of the 0.1 M HCl wash is regenerating 

phosphoric acid from polymerized pyrophosphate chains.  
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Figure 14: 31P NMR of 0.1 M HCl washings of AC waste wood product: 5g of 
waste wood in phosphoric acid (1:1 ratio of 85% phosphoric acid to waste wood) 
over 30 minutes of activation at 400°C in air in a muffle furnace with 18 L min-1 N2 
flow. 
 

 

Figure 15:
 31P NMR of 0.1 M NaOH wash of AC waste wood product:5 g of 

waste wood in phosphoric acid (1:1 ratio of phosphoric acid to waste wood) over 
30 minutes of activation at 400°C in air in a muffle furnace with 18 L/min N2 flow. 
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The 31P NMR of the DI washings in Figure 16 showed similar peaks to 

those found in Figure 15 with one new smaller peak at 3.4 ppm most likely 

associated with short alkyl chain phosphates.58  

 

Figure 16:
 31P NMR of deionized water wash of AC waste wood product:5 g of 

waste wood in phosphoric acid (1:1 ratio of phosphoric acid to waste wood) over 
30 minutes of activation at 400°C in air in a muffle furnace with 18 L/min N2 flow. 
 

Ion chromatography was used to evaluate the concentration of phosphate 

within the washings. Figure 17 shows a typical ion chromatogram with signals for 

both chlorine and phosphate labeled 1 and 4 respectively. From the integration of 

the area under the curve, concentrations of the phosphate ions in the washes 

were determined. The average amount of phosphoric acid recovered in the 0.1 M 

HCl wash, from AC that was treated with 85% phosphoric acid with a 1.74:1 (dry 

weight) impregnation ratio of activating agent to feedstock, was 63.9±1.6%. In 
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the 0.1 M sodium hydroxide (NaOH) wash, 6.3±0.3% was recovered, and in the 

DI water wash a negligible amount below 0.5% was recovered. 

 

Figure 17: Ion Chromatogram of 0.1 M HCl crude AC wash with 500 μL sample 
diluted in 0.1 L water. 5 g waste wood was treated with 17.62 mL 25% 
phosphoric acid, carbonized at 185⁰C for 30 min, activated at 400⁰C for 30 min, 
N2 flow rate 18 L/min. 
 

The recovery of phosphoric acid from activation using 25% phosphoric 

acid at a dry mass 1.74 :1 impregnation ratio, was much higher with 87.5±0.6% 

recovered in the 0.1 M HCl wash, 9.2±1.5% recovered in the following NaOH 

wash, and a negligible amount below 0.5% in the DI wash. The difference in 

recovery could be from the collapse of pores due to longer polymeric chains 

created by the higher phosphoric acid concentration (due to lower distribution 

throughout the sample) and higher impregnation ratio of the phosphoric acid. 

This would trap phosphate species within the AC and prevent their removal in 
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subsequent washes. Waste wood activated with 85% phosphoric acid had 

substantially lower surface areas (1570±113 m2g-1) than waste wood activated 

with 25% phosphoric acid (1882 ±120 m2g-1). This substantiates the collapse of 

pores due to an increase in the phosphoric acid concentration.   

 

4.2.1 Production of AC Using Recycled H3PO4 
 

To evaluate the effect of using recycled H3PO4 recovered from the 0.1 M 

HCl wash for further activation of waste wood, two sets of experiments were 

carried out. In the first H3PO4 was recovered from the wash and re-concentrated. 

This re-concentrated H3PO4 was then used to activate waste wood again. 

 

Figure 18: The percent of phosphorous recovered from each individual activation 
and the percent of total phosphorous recovered from the initial activation, over 
successive activations using recovered phosphoric acid from the 0.1M HCl hot 
wash. Sample filtrates were analyzed using microwave atomic plasma emission 
spectroscopy (MPAES) to determine phosphorous content. 
 

0

10

20

30

40

50

60

70

80

90

0
10
20
30
40
50
60
70
80
90

100

0 1 2 3 4 5 %
 o

f T
ot

al
 P

ho
sp

ho
ro

us
 re

co
ve

re
d

%
 P

ho
sp

ho
ro

us
 R

ec
ov

er
ed

 

Number of Activations using recycled phosphoric acid

% Phosphorous Recovered % of Total Phosphorous loss



 

 56 

Figure 18 shows the percent of phosphorous recovered from each 

individual activation and the percent of total phosphorous recovered from the 

initial activation over successive activations using recovered phosphoric acid 

from the 0.1M HCl wash. The average phosphorous recovery was 80% per 

activation resulting in a continuous loss with each successive activation. Figure 

19 shows surface areas of the produced AC. The downward trend in surface area 

is expected as less and less H3PO4 becomes available to digest and then 

crosslink within the waste wood during activation. 

 

 

Figure 19: Surface areas of activated carbon produced with recycled H3PO4 with 
and without additional top ups to maintain the 25% concentration. 
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In Figure 19, the surface areas that result from this remain steady between 1500-

1800 m2g-1. Therefore, the results show that when the H3PO4 is continually 

topped up (approximately 12 % per activation) to account for losses from the 

NaOH wash, collapsed pores in the AC, and transfer, the acid could be used 

indefinitely with no loss in porosity of the produced AC.  

 

 

4.3 Two Stage Phosphoric Acid and KOH Activation 
 

Treating PAC samples with KOH was done to investigate if the resulting 

activated carbon had a more varied pore distribution containing both the 

micropore range of KOH activated carbons and the mesoporous range of H3PO4 

activated carbons. As shown in section 4.1.1, H3PO4 activated carbons have 

wider pore size distribution, usually in the 1-10 nanometer range and KOH 

activation produces pores in the 0.5-3 nanometer range. PAC with surface areas 

of 2128 ± 109 m2g-1 was activated with KOH at a mass ratio of 4:1 KOH:PAC and 

resulted in surface areas of 2061 ± 274 m2g-1 when activated at 650 °C. When 

activated at 750 °C, surface area went from 1659 ± 97 m2g-1 to 1874 ± 217 m2g-1. 

When activated at 800 °C surface areas showed significant increases going from 

1950 ± 112 m2g-1 to 2909 m2g-1. The incremental pore volume vs pore width seen 

in Figure 20 shows an increase in the pore width of the KOH 4:1 PAC. It also 

shows a loss of the mesopores of the PAC. The increased surface area is 

probably a result of the PAC providing a carbonized material rather than any of 
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the initial PAC porosity remaining. A further comparison with the activation of 4:1 

KOH to carbonized wood, as well as 4:1 KOH activation of unwashed PAC would 

be informative. A future experiment to clarify these results using a larger initial 

bulk sample of PAC from which to draw samples for KOH activation is 

recommended but beyond the scope of this thesis.  

 

Figure 20: Incremental pore volume vs. pore width of standard PAC activation at 
400 °C for 1 hr., and 4:1 KOH activation of PAC, and the 4:1 KOH activation of 
waste wood at 800 °C for 1 hr. 
 

4.4 Conclusions 
 

As with other work it was determined that high surface activated carbons 

could be produced through the phosphoric acid activation of wood and in this 

case specifically, waste wood from construction sites.59,60 It was shown that up to 

97% of the phosphoric acid could be recovered, with 87.5% already regenerated 

as the acid in the hydrochloric acid wash. This was higher than the 50-80% 
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previously reported in literature and was achieved by using lower concentrations 

of phosphoric acid.61 This improvement was found to most likely be a result of the 

lower acid concentration. Recovering and reusing the phosphoric acid, was found 

to produce high surface area activated carbons indefinitely, provided that the acid 

was replenished to account for the 12.5% loss.  
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5.0 Surface Modification 
 

Activated carbon is an affordable filter for water treatment. The limitation of 

activated carbon is its surface chemistry. As a carbon-carbon network, physical 

adsorption is predominantly responsible for adsorption onto the activated carbon 

surface. For applications that require more than simple physical adsorption, it is 

necessary to look at the functional groups on the surface of the AC.62 These 

functional groups are responsible for the extent to which molecules adsorb or are 

chemically bonded to the AC. It is therefore important that AC used in both 

environmental remediation and energy storage contain functional groups that are 

conducive to their applications.63,64 This is most commonly obtained by doping 

with molecules containing desirable functional groups.  

The current strategy of most research has been to purchase AC and then 

immerse it in a solution containing the desired functional groups. Treatment with 

acids, bases, transition metals, and heat have all been used to functionalize 

activated carbon surfaces in order to expand its range of uses. These treatments 

use the activated carbon as a carrier for surface functional groups. It is a blank 

slate for any choice of dopant. For scale up this can be convenient as the 

activated carbon can be produced and then doped for specific applications 

without worries of contamination. Amine groups can be added by flowing 

ammonia gas at high temperatures over activated carbon.65,66,67 This may also 

improve surface areas as the ammonia can etch out more pores. Oxidation using 
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strong acids can add carboxylic acid groups to the surface. These can then be 

treated with thionyl chloride to form an acyl chloride that is extremely reactive and 

can be used to add most desired functionalities.68,69 Problems may occur if the 

oxidizing agent is too effective as it will destroy the host matrix collapsing pores 

and reducing surface area.  

Functional groups can also be incorporated into activated carbon pre-

activation. Pre-activation incorporation either involves using a feedstock or 

adding a molecule that is rich in the desired functional group. For instance, waste 

pressboard, fiberboard and chitosan have frequently been investigated as 

sources for activated carbon due to their high amine content.70,71 The potential 

advantage of pre-activation impregnation is that desired groups are more likely to 

be incorporated into the carbon network especially for activations done at higher 

temperatures. This means that rather than coating the surface which can lead to 

the clogging of pores and result in surface area loss, the functional groups can be 

built into the activated carbon network itself. The disadvantages of this type of 

activation are: that the desired functional groups can be inaccessible within the 

product, functional groups may be lost in washing, and the resulting activated 

carbon can be limited to specific applications. Most of the successful work 

involving pre-activation impregnation has been with physical activation 

techniques, and there is very little pre-activation involving phosphoric acid.72 

 Of the methods for impregnation, the most facile and current strategy is 

modification post activation, where the desired dopant  is placed in solution with 
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activated carbon and physically adsorbed to the surface.73 The major limitation of 

this method is, if the molecules adsorbed are too large or agglomerate in the 

mesopores, access to the micropores is hindered which drastically reduces the 

surface available for adsorption of analytes, or for catalytic reactions.  

In this research work, with the goal of removing selenium from solution, post-

activation modification, and pre-activation modification were investigated using 

iron salts. Iron is an abundant transition metal that has been shown to adsorb 

contaminants such as arsenic and selenium, and improve catalytic activity in 

electrodes.74,75,76  

 

5.1 Pre-activation Iron Salt Functionalization (Pre-Iron-PAC)  
 

Pre-activation impregnation with iron salts did result in the uptake of iron, 

although much of it was removed during the HCl washing stage of the activated 

product. Iron salts including iron(II)chloride (FeCl2), iron(III)citrate (C6H5FeO7), 

iron(III)ethylene diaminetetraacetic acid (C10H12FeN2NaO8), and 

iron(III)pyrophosphate (Fe4(P2O7)), were all initially examined as sources for iron 

impregnation. Iron(III)ethylenediiaminetetraacetic acid was chosen for the 

additional amine groups and iron(III)pyrophosphate was chosen to examine the 

effects of increased pyrophosphate groups on activation. Iron(III)citrate was 

chosen due to its carbonyl groups and reactive oxygen species, whereas 

iron(II)chloride was chosen for its oxidation state. Of the iron salts, iron(III)citrate 
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and iron(II)chloride were investigated in the most detail as their initial results 

seemed the most promising.  

There are several ways of quantifying iron impregnation on PAC. The first 

is to analyze the filtrate for iron concentration using microwave plasma atomic 

emission spectroscopy (MPAES). This shows how much of the iron has been 

incorporated into the PAC sample. This is not surface dependent and gives a 

percent by weight of iron impregnated. Other ways of quantifying impregnation 

include energy dispersive spectrometry (EDS) and X-ray photoelectron 

spectroscopy (XPS). While the analysis of the filtrate gives the total iron content, 

it does not identify how much is accessible for reaction on the surface of the 

activated carbon. For this XPS and EDS are more informative. Keeping this 

context in mind is particularly important when analyzing the atomic % of iron 

found using XPS, as they are both surface analysis techniques and do not 

represent the bulk properties of the sample. Larger amounts of iron are more 

likely to be found on the surface in the case of any activated carbon that is 

impregnated post-activation. In the case of pre-doping, the atomic % may in fact 

be a bulk property, but it requires the comparison of both the filtrate and the 

surface to reach any conclusion with adequate certainty.   

 

 

 



 

 65 

5.1.1 Pre- Activation Functionalization with Iron(III) 
Ethylenediaminetetraacetic Acid (iron(III)EDTA) and Post- Activation 
Functionalization with Melamine and Ammonium Hydroxide 
 

Pre-activation impregnation with iron(III)EDTA resulted in both nitrogen and iron 

uptake and high surface areas. Impregnation with 0.1 M iron(III)EDTA resulted in 

a surface area of 1659 ± 33 m2g-1 with 2.3 ± 0.2 % atomic percent iron, and 6.79 

±1.21 atomic % nitrogen on the surface. Impregnation with 0.05 M iron(III)EDTA 

resulted in a 1.89 atomic % nitrogen and 0.92% atomic % iron. Of the nitrogen 

available from the pre-activation impregnation of 0.1 M iron(III)EDTA, 33% was 

loaded. The XPS high-resolution N 1s scan seen in Figure 21 shows the 

deconvoluted nitrogen 1s peaks of pre-activation 0.1 M iron(III)EDTA- PAC. 

These peaks can be assigned to imine, amide and amine at 398.08 eV, pyridinic 

(N-6) at 398.87 eV, pyrrolic and pyridonic (N-5) at 400.99 eV, quaternary (N-Q) 

and N-oxide at 402.96 eV. A similar distribution was seen in the Pre- 0.05 M 

iron(III)EDTA-PAC spectrum.77,78 The deconvolution shows that the nitrogen is 

predominantly pyridinic and pyrrolic. It has considerably lower quaternary 

nitrogen content than what is shown in the literature depicting the chemical 

activation of nitrogen rich feedstocks with KOH or NaOH at higher 

temperatures.79,80  
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Figure 21: High resolution N1s scan of Pre-0.1 M iron(III)EDTA-PAC. 
 

Tables 2 and 3 compare the surface areas, nitrogen uptake and 

distribution of nitrogen containing groups of the pre-activation iron(III)EDTA 

impregnation to two post activation treatments with ammonium hydroxide, and 

melamine (Figure 22).  

 

 

Figure 22: Structures of nitrogen rich dopants used to impregnate PAC with 
nitrogen. 
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The initial PAC surface area of 2002 ± 97 m2g-1 dropped after ammonium 

hydroxide doping. Figures 23 and 24 show the deconvolution of the high-

resolution N 1s scan for ammonium hydroxide and melamine doped PAC 

respectively. Of the nitrogen impregnation methods, pre-activation impregnation 

resulted in both the largest uptake of nitrogen and the greatest surface area. Both 

melamine and ammonium hydroxide post impregnation resulted in significant 

reduction in surface area (a loss of ~600-700 m2g-1).   

 

Table 2: A comparison of phosphoric acid activated carbon materials after impregnation 
with nitrogen containing species: Iron(III)EDTA, melamine and ammonium hydroxide. 

Sample Control 
(m2/g) 

After nitrogen impregnation 
(m2/g) 

Post- 400°C treated PAC with 
melamine 

1909 ± 26 1170 ± 136 

Post- 850°C treated PAC with 
melamine 

1909 ± 26 900 ± 130 

Post - 0.1 M ammonium 
hydroxide 

2002 ± 97 1481±92 

Pre- Iron(III)EDTA 1863 1659 ± 33   

 

The ammonium hydroxide resulted in much lower impregnation and 

therefore a much weaker signal in the XPS N1s scan. For the ammonium 

hydroxide treated sample, the speciation by XPS should be very much 

considered approximate as the signal is not strong enough to support a detailed 

deconvolution. The PAC doped with melamine resulted in a much clearer signal 

and looks very similar to the results of the pre-activation impregnation of 

iron(III)EDTA, with a decreased quaternary nitrogen component.  
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Table 3: Nitrogen content and contribution of nitrogen species to the N 1s peak of 
phosphoric acid activated carbons, with pre-activation impregnation of iron(III)EDTA, and 
post-activation modification with melamine, and ammonium hydroxide 

Name   0.1 M 
iron(III)EDTA 

10:1 melamine 0.1 M ammonium 
hydroxide 

Surface Area m2g-1 1761 ± 101 1465±32 1481±92 
Nitrogen Content Atomic 
% 

6.79±1.21 6.22±0.95 2.77±0.71 

Pyridinic 36.8 36.3 38.0 
Quaternary 11.4 4.6 27.0 
N-oxide 5.1 11.0 ~0 
pyrrolic and pyridonic 32.7 42.2 28.9 
imine, amide, amine 14.0 5.9 6.0 

 

 

Figure 23: High resolution N1s scan of post-0.1 M ammonium hydroxide-PAC. 
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Figure 24: High resolution XPS scan and deconvolution of N1s peak of post 
functionalization with 10:1 PAC to melamine. 
 

Nitrogen heteroatoms have shown significant effects in activated carbon 

surface reactions such as catalysis and are thus advantageous. The effects of 

the nitrogen content on adsorption were not analyzed, but the expectation would 

be that, if the surface area loss due to the nitrogen addition was minimal, there 

should be an increase in the adsorption and activity of activated carbon 

containing nitrogen with the effects being largely dependent on the target 

adsorbent. Larger initial concentrations of nitrogen containing species would be 

expected to increase these aspects to a certain point. Further experiments with 

pre- activation nitrogen impregnation without iron, using phosphoric acid 

activation would be informative as the majority of research looking at pre-

activation of nitrogen rich precursors uses high temperature physical activation, 

or KOH activation.81,82  
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5.1.1.2 Pre-Activation Addition of Iron(III) Pyrophosphate (Fe4(P2O7)3) 
 

Pre-0.0125 M- iron(III)pyrophosphate (0.05 M iron) resulted in surface areas 

of 1663 ± 143 m2g-1, below the control of 1809 m2g-1. Figure 25 shows an SEM of 

the honeycomb like structure of the sample. If all iron was taken up by the activated 

carbon, then a 2.05% by weight iron would be found. EDS showed 0.92 ± 0.31% 

iron by weight on the surface, meaning 44% of the iron precursor had been taken 

up into the end product. EDS has a penetration depth of 1-10 nm shallower than 

that of XPS at 1𝜇𝑚. An example of the EDS results is reported in Table 4.  

 

Figure 25: SEM of PAC post activation doped with 0.1 M iron(III)pyrophosphate.  
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Table 4: Energy dispersive spectroscopy results of PAC pre-treated with 0.0125 M 
iron(III)pyrophosphate (0.05M iron).  

Element Name Weight Concentration Error 

Carbon 66.8 1.1 
Oxygen 27.3 0.6 
Phosphorus 2.9 0.0 
Sodium 2.1 0.2 
Iron 0.9 0.3 

 

Samples that had higher concentrations of phosphorous remaining had 

corresponding increases in oxygen on the surface. This could be from oxygen 

remaining bonded to the phosphorous. This increase in oxygen content may be 

advantageous for applications that require oxygenated surfaces to be accessible 

for further chemistry. The deconvolution of the high resolution XPS shown in 

Figure 13, indicates that phosphorous in the standard PAC is still predominantly 

in the phosphate form (60%). Activation with iron(III)pyrophosphate pre-activation 

impregnation could expect similar results although further XPS analysis would be 

necessary for explicit confirmation.  

Examination of the filtrate showed that with a shorter digestion of 15 hours 

and a 0.05 M iron pre-activation impregnation there was a 28.0 ±	2.1 % uptake of 

iron with 0.55 ± 0.04 % iron by weight while the 20-hour digestion resulted in 

51.6 ± 4.5 % uptake with 0.96 ± 0.09 % iron by weight. Their surface areas were 

1821 ± 179 m2g-1 and 1663 ± 143 m2g-1 respectively. The increased digestion 

time may have helped to ensure that the iron was transported further into the 

wood before activation, resulting in the increased iron content.   
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5.1.1.3 Pre- Activation Addition of Iron(II)chloride (FeCl2) and Iron(III)citrate  
 

Of the iron salt samples, iron(II)chloride and iron(III)citrate both pre- and 

post-activation loading were investigated in detail. Pre-activation impregnation with 

iron(III)citrate had inconsistent results ranging from 0.62 % to 2.93% iron by weight 

as seen in Table 5. The drop off in iron loading at iron species solution 

concentrations of 0.25 M may represent a saturation of the PAC. These values 

were calculated by analyzing the washes for iron content.  This is measured as the 

total iron initially impregnated minus the iron found in the washes divided by the 

total amount of pre-iron(III)citrate PAC that was produced. This calculation is for 

the bulk but does not necessarily accurately represent the bulk concentration. For 

example, the surface of Pre- 0.10 M iron(III)citrate contained 1.69 atomic percent 

iron according to XPS analysis. This is approximately 7.40 % percent by weight in 

the bulk, which is outside the range of the maximum amount of iron that could be 

attributed to the bulk with the impregnation concentration that was used. In this 

instance the activated carbon would have had a maximum impregnation of ~4% 

by weight. This points to the majority of the iron being on the surface of the 

activated carbon. This is advantageous as the iron is therefore accessible for 

surface reactions.  

The iron(III)citrate impregnation showed significant loss of iron after the 

activation and washing procedure. This is one of the disadvantages of pre-
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activation doping. This cost may be mitigated as it has been shown that the H3PO4 

can be recycled and the iron in the acid wash could quite possibly also be re-

concentrated and recycled in subsequent activations. 

Table 5: Iron percent by weight in Pre-iron (III) citrate as calculated through 
concentration of iron in filtrate after activation and impregnation.  

Initial Impregnation 
Concentration 
(mol/L) 

Percent by Weight 
Iron Pre-Activation 
Iron(III)citrate Product 

Surface Area Pre-
Iron(III)citrate PAC 
m2g-1 

% of Iron 
Loaded 

0.05 0.62 ± 0.05 1445 ± 320 32 

0.10 0.81± 0.12 1771 ± 98 21 

0.15 2.93± 0.14 1390 ± 204 50 

0.25 2.49 ± 0.43 1442 ± 195 25 

 

Pre-activation impregnation with iron(II)chloride resulted in greater iron 

loading than that of pre-impregnation with iron(III)citrate as shown in Table 6. This 

is most likely related to the oxidation state of the iron upon impregnation although 

the higher efficiency of the Cl- ligand exchange process over citrate may also be a 

factor. A fifth impregnation at a higher concentration of 0.40 M was also completed 

to see if the iron uptake would begin to drop off. This was observed, with only 64 

% of the available iron loading down from 83 %. XPS showed that the 0.25 M 

iron(III)citrate impregnation resulted in a 2.49 ± 0.43 atomic iron percent on the 

surface of the activated carbon. This would be approximately 8.61 % by weight 

above the 7.97 % that is possible in the bulk, suggesting again, that a larger 

amount of the iron is present on the surface than in the bulk PAC.  
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Table 6: Percent by weight of iron in product from Pre-iron(II)chloride PAC. 

Initial 
Impregnation 
Concentration 
(mol/L) 

Percent by 
Weight Iron in 
Pre-Activation 
iron(II)chloride 
Product 

Surface Area 
iron(II)chloride 
m2g-1 

% of Iron 

Loaded 

0.05 1.89 ± 0.20 1572 ± 107 95 

0.10 3.85 ± 0.42 1634± 47 98 

0.15 4.92 ± 1.21 1449±154 83 

0.25 8.2 ± 1.50 1264 ±120 83 

0.40 8.5 ±	1.31 1292 ± 106 64 

 

As solution concentrations of iron(II)chloride and iron(III)citrate increased, a 

greater amount was impregnated as would be expected, which resulted in lower 

surface areas. The variability in the loading was too high to draw any definitive 

conclusions. This may be a result of the inconsistencies in the waste wood 

feedstock. Over all, the surface areas remained high for the concentration of iron 

that was impregnated.   

5.1.2 Post- Activation Functionalization with Iron(II)chloride and 
Iron(III)citrate  
 

The second method examined was post-activation functionalization using 

iron salt solutions, the product of which is seen in the SEM in Figure 26. The 

small pebbling on the surface is most likely a result of the iron adsorption. This is 
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a much more common method in the scientific literature, however, it often 

requires a high temperature pyrolyzing step that can lead to degradation of the 

AC surface. To facilitate the adsorption of iron salts, the surface was first treated 

with sodium hydroxide. 

  

Figure 26: SEM of PAC treated with 50 mL 0.1 M NaOH wash and 10 mL 0.25 M 
iron(II)chloride. 
 

PAC was first treated with 0.1 M NaOH to increase the oxygen groups 

available for bonding. This resulted in a loss of surface area after washing of 313 

± 52 m2g-1. This indicates that Na and hydroxide ions though highly soluble, are 

still being adsorbed to the AC surface filling or blocking smaller pores. 

Impregnation of the iron species was dramatically improved after treating the 

PAC surface with NaOH, going from less than 2% of the iron available in solution 

to up to 95%. Mixing iron(II)chloride with the wood feedstock before activation 
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produced predominantly iron(III) speciation. This was a result of the initial 

digestion stage where the iron(II)chloride was oxidized by the phosphoric acid 

used to digest the wood.  Doping post activation produced more iron(II) as 

demonstrated by XPS with a shift to a lower binding energy of the iron 2p peak 

as shown in Figure 27.83  

Pre-activation doping shows a mixture of both goethite ((FeO)OH), and 

hematite (Fe2O3) whereas post activation impregnation also contains magnetite 

(Fe3O4). The inclusion of magnetite is important for any surface reactions that 

require reduction, where the iron would act as the reducing agent.   

 

Figure 27: High resolution XPS of the iron 2p peak of Iron-PAC samples doped 
pre and post activation with iron(II)chloride.  
 

There were no pressure or temperature changes that were applied during 

the modification step, of doping iron(III)citrate on the PAC surface. As would be 

expected the XPS shows the iron remaining in the +3 oxidation state. PAC 

generally had a greater uptake of iron using iron(III)citrate. This resulted in a 
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greater reduction of surface area than that of impregnation with iron(II)chloride. 

The citrate is most likely responsible for the reduction of observed surface area. 

Post activation impregnation results can be seen in Figure 28.  

 

 

Figure 28: Post-Activation modification of PAC with concentrations from 0-0.25 
M iron(III)citrate and iron(II)chloride.  
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5.2 Addition of Carboxylic Acid Groups to PAC Surface 
 

The addition of carboxylic acid groups is the first step in a series to add 

the functionality of choice. Carboxylic acid groups can be treated with thionyl 

chloride to form acyl chloride which is highly reactive. The activated carbon 

containing acyl chloride can then react with molecules containing nitrogen groups 

such as melamine to chemically bond the nitrogen containing groups to the 

surface. The advantage of this being that the added functionality is unlikely to 

leach out. To add carboxylic acid groups to the surface of the PAC, reflux with 

nitric acid was tried, but this resulted in the destruction of the PAC, with surface 

area going from ~1800 m2g-1 to 7 m2g-1. This can only be the result of the 

destruction of the porous network. Because of this, the decomposition of citrate 

on the PAC surface was looked at as an alternate method of introducing 

carboxylic acid functionality on the surface of the PAC. This approach resulted in 

the surface area of PAC sample being reduced from 1579 m2g-1 to 634 ± 36 m2g-

1. This is probably a result of the high mass ratio of 1:1 citrate to PAC being 

applied. A lower ratio of PAC to citrate could be applied to optimize the results.  
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Figure 29: Normalized High resolution XPS scan of the O1s peaks of Standard 
PAC and citric acid treated PAC.  
 

 

Figure 30: Normalized high resolution XPS scan of the O1s peaks of citric acid 
treated PAC.  
 

High resolution XPS of the O1s peak of the standard PAC and citric acid 

treated PAC (Figure 29) shows a shift to higher binding energy as well as an 

increase in the percent of atomic oxygen available on the surface, going from 

16.45% to 23.65%. The shift is the result of an increase in the C=O signal at 
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533.80 eV (Figure 30). Both the increase in oxygen and C=O signal is expected 

with the decomposition of citric acid on the activated carbon surface. This is 

promising as it indicates that there are carboxylic acid groups present that could 

be subsequently functionalized to tailor the surface of the activated carbon.  For 

example, using thionyl chloride in dichloromethane under nitrogen could be used 

to produce an acyl chloride.84  This reactive species could then be used to bond 

a wide array of organic functionality. This greatly broadens the applications 

where activated carbon can act as a highly tailorable substrate with a very large 

specific surface area.  

 

5.3 Conclusions 
 

While introducing iron into the feedstock does result in some uptake much 

of it was lost in the activation washes. The iron content was still comparable to 

that of most literature values between 0.5 and 15 % by weight, with generally 

much higher surface areas.85,86,87,88 The resulting iron speciation is exclusively 

iron(III) when added during the digestion stage. This may still be advantageous 

for some applications, but, it eliminates any iron(III) salts from contention in any 

applications that require it as a reducing agent. The pre-activation Iron-PAC 

could still be reduced89, but it might result in the degradation of the PAC support 

structure. By comparison the post-activation Iron-PAC was more controllable and 

gave more consistent results. The results show higher surface areas than most of 

the literature with comparable loadings of iron.80,81,82,83 Depending on the 
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application increased iron loading, or higher surface areas may be more 

important. This again underlines the importance of being able to tailor the surface 

for a given application.  
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6.0 Analyte Adsorption 
 

Highly porous activated carbons with large surface areas are excellent 

adsorbents for most analytes. However simply having a large surface area is not 

always enough. The pore size distributions can affect the accessibility of the 

surface area as well as the kinetics of surface reactions.90 Any surface functional 

groups will also affect any chemical adsorption that occurs. This can be seen 

especially with analyte species that become protonated at lower pH values.  

Research has shown that having higher micropore and mesopore volumes 

does not always result in increased adsorption. For some target analytes the 

analyte adsorption was seen to depend not on the surface area but on the 

surface functional groups.91 For instance, the concentration of acidic functional 

groups has a greater effect on the adsorption of NH3 than surface area. By 

controlling, and in some cases intentionally incorporating functional groups, 

target contaminants that would not adsorb to a standard activated carbon 

surface, such as selenium and arsenic oxyanions, can be adsorbed. When 

considering these more difficult target analytes, it is necessary to also consider 

the conditions under which the activated carbon will need to perform, with pH and 

competing ions being some of the more impactful factors. One of the more 

difficult elements to remove from tailings ponds is selenium.  
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6.1 Selenium adsorption on Iron Loaded PAC 
 

The uptake of selenium onto an adsorbent material is very dependent on 

the particular selenium species. In natural environments, selenium can present 

oxidation states of +6, +4, and -2 in dissolved or solid states with the +6 and +4 

oxidation states being more soluble and toxic. Selenium can be enzymatically 

reduced by microbial bacteria to Se(0) through the metabolism of organic matter 

in aqueous environments.92  

Equivalent reduction reactions of selenium have been seen to be 

catalytically carried out on mineral surfaces. Iron containing minerals such as 

magnetite (Fe3O4) and mackinawite ((FeNi)x+1S where x=0-0.11) are known to 

reduce selenium species in the natural environment with nanoparticles of these 

minerals resulting in faster reaction kinetics.93 Research has shown that the 

single broad peak that has been observed in cyclic voltammetry of Se (IV) 

solutions with magnetite electrodes demonstrates that there is most likely more 

than one redox process. This is most likely due to the slow redox kinetics 

resulting in multiple overlapping peaks.94 Literature has also shown, using 

Fourier transform infrared spectroscopy, a loss in hydroxide signal on activated 

carbon after adsorption of selenium. This indicates that hydroxide ligands are 

removed as selenium is preferentially bonded.71  

In order to target the most common selenium oxyanions, selenate and 

selenite, PAC impregnated with iron salts using iron addition both pre- and post-

activation were investigated. To analyze the removal efficiency of the Iron-PAC, 
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standard solutions of selenite (SeO32-) and selenate (SeO42-) were prepared. 

Results showed that there was no adsorption of selenite or selenate above the 1 

ppm detection limit of the microwave plasma atomic emission spectrometer for 

both pre and post doped Iron-PAC formed with iron(III)citrate, and 

iron(III)pyrophosphate. The same was found with the pre-activation incorporation 

of iron(II)chloride. The lower surface pH (2-3) of these activated carbons as well 

as lower iron loadings may also have been a factor in the failure to adsorb a 

detectable amount of selenite or selenate. Post-activation impregnation of 

iron(II)chloride resulted in removal of both selenate and selenite and was 

therefore used in all subsequent experiments. The ineffectiveness of iron(III) 

species as well as iron(II)chloride pre-activation addition which would have been 

oxidized during the digestion stage points to the necessity for iron(II) to be 

present on the PAC surface for the removal of selenium to take place. This points 

to a reduction mechanism most likely being part of a chemical adsorption of 

selenite and selenate and not simply a ligand exchange or physical adsorption.  

 

6.1.1 Selenite and Selenate Removal  
 

Figure 31 shows the results of two time-trials for selenite and selenite 

adsorption. The first shows that when Iron-PAC was in excess, all of the Se(IV) 

was removed to within the limit of detection of the MPAES instrument which is 1 

ppm for Se species. The second shows that 90% of the Se(IV) was removed 

after 20 hours with a maximum loading of 4.19 ± 0.024 mg Se removed per gram 
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of Iron-PAC. Both these results are in good agreement with literature results 

showing the majority of adsorption occurring within the first 10 minutes.95  

In order to increase selenium uptake, PAC samples were subsequently 

later impregnated with iron under nitrogen to prevent oxidation of the iron(II) to 

iron(III). This increased the adsorption of selenium to 12.45 ± 0.025 mg Se per g 

Fe-PAC. This also points to the importance of iron(II) in the removal of selenite 

and selenate from solution. 

  

Figure 31: Adsorption of selenium over time with, 1.5 g Phosphoric Acid 
Activated Carbon, 0.5 g Iron-PAC, and 1.5 g Iron-PAC in a solution of 25 ppm 
selenite at pH 7.5 with an ionic strength of 5.908X10-4M.  
 

The removal efficiency for Se(IV) fell in between published results of other 

studies.  Dorraji et al demonstrated that  nanosized magnetite impregnated on 

wet spun chitosan96 adsorbed 1.34 mg Se(IV)/ per g while Dobrowolski showed 

that magnetic iron/manganese oxide nanomaterials adsorbed 6.573 mg Se(IV) 

per g and 0.769 mg Se(VI) per g.97,98,99 Results have been as high as 120.1 mg 
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Se(IV) /g and 83.8 mg Se(VI) /g adsorbed on polyamine modified graphene oxide 

nanocomposites.100  

 The efficiency for Se(VI) was lower at 1.01 ±0.024 mg removed per gram. 

This is consistent with previously published research showing that selenate 

adsorption is typically lower than that of selenite on most composite surfaces.101 

This is most likely due to the mechanism of adsorption. Figures 32 through 35 

show possible mechanisms for the formation of iron metal complexes with 

selenium oxyanions including a monodentate ligand, a bidentate mononuclear 

ligand, and a monodentate binuclear ligand (bridging ligand).  

 

 

Figure 32: Selenite formation of a monodentate mononuclear surface complex 
with iron impregnated PAC. 
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Figure 33: Selenite formation of a bidentate mononuclear surface complex.  
 

 

Figure 34: Selenite forming a bidentate binuclear surface complex with iron 
impregnated PAC. 
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a) 

 

 

b) 

 

Figure 35: Selenate forming (a) a bidentate binuclear surface complex and (b). 
forming a bidentate mononuclear surface complex with iron impregnated PAC. 
102,103 
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The formation of these metal ligand complexes with selenite and selenate 

is most likely irreversible.104 Since iron(III) impregnation showed no observed 

adsorption of selenite and selenate this implies that there is more than a simple 

ligand exchange occurring. Previous research shows the reduction of selenate 

and selenite by zero valent iron and by magnetite or iron(II) containing molecules 

is central to adsorption.105 This implies that after the formation of a metal ligand 

complex there is a reduction of the selenite and selenate and conversely an 

oxidation of iron. Selenium combines readily with most metals and many non-

metals to form selenides. After reduction to Se2- the selenium is bound to the iron 

complex, or if reduced to elemental selenium, Se(0), it is no longer soluble and 

therefore has little mobility within the solution and can be retained within the PAC 

porous network.  

XPS can be used to examine the reduction of selenite to elemental 

selenium and selenide. The most significant challenge with using XPS to 

examine the interaction of selenium species with iron loaded PAC, is that the 

most prominent peak for selenium, is the 3d5 peak (57 eV), which overlaps with 

the iron 3p peak (55-56 eV). These peaks can be seen in Table 8.  This table 

shows the most intense peaks for both selenium and iron in red. Although the 

iron 3p peak does not have the strongest iron signal it can still provide problems 

due to its much larger atomic % within the samples in question.  
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Table 8: Line positions from Al X-rays of iron and selenium. Numbers in red are most 
intense and most appropriate for identifying chemical states (some Auger peaks have 
been omitted). 

 

A more creative approach is required to understand the selenium 

adsorption on these iron-containing samples. This can be done by examining 

some of the selenium peaks with weaker signals in order to generate the 

complete picture of the reduction of selenium by iron on the activated carbon 

surface.  

The weak signal seen in Figures 36 and 37 belong to the Auger 

L3M45M45 peak (184 eV) and the 3s peak (232 eV) of selenium respectively. 

Figures 38, 39, and 40 show the deconvolution of the iron 3p peak before and 

after selenium adsorption and a comparison of the two. The increased signal at 

53.7 eV and 59.3 eV can be attributed to the Se 3d peak and the presence of 

elemental selenium and what is most likely selenium dioxide respectively. 

Element Range 

(eV) 

2s 2p1 2p3 3s 3p1 3p3 3d3 3d5 L3M45M45 

Fe 8 847 723 710 93 56 55 
  

786 

Se 8 
   

232 169 163 58 57 184 
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Figure 36: XPS spectra of selenite treated Iron-PAC in the Se Auger peak 
L3M45M45 region.  
 

 

Figure 37: High resolution XPS spectra of selenite treated Iron-PAC in the Se 3p 
peak region.  

3000

3500

4000

4500

5000

5500

6000

168.68173.68178.68183.68188.68193.68

Co
un

ts
/s

Binding Energy (eV)

3600

3700

3800

3900

4000

4100

4200

221.78223.78225.78227.78229.78231.78233.78235.78237.78239.78

Co
un

ts
/s

Binding Energy (eV)



 

 95 

 

Figure 38: Deconvoluted selenium 3d5 XPS spectra of Post-Iron(II)chloride-PAC 
after treating 100 mL of 25 ppm sodium selenite solution. 

 

Figure 39: XPS spectra of the (iron 3p1, 3p3, and selenium 5d) iron-PAC before 
and after treatment with 100 mL of 25 ppm sodium selenite solution.    
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Figure 40: XPS spectra of selenite treated Iron-PAC in the iron 3p and selenium 
3d region.  
 

Continuing with this analysis of the selenium and iron XPS signals, a high-

resolution scan of the Se 3p peak was completed. Figure 41 of the Fe-PAC 

surface shows no signal in this region as it contains no selenium. Figure 42 

clearly shows two peaks at 161.5 eV and 165 eV which can be attributed to 

elemental selenium106 and SeO2 respectively. This supports a selenium reduction 

mechanism being important for the adsorption of the selenite and selenate 

anions. 
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Figure 41: XPS spectra of Fe-Phosphoric acid activated carbon in the and Se 3p 
region  

 

 

Figure 42: XPS spectra of Iron-PAC after treatment with a 100 ppm selenite 
solution in the Se 3p region  
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6.1.2 Effect of Competitive Ions 
 

Within tailings ponds and other aqueous environments there is a wide 

range of species that can compete with selenium ions for adsorption on the 

activated carbon surface. Depending on the source of the tailings ponds, the 

content within it can differ significantly. Because of their prevalence in oil sands 

process-affected water, sulfate (SO42-), phosphate (PO43-), and nitrate (NO3-) 

were chosen to be examined for their effect on selenate and selenite uptake on 

the Iron-PAC surface.  Oil sands process-affected water (OSPW) has been 

recorded as containing as high as 536±90 ppm SO42- and as low as 85±6 ppm. 

Content of phosphate and nitrate is much lower in OSPW with a high of 

0.07±0.01 ppm in the former and 0.10±0.03 ppm in the latter. 

 

Figure 43: Effect of PO43- ion concentration (0- 250 ppm) on adsorption of 
selenite and selenate to Iron-Phosphoric Acid Activated Carbon at pH 7.5 after 1 
hr. 
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 Phosphate showed the largest effect as seen in Figure 43, and 44 with 

concentrations at 250 ppm losing ~75% of adsorption capacity in both the 

selenate and the selenite solutions. The molar concentration of phosphate was 

13 times higher than that of the selenate and selenite and yet both selenium 

species still had significant adsorption to the Iron-PAC surface (2.6 X10-3 mol/L 

PO43- : 2.0 X10-4 mol/L Se) indicating preferential binding to the selenium. The 

drop off in adsorption, seen with the competitive phosphate ions, is most likely a 

result of a build-up of negative charge on the surface as phosphate adsorbs.104 

This would form an electrostatic charge pushing away the selenium anions and 

preventing their adsorption. For species with lower charges such as sulfate and 

nitrate this would not be observed at the same concentrations. Figures 45 and 46 

show that SO42-, and NO3-, had little effect as competitive anions with the 

selenate and selenite. This suggests that selenate and selenite preferentially bind 

to the surface and is consistent with literature results that show low binding 

affinities for sulfate and nitrate with iron(II).107,108 It has been suggested that the 

complexes formed between the iron site and the NO3- or SO42- ligands are much 

weaker than that of the Se oxyanions.104 
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Figure 44: Effect of PO43- ion concentration (0- 250 ppm) on adsorption of 
selenite and selenate to Iron-PAC at pH 7.2- 7.5 after 1 hr.  
 

 

 

 

Figure 45: Effect of NO3- ion concentration (0- 250 ppm) on adsorption of 
selenite and selenate to Iron-PAC at pH 7.2-7.5 after 1 hr. 
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Figure 46: Effect of SO42- ion concentration (0- 500 ppm) on adsorption of 
selenate and selenite on Iron-PAC at pH 7.2-7.5 after 1 hr. 
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Table 9: The pKa values for selenite and selenate at 25℃ at 1 atm94 

Equilibrium species pKa 

 

2.63 

 
8.40 

 
-3.00 

 
1.700 

 

 

Figure 47: Selenite (A) and selenate (B) speciation and mole fraction in solution 
based on the pKa values in Table 9.94 Reproduced with permission of The 
Journal of Colloid and Interface Science. 
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Figure 48: Effect of pH on Selenite adsorption to Iron-Phosphoric acid activated 
carbon surface. 
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protonated form HSeO3-1 as seen in Figure 47.110 Selenium adsorption to the 

Iron-PAC was less pH dependent than coagulants such as iron or aluminum 

alone, which show sharper declines in adsorption at pH values lower than 4 and 

higher than 9.111 This may be a result of a difference in the pH gradient within the 

bulk solution and the pores where the redox transitions take place.112 Figure 48 

also shows there is a complete loss of Se(IV) adsorption at pH 13 most likely due 

to electrostatic repulsion between the anionic selenite species and the now 
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6.2 Conclusion 
The Iron-PAC was shown to be effective for the adsorption of selenate and 

selenite with peak adsorption between pH values of 4 and 10. The maximum 

adsorption for selenite observed was 12.45 ± 0.025 mg Se per g Fe-PAC. The 

Iron-PAC selectively bound over competitive anions SO42-, NO3-, and PO43- 

although higher concentrations of PO43- did result in a 77% reduction in 

adsorption of both selenite and selenate. While there are adsorbents that provide 

much higher removal efficiencies of selenite and selenate, the method presented 

here may be more practical, as it forgoes the use of more costly reagents and 

activating conditions.103,105,113  
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7.0 Conclusion  
 

1. Phosphoric acid activation of waste wood can produce highly 

microporous activated carbons in the 1500-2000 m2g-1 range.  

2. The phosphoric acid used for activation can be recovered and reused 

indefinitely to produce activated carbons without reductions in surface 

area, provided that the lost phosphoric acid is compensated for. 

Reducing the concentration of phosphoric acid lead to greater recovery 

of the acid during the wash stages. This may greatly improve the 

economic viability of the activation process. 

3. Both pre and post activation functionalization with iron salts, resulted in 

the addition of iron to the surface of the phosphoric acid activated 

carbon. The NaOH solution wash induced a pH change to the acidic 

phosphoric acid activated carbon surface, greatly improving iron 

uptake. Iron added pre-activation resulted exclusively in an iron(III) 

oxidation state. This limits its use to target analytes where adsorption is 

not dependent on the iron acting as a reducing agent. 

4. Both selenate and selenite, were demonstrated to be adsorbed by the 

post activation functionalized iron(II)chloride PAC at a high range of pH 

values (2-12). This most likely involved ligand exchange followed by 

reduction of the selenium. Selenate and selenite were also adsorbed 

preferentially over competing anions SO42-, NO3-, and PO43-. 
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7.1 Future Work 
 

1. After pre-activation loading of iron, future experiments may look at 

reducing the iron on the surface either with heat under an inert 

atmosphere, or through a chemical reaction (eg. using NaBH4). Future 

work may also be done on producing nano-zero valent iron on the surface 

of the phosphoric acid activated carbon to compare to the Fe(II) PAC for 

the adsorption of target analytes. Analysis of the point of zero charge of 

the Fe-PAC and PAC should be completed at a future date. 

2. Treatment with thionyl chloride of the standard PAC and the citrate treated 

PAC followed by the addition of a larger target molecule such as melamine 

could be carried out.  

3. Desorption and re-concentration experiments of selenite and selenate 

could be performed. This could be tried at high pH values or under CO2. 

 


