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ABSTRACT 

Production of activated carbon from Agave salmiana bagasse and its 
modification to remove arsenic from water 

Activated carbon is a well known adsorbent material, its porosity, large surface 
area, physical and chemical stability, and diverse chemical functionality make this 
suitable for the adsorption of both polar and no polar compounds in liquid and gas 
environments. Commercial activated carbons are mainly produced from anthracite, 
bituminous carbon, lignite, peat and lignocellulosic materials, such as wood and 
coconut shells. However, the relatively high cost of these raw materials increases 
the price of activated carbon and difficult its practical applications in the treatment 
of liquid and gaseous streams. 
Previous studies have reported that agricultural and industrial wastes are 
promising activated carbon precursors due their large availability and low cost. The 
use of these residues also helps to deal with the treatment and disposal of these 
wastes. Taking into account the commercial importance of activated carbon, this 
thesis explored the feasibility to produce activated carbon from Agave salmiana 
bagasse which is a waste from the mescal industry in San Luis Potosí. 
The chemical activation process (by ZnCl2 and H3PO4) was studied by 
thermogravimetric analyses and scanning electron microscopy. The produced 
activated carbons were characterized by nitrogen adsorption at -196 °C, elemental 
analyses, hardness and pHPZC. The response surface methodology was employed 
to determine the effect of the production conditions (concentration of activating 
agent, activation temperature and time) on the surface area and hardness of the 
resulting activated carbons. We also determined the production conditions to 
obtain the carbons with an adequate balance between surface area and hardness, 
needed in packed columns. The generated activated carbons are mainly 
microporous, with pore volumes between 0.24 and 1.20 cm3/g. Also, the pore’s 
size can be increased by modifying the amount of activating agent and 
temperature. The hardness and surface area of H3PO4 activated carbons ranged 
from 75.9 to 95.5 % and from 235 to 1327 m2/g, respectively. On the other hand, 
ZnCl2 activated carbons exhibited higher surface area when compared to H3PO4 
activated carbons (from 2 to 2109 m2/g) and hardness from 60.7 to 95.4 %.  The 
optimal synthesis conditions of H3PO4 activated carbons were 392 °C, 1.02 g/g 
and 23.8 min for the temperature, activating agent per gram of bagasse and time. 
For the case of ZnCl2 activated carbons, the optimum conditions were and 456 °C, 
1.08 g activating agent/g bagasse and 23.8 min. Our activated carbons show 
similar surface area and hardness to those reported for commercial activated 
carbons (surface area > 800 m2

Elemental analyses of agave bagasse based activated carbons showed that these 
materials have a considerable amount of oxygen 9.9–30.5 %. It was also observed 
when using H

/g and hardness > 85 %).  

3PO4 during the production of activated carbon, some trace of 
phosphorus was incorporated into the carbon structure, thus generating carbons 
with 1.7 to 6.8 % of phosphorus content. According with the low pHpzc of the 
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generated carbons, (1.9-3.4) it is expected that the activated carbons based on 
agave bagasse will be efficient materials for the removal of cations from aqueous 
solution.  
The second part of this research involved the modification of activated carbons 
with iron oxide nanoparticles, aiming materials with high arsenic adsorption 
capacity. The anchorage methodology of iron oxides on activated carbons was 
based on the thermal hydrolysis of iron solution. The surface response 
methodology was used to evaluate the experimental variables during the hydrolysis 
process. The studied parameters were: hydrolysis temperature (T: 60-120 °C), 
hydrolysis time (Ht: 4-16 hours), and the FeCl3 concentration in the hydrolysis 
solution (CFe: 0.4-3 M). The arsenic adsorption capacity and the iron content of the 
modified carbons were the analyzed responses. We compared three activated 
carbons: Filtrasorb-400 (F400, from Calgon), and two agave bagasse based 
activated carbons (chemically activated with ZnCl2, ACZ, or with H3PO4, ACP) to 
evaluate the effect of the surface chemistry on the anchorage of iron oxide 
nanoparticles process.  The iron content and the size of the attached iron oxide 
nanoparticles are hardly influenced by the reactivity of the surface on the activated 
carbons. The iron content of the modified activated carbons was found from 0.73 to 
5.27 %, being higher on activated carbons with high oxygen content. The analysis 
of representative samples demonstrated that modified activated carbons with iron 
oxide nanoparticles (average diameter of 8 nm) exhibited the highest arsenic 
adsorption capacity. The production parameters for the better materials for arsenic 
adsorption were CFe = 3.05 mol Fe/L, T = 96 °C and Ht = 56 hours for F400 
activated carbon; CFe = 1.16 mol Fe/L, T = 110 °C and Ht = 6.8 hours for ACZ 
activated carbon; and CFe

 

 = 0.56 mol Fe/L, T = 58 °C and Ht = 6.8 hours for ACP 
activated carbon. The optimal materials reported an arsenic adsorption capacity 
(calculated at an arsenic concentration of 1.5 ppm at equilibrium) of 4.56 mg As/g 
(F400), 1.18 mg As/g (ACZ) and 0.96 mg As/g (ACP). The adsorption capacity of 
these materials is similar and in some cases superior to previously reported iron 
modified activated carbons in the literature, and have the advantage of being 
generated by a simple methodology, without a significant modification of the pore 
structure and surface area. 

Keywords: Chemical activation, ZnCl2, H3PO4, arsenic removal, iron oxides, 
response surface methodology. 
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RESUMEN 
Producción de carbón activado a partir de bagazo de Agave salmiana y su 

modificación para remover arsénico de agua 

El carbón activado (CA) es conocido como uno de los mejores adsorbentes debido 
a su gran área específica, estabilidad química, y diversas funcionalidades 
químicas, haciéndolo un material apto para la adsorción de compuestos polares y 
no polares en fase líquida y gaseosa. Comercialmente, el CA se produce a partir 
de antracita, hulla, lignito, turba y materiales lignocelulósicos, como cáscaras de 
coco y madera. Sin embargo, el costo relativamente alto de éstas materias primas 
incrementa el precio del CA, haciendo incosteable su aplicación. Estudios previos 
han demostrado que los desechos agrícolas son una prometedora opción para ser 
utilizados como precursores de CA debido a su gran disponibilidad y bajo costo. 
Teniendo en cuenta la importancia comercial del carbón activo, ésta tesis explora 
la posibilidad de producir CA a partir del bagazo de Agave salmiana, que es un 
desperdicio de la industria del mezcal en San Luis Potosí.  
El proceso de activación química (con ZnCl2 y H3PO4) fue estudiado por análisis 
termogravimétrico y microscopía electrónica de barrido. A los materiales obtenidos 
se les determinó el área específica, distribución de tamaño de poro, composición 
elemental, dureza y pHPZC. La metodología de superficie de respuesta se utilizó 
para determinar el efecto de las condiciones de producción (concentración de 
agente activante, temperatura de activación y tiempo de activación), sobre el área 
superficial y la dureza de los carbones activados resultantes. Se determinaron las 
condiciones de producción para obtener CA con características físicas adecuadas 
para ser utilizados en columnas empacadas. Los poros presentes en el carbón 
activado están dentro del rango de los microporos (diámetro<2nm). La dureza y el 
área específica de los materiales generados con H3PO4 variaron desde 75.9 hasta 
95.5% y de 235 a 1327 m2/g, respectivamente. Por otra parte, los carbones 
activados con ZnCl2 exhibieron una mayor área específica en comparación con los 
materiales activados con H3PO4 (de 2 a 2109 m2/g), pero menor dureza (de 60.7 a 
95.4%).  
Al utilizar H3PO4 como agente activante, las condiciones de producción para 
generar CA con un balance adecuado entre área y dureza fueron 392 °C, 1,02 g/g 
y 23.8 minutos para la temperatura de activación, la cantidad de agente activado 
utilizado (g agente activante / g bagazo) y el tiempo de activación, 
respectivamente. Para el caso de los carbones activados con ZnCl2, las 
condiciones de producción óptimas fueron: 456 °C, 1,08 g agente activante/g de 
bagazo y 23.8 minutos. Los carbones activado generados mostraron un área 
específica y dureza similar a los reportados para carbones activados comerciales 
(superficie>800 m2/g y dureza>85%). La composición elemental de los carbones 
demostró que estos materiales tienen una cantidad considerable de oxígeno 9.9-
30.5 %, observando que en las muestras activadas con H3PO4 parte del fosforo 
queda remanente en la estructura carbonosa (2.8 – 3.2 % de P). De acuerdo a el 
bajo pHPCZ presentado por los materiales generados (1.9-3.4), se espera que 
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estos carbones sean materiales eficientes para la remoción de cationes en 
solución acuosa. 
La segunda parte de esta tesis abordó la modificación de carbones activados con 
nanopartículas de óxidos de hierro, con el objetivo de generar un material con alta 
capacidad de adsorción de arsénico. La metodología de anclaje de los óxidos de 
hierro sobre el CA se basó en una hidrólisis térmica de hierro en solución acuosa. 
La metodología de superficie de respuesta se utilizó para evaluar las variables 
experimentales durante el proceso de hidrólisis. Los parámetros estudiados 
fueron: temperatura de hidrólisis (T: 60-120 °C), tiempo de hidrólisis (Ht: 4-16 
horas), y la concentración de FeCl3 en la solución de hidrólisis (CFe: 0.4-3 M). La 
capacidad de adsorción de arsénico y el contenido de hierro en los carbones 
activados fueron las propiedades analizadas. Se compararon tres carbones 
activados: Filtrasorb-400 (F400, de Calgon), y dos carbones activados sintetizados 
a partir bagazo de agave (ACZ: activado con ZnCl2 y ACP: activado con H3PO4) 
para evaluar el efecto de la química superficial en el anclaje de las nanopartículas. 
Los resultados demostraron que existe una gran influencia de la química 
superficial de los carbones activados en la cantidad de hierro anclado y el tamaño 
de las nanopartículas de óxido de hierro ancladas. El contenido de hierro en los 
carbones activados modificados fue de 0.73 a 5.27 %, siendo mayor en los 
carbones activados con alto contenido de oxígeno. Mediante microscopía 
electrónica de barrido fue posible encontrar que los materiales que contenían las 
nanopartículas de óxidos de hierro con el menor tamaño de partícula (diámetro 
promedio de 8 nm) exhiben la más alta capacidad de adsorción de arsénico. Los 
parámetros óptimos para generar los materiales con mayor capacidad de 
adsorción de arsénico para cada CA fueron: CFe = 3.05 mol Fe/L,T = 96 °C y Ht = 
56 horas para el carbón F400; CFe = 1.16 mol Fe/L, T = 110 °C y Ht = 6.8 horas 
para el carbón ACZ y CFe = 0.56 mol Fe/L, T = 58 °C y Ht = 6.8 horas para el 
carbón ACP. Los materiales óptimos presentaron una capacidad de adsorción de 
arsénico (calculada a una concentración de arsénico de 1.5 ppm en el equilibrio) 
de 4.56 mg As/g (F400), 1.18 mg As/g (ACZ) y 0.96 mg As/g (ACP). La capacidad 
de adsorción de éstos materiales es similar y en algunos casos superior a los 
carbones activados modificados con partículas de óxidos de hierro reportados 
previamente, con la ventaja de ser generados por una metodología sencilla, sin 
una modificación significativa de su estructura porosa y su área específica. 
Palabras clave: activación química, ZnCl2, H3PO4, remoción de arsénico, óxidos 
de hierro, metodología de superficie de respuesta. 
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CHAPTER1
INTRODUCTION

ctivated carbon is one of the most versatile materials. One of its main 

applications is in adsorption processes in both aqueous and gas phase. 

However it has applications in very diverse areas such as catalysis, molecular

sieves, electrochemistry, as capacitors, gas storage, among others. The success 

of activated carbon among these areas is mainly due to its extensive surface area 

and diverse chemical functionalities that can be modified both during and after the 

production process. In recent decades, millions of tons of activated carbon has 

been produced by the carbon industry, consuming tons of precursors such as 

mineral carbon and wood. Nowadays the production of activated carbon from 

waste biomass is preferred because it offers the treatment of wastes and the 

generation of products of high commercial value. In the following section a brief 

review of the most important aspects related to the production, characterization 

and modification of activated carbon is presented.

A

“From small 
beginnings come 
great things”
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1.1. ACTIVATED CARBON  

Activated carbon (AC) is the employed name to a group of solid materials that are 

mainly composed of carbon, characterized by their highly developed surface areas 

and porosities. One of the main applications of AC is related to adsorption process: 

water purification, solvents and precious metal recovery, purification of effluents, 

removal of taste and odor from water among others, being this material the most 

commonly used adsorbent around the world. AC has found applications in areas 

different to adsorption, such as catalyst, biocatalyst, gas storage, molecular sieves 

and recently on electronic devices [1-7]. The use of carbon materials by human 

kind is reported to be so far back in time that its origin is impossible to determine 

exactly. Prior to the use of activated carbon as we know, (which has a highly 

developed porous structure), either wood char, charcoal or simply a partially 

devolatilized carbonaceous material was employed as an adsorbent. For instance, 

Hippocrates (around 400 BC) recommended that water should be filtered with 

woodchar prior to consumption, in order to eliminate bad taste and odor and to 

prevent several diseases. Also, on Phoenician ships (450 BC), drinking water was 

stored in charred wooden barrels, a practice which continued until the 18th century 

as a means of prolonging the supply of drinking water on transatlantic voyages [8]. 

On the other hand, the first reported application of AC in the industrial sector was 

in England in 1794, when it was used as a decolorizing agent in the sugar 

production industry. The first large scale gas-phase application took place in 1854, 

the Mayor of London ordered the installation of wood char filters in all the sewer 

ventilation systems to remove nasty odours; also in 1872 gas masks with carbon 

filters were used in chemical industries. Despite all these previously applications, 

was until 1901 when R. von Ostrejko discovered the activated carbon as it is 

known nowadays. He patented two different methods of producing activated 

carbons: carbonization of lignocellulosic materials with metal chlorides (the basis of 
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chemical activation), and the gasification of chars with steam or carbon dioxide at 

high temperatures (thermal or physical activation) [8]. Activated carbon was initially 

employed in the sugar industry to remove impurities and undesired color. Later, 

during the First World War AC was employed as adsorbent by the allies on gas 

masks against the poisonous gases of the German army. After that, the production 

and application of activated carbon was stimulated togheter with an intensive 

research program mainly in USA [8]. The rapid development of society over the 

20th century, promoted by the industrial revolution of the previous century, has 

also augmented the use of activated carbon. Indeed the production and utilization 

of activated carbon has increased mainly by the stricter environmental regulations 

regarding both water resources and gas application [9].

A B

C D
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Figure 1.1. Illustration of carbon fragments (A and B [11]) and their corresponding activated 

carbon structures that could perform (C [10] and D [12]).

A B

C D

Figure 1.2. HRTEM images of activated carbon. A and B activated carbon formed by high ordered 

graphite sheets [13]. C and D activated carbon formed by aleatory carbon fragments [14].

About its structure, AC consists in different arrangements of sp2 carbon atoms that 

can perform two kinds of structures: graphite, which is composed by hexagonal 

carbon rings (Figure 1.1A); and non graphitizing carbon that has a structure 

consisting of curved fragments containing pentagons, hexagons and other carbon

rings, as illustrated in Figure 1.1B. These layers of graphitized and / or non 

graphitized carbons are randomly oriented, leaving empty spaces between each 
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fragment, generating the pore structure of activated carbon, as illustrated in Figure 

1.1C and Figure 1.1D. In the last years with the development of high resolution 

microscopes it was possible to identify the atomic structure of several activated 

carbons, supporting the previously exposed structures (Figure 1.2). 

1.2. ACTIVATED CARBON PRODUCTION 

Once the adsorption process was developed for separation and purification 

purposes, the development of porous materials has been an area of great study. 

Among the adsorbents, AC was the first material to be developed [8]. During the 

production process the precursor is “activated” by means of a thermal treatment 

which gasifies part of the precursor, generating a new pore structure that provide to 

the activated carbon their high surface area. The characteristics of the AC will 

depend of the precursor properties and the activation methodology employed. In 

these sense by controlling the activation process it is possible to improve the 

performance of AC in typical applications and to prepare better adsorbents to 

satisfy emerging applications. AC can be produced from a large variety of raw 

materials, mainly by two methods: physical and chemical activation. The physical 

activation involves the carbonization of the raw material under inert atmosphere 

and the subsequent activation at higher temperatures in the presence of oxidizing 

gases. On the other hand, in chemical activation the carbonization and activation 

are carried out simultaneously by means of a catalyst (activating agent) that 

promotes diverse reactions. Also, the combination of both methodologies has been 

successfully applied. In the following section, details of the activated carbon 

production will be presented. 

1.2.1. Precursors 

Carbon, hydrogen, oxygen and other minor components such as sulfur, nitrogen 

and inorganic salts are the elements that constitute the materials often used as 
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precursor of activated carbon. Therefore, almost any organic product can by used 

as a precursor of AC. However, there are some desired characteristics on the raw 

material to be an AC precursor: availability, cost, workability, minimum presence of 

inorganic salts, density (from 0.4 to 1.45 g /cm3),and high carbon content (from 40 

to 90 %) [15, 16]. 

Table 1.1. Alternative feedstocks proposed for the production of 
activated carbon [16, 18]. 

Agricultural wastes Industrial Wastes 
Fruit Stones  Acrylic fabric waste 
 Apricot  Buffing dust 
 Cherry  Cotton refuse 
 Date  Fly ash 
 Olive  Furfural residue 
 Peach  Olive refuse 
 Plum  PET scrap 
Shells  PVC scrap 
 Almond  Rubber  
 Ground nut  Scrap tires 
 Hazelnut  Sewage sludge 
 Macadamia  
 Nut Woody materials 
 Palm  Cedar wood shavings 
 Peanut  Chesnut shaving 
 Pecan  Cotton stalks 
 Pistachio nut  Fir wood 
 Sunflowers   Palm tree cobs 
 Wallnut   Pine sawdust 
Hulls  Tear sawdust 
 Coton seeds  Vineyard shoot 
 Oat  Walnut chavings 
 Peanut   
 Rice    
Others Other 
 Casava peel  News paper 
 Coffee beans  Bones 
 Coffee bean husk   
 Corn cobs    
 Grape seeds   
 Sugar cane bagasse   
 Wheat straw   

The estimated world production of AC in 2007 was 890,000 ton/year which 

represents a rise of two times the level of production in less than 10 years [17]. 
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Around the world, the most common feedstock for the commercial production of 

activated carbon are wood (24 %), coal (31 %), and coconut shell (34 %). 

However, the raw materials used per world region shows a very different picture. In 

Europe, the most used raw material was peat (36 %), whereas the production of 

coconut shell based carbon occupied the fourth place with only 12 % of the share. 

On the other hand, coconut based carbons led in Asia with over 60 % of the share 

[8]. 

A 

 

C 

B 

 

D 

  

Figure 1.3. Pictures that illustrate the mescal production. A: agave plant field. B: agave plant head 

after harvest. C: sliced agave piñas that are cooked in a traditional oven. D: cooked agave heads 

are milled to extract their sugars, the remaing solids are known as agave bagasse. Images  
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availables from: http://www.galenfrysinger.com/tequila_agave.htm; and 

http://www.rsfotografia.com/Reportaje/Mezcal/MZEspanol.html 

The increased use of activated carbon has encouraged many researchers to 

explore new alternative feedstock to produce activated carbon, empathizing on 

locally available materials which present significantly economical advantages in 

comparison with traditional precursors. Table 1.1 shows some of the tested 

precursors. 

Only some of the materials that have been previously evaluated as activated 

carbon precursor are available in Mexico. Therefore, the study of the agro wastes 

generated in Mexico as activated carbon precursors can be an interesting 

alternative for activated carbon production locally. This thesis focuses on studing 

the agave bagasse as an alternative precursor of activated carbon due to its high 

availability and low cost. The agave bagasse is a lignocellulosic material that is 

generated on both tequila and mescal distilleries. To produce tequila and mescal, 

the leaves of agave plants are cut out and the plant heads are sliced to cook them 

in furnaces to convert the complex carbohydrates stored in the agave head into 

simple sugar. Once the agave heads are cooked, these are mechanically milled, to 

extract all the juices. The solid waste from the agave plant is usually known as 

agave bagasse; Figure 1.3 illustrates this. The national production of tequila and 

mescal in 2006 was about 285 [19] and 16 [20] millions of litters, respectively. The 

quantity of agave bagasse generated varies for each distillery, depending on the 

machinery used to process the agave and to the agaves specie used. In general, 

according with the national production of tequila and mescal in 2006, the generated 

agave bagasse was about 350,000 tons [19-21] on a dry basis, being this waste an 

important source of low-cost lignocelluloses material. Recently, other uses for this 

waste have been proved including paper precursor [22], as raw material for animal 

feeding and also in the production of oyster mushroom (Pleurotus ostreatus) [23]. 

However most of this waste is burned or used like a low quality food for livestock 

[24]. 

http://www.galenfrysinger.com/tequila_agave.htm�
http://www.rsfotografia.com/Reportaje/Mezcal/MZEspanol.html�
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1.2.2. Chemical activation 

The production of activated carbon by chemical activation implies the carbonization 

of the precursor in the presence of chemicals also called activating agents. 

Generally, activating agents acts as catalyst, promoting reactions that avoid the 

gasification of carbon. Also, promote the formation of the pore structure by means 

of the elimination of elements different to carbon (H, O, N, S). Chemical activation 

offers several advantages since it is carried out in a single thermal step at lower 

temperatures than physical activation and generally resulting in the development of 

a better porous structure. The main concern about chemical activation is the 

environmental implications that could generate the spent activating agent. 

However, recent investigations have demonstrated that part of the added 

chemicals (such as zinc salts and phosphoric acid), can be easily recovered and 

reuse in the production of AC [25, 26]. 

The production of activated carbon by chemical activation involves the following 

steps: first, the precursor is impregnated with an adequate amount of the activating 

agent, often by mixing of the required volume of concentrated solution of the 

activating agent; after the activating agent is incorporated to the raw material, the 

mixture is dried; subsequently, the product is submitted to a thermal treatment, 

generally under inert atmosphere, where the activating agent catalyzes reactions to 

convert the precursor into activated carbon; finally, the pyrolyzed samples are 

rinsed with water in order to remove the residual catalyst which can be recovered 

for subsequent reuse.  

Numerous chemicals have been proved as activating agent, the most widely used 

are ZnCI2, AlCl3, MgCl2, H3PO4, H2SO4, HNO3, KOH, NaOH, K2CO3 and Na2CO3. 

In the case of chemical activation with metal chlorides or acids, lignocellulosic 

materials are preferred as precursor. Moreover high rank coals (carbon content > 

90%), devolatilized chars or petroleum coke are the preferred precursor when alkyl 
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hydroxides or  carbonates are used as activating agent. There are several studies 

that attempted to explain the mechanism by which activating agents influence the 

formation of pore structure. The following section gives a brief description of the 

promoted reactions by the activating agents often used in chemical activation: zinc 

chloride, phosphoric acid and potassium hydroxide. 

1.2.2.1. Zinc chloride activation 

Zinc chloride is an activating agent widely used to produce activated carbon from 

lignocelluloses materials being wood the most common precursor. The major 

components of wood and other lignocelulosic materials are three biopolymers: 

cellulose, hemicelluloses and lignin (Figure 1.4).  

The proportion of these components in lignocellulosic materials varies according 

with the source of the material. As previously mentioned, the first step on chemical 

activation is the impregnation of the precursor with activating agent. In this first 

step, the precursor is mixed with the chemical in an aqueous solution which is later 

evaporated. During the evaporation, the structure of the lignocellulosic precursor 

begin to be degraded by the hydrolysis reactions promoted by the activating agent 

[27]. Chemically, ZnCl2 can be considered as Lewis acid, it means that Zn can form 

complexes with the nonbonding electrons of an atom. Analyzing the chemical 

structure of the biopolymers that form the lignocellulosic materials, oxygen is the 

element that contains nonbonding electrons and hence is expected that the ZnCl2 

reacts directly with this element. Most of the oxygen in the biopolymers is found as 

OH groups attached to the main chain of the biopolymer or as part of the bond 

between sugar monomers. These functional groups can react with the activating 

agent as follows: first ZnCl2 accepts an electron pair of the nonbonding electrons of 

the oxygen, forming a complex as appears in Figure 1.5.  

 

 



Chapter 1 

Introduction 
César Nieto Delgado    IPICyT   2010 11 

 

 

A  

 
B 

 
C 

 
 

Figure 1.4. Major components of lignocellulosic materials: A) cellulose, composed by glucose 
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monomers; B) different sugar monomers that constitute hemicellulose; C) heterogeneous structure 

of lignin. 

 
Figure 1.5. Dehydration mechanism of ZnCl2 with a fragment of the biopolymer.  

Once the ZnCl2-OH complex has being formed, the C-O bond is weakened. This 

bond is finally broken by the elimination of the hydrogen from the neighboring 

carbon atom. Finally, the catalyst is regenerated, releasing water to the media. 

Similar reaction mechanism can occur with the oxygen of the ether group (Figure 

1.6). In this case, the reaction promote the cleavage of the biopolymer chains by 

means of a nucleophilic attack (Figure 1.6B) or by hydrogen elimination (Figure 

1.6C). After that, ZnCl2 can be regenerated by a similar mechanism as appears in 

Figure1.5. It is expected that other reactions can occur during the activation, 

however according whit the ZnCl2 chemistry and the rapid evolution of water 

reported previously when using ZnCl2 as activating agent [27-30], these could be 

the main reactions.  

After these reactions, the biopolimers contained in the lignocellulosic material are 

transformed into randomly oriented carbon structures. These randomly oriented 

structures generate cavities that increase the surface area of the generated 

carbon. Also, some authors have suggested that the porosity created by the ZnCl2 

is due to the spaces left by the activating agent after the corresponding washing 

[31, 32].  
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B 

 
C 

 

Figure 1.6. Lewis acid reactions between ZnCl2 and ether functional groups of the biopolymers. 

R1 and R2 can be any fragment of carbon corresponding to biopolymers. 

1.2.2.2. Phosphoric acid activation 

Phosporic acid has been used as activating agent of lignocellulosic materials such 

as wood and some agricultural by-products (such as almond shells and olive 

stones) as well as carbonaceous materials with a high volatile content [18]. 

Lignocellulosic based activated carbons with H3PO4 can reach surface areas of 

1500 m2/g, however, when mineral carbon is employed as precursor, the surface 

area do not reach this surface area values [33]. This effect is related to the 

activation mechanism promoted by phosphoric acid. Marit Jagtoyen, Frank 

Derbyshire and coworkers have carried out extensive studies of H3PO4 activation 

of different raw materials and proposed an activation mechanism that can be 

summarized as follows [34-37]: the reaction of lignocellulosic materials with 

phosphoric acid begins as soon as the components are mixed. The generation of 

large amounts of tar and the morphological changes of the precursor during the 

impregnation step confirm these reactions. 
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Figure 1.7. Chemical reactions acid catalyzed by H3PO4: A) protonation of the different 

oxygenated groups of the sugar monomers. After that hydrogen elimination promotes double 

bond formation (B), cleavage of the glycosidic linkage between polysaccharides (C) and the 

degradation of sugar monomers (D).

The acid media lead the protonation of the different oxygenated groups on the 

polysaccharides (Figure 1.7A). Once the oxygen is protonated, diverse reactions

can occur. The main reactions are dehydration (Figure 1.7B), the hydrolysis of 

glycosidic linkages in polysaccharides (Figure 1.7C) and the degradation of the 

sugar monomers (Figure 1.7D). Also during this stage, the acid attacks the lignin 

cleaving the aril ether bonds of the lignin. These reactions also depends on the 

activation temperature: during the activation at low temperatures (100–200 °C), an 

accelerated weight loss and volumetric contraction is observed, due to the removal 

of the volatile products of low molecular weight formed by depolymerization. At 

higher temperatures the rate of weight loss considerably slows, this because 

H3PO4 inhibits the formation of volatile cellulose products as appears in Figure 

1.8A.
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A

B

Figure 1.8. A: reaction mechanism by which esterification of phosphoric acid would block the 

formation of cyclic levoglucosan; B: formation of ester linkages between phosphoric acid and OH 

groups of biopolymers.

It was observed that at an activation temperature around 400 °C, the dilation of the 

precursor structure begins. This dilation is related to crosslinking reactions 

between the polymer chains by the formation of ester linkages between phosphoric 

acid and OH groups (see Figure 1.8B). As the temperature is increased, cyclization 

and condensation reactions lead to an increase in aromaticity and in the size of the 

polyaromatic units, enabled by the scission of P-O-C bonds. After removal of the 

acid on the washing step, the matrix remains expanded by the polyphosphates 

bridges promoted by the activating agent, leaving an accessible pore structure. 
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1.2.2.3. Potassium hydroxide activation 

In the 1970s, researchers from the AMOCO Corporation, USA, developed a 

process that produced extremely high surface area carbons (super activated 

carbons, with surface area over 3000 m2/g) by chemical activation with alkaline 

hydroxides, especially KOH [8]. As previously mentioned lignocelulosic materials or 

carbon with high volatile content are the desired precursor when chemical 

activation with ZnCl2 or H3PO4 is carried out. In contrast, the most appropriate raw 

materials for chemical activation with KOH are those with a low volatiles content 

and high quantity of carbon such as high rank coals, devolatilized chars and 

petroleum coke.  

In the KOH activation, the precursor (as powder or granular) is mixed with the 

activating agent either by impregnation with aqueous solution or just physically, 

generating mixtures with weight ratio between 2 and 4 (KOH/precursor). The 

activation temperatures must be superior to the melting point of KOH (360 °C), 

being 700-900 °C the activation temperature often used. Linares Solano, Lillo 

Rodenas and coworkers have been studing carbon activation by alkaline 

hydroxides during the last 18 years, and have analised the generated porosity and 

the reactions taking place during the activation process [38]. According with their 

publications [39, 40], the activation mechanism of carbon with KOH can be 

summarized as follows: during the thermal treatment H2, CO, and CO2 are the 

main components of the releasing gases. Hydrogen evolution starts at about 550 

°C and increases at higher temperatures. From FTIR and XRD it was observed 

that K2CO3 appears also at about this temperature (550 °C) and K2O and metallic 

potassium at higher temperatures. These results suggest that activation takes 

place when carbon reacts with the melted KOH producing H2 and carbonate by 

means of a redox reaction as appears in equation 1. Further potassium carbonate 

decomposes to form K2O and CO2 (equation 2). The in situ generation of CO2 by 

the thermal decomposition of K2CO3 acts as an activating agent promoting similar 

reactions to those on the physical activation. 
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(1)

(2)

Equation 1 is a redox reaction in which the carbon is oxidized to carbonate and the 

hydroxide is reduced, giving metallic potassium and hydrogen. Of course, in both 

reactions not all the carbon is converted to carbonate; the residual carbon perform

the activated carbon structure. Also the elimination of metallic potassium, 

potassium oxide, potassium carbonate and the remaining potassium hydroxide 

generate the well developed porous structure that characterizes these activated 

carbons. Something to remark is that according to the stoichiometry of equation 1, 

in most of the published studies a reasonably lower hydroxide amount than that

needed for 100% carbon conversion was used since hydroxide/carbon ratios as 

high as 14/1 for KOH would be needed.

1.2.3. Physical activation

Physical activation, also called thermal activation, is the processes that consist in 

diverse thermal treatments by which the carbon precursor develops porosity and 

hence extensive surface areas. The employed precursor to produce activated 

carbon by thermal activation includes either lignocellulosic materials or mineral 

carbons. However, the preferred materials are mineral carbons, wood and 

lignocellulosic materials such as fruit stones and hard shells. The raw material

needs some pretreatments prior to its activation: the required particle size must 

first be prepared by crushing and sieving. Also, sometimes a washing step is 

applied with water or acid in order to remove any undesired material and to reduce 

the inorganic content. 

Generally, physical activation consists of two consecutive steps. The first step is 

thermal carbonization of the raw material, carried out at moderate temperatures, to 

produce a char rich in carbon. The second step is the activation, where the 

remaining char is partially gasified with an oxidizing agent, usually CO2 or steam.
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Figure 1.9. Carbonization scheme of a carbonaceous precursor. 

1.2.3.1. Carbonization

During this step the starting material, which major content is organic and/or 

inorganic carbon decomposes to generate a gaseous fraction and the remained 

solid. The chemical composition of the gas phase varies regarding the precursor, 

heating rates and the carbonization temperature. In general, the gases that first 

evolve are those coming from labile carbon presented in the precursor in the form 

of radical species. These fractions can react among themselves in the gas phase 

to yield cracking products. 

At temperatures above 1000 °C these reactions become more important and the 

formation of stabilized polyaromatics compounds is confirmed by the presence of 
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soot in the carbonization furnace. Also, olefins, methane, hydrogen, water and

carbon oxides can appear in the gas phase. Regarding the solid phase, enrichment 

in both carbon content and aromaticity is observed. At this point the char is 

composed of a group of disordered short graphitic crystals. Between the crystals 

there is little void space on the micropore range, which often is not accessible from 

the external surface because the meso and macroporous structure is blocked by 

soot deposition. A scheme of the carbonization of a carbonaceous precursor is 

shown in Figure 1.9. The starting material, based on an organic macromolecular 

structure, decomposes during the thermal treatment to yield two main fractions: a 

gaseous fraction, rich in hydrogen, light hydrocarbons and tar; and a solid fraction, 

rich in carbon, called char.

1.2.3.2. Activation

The objective of the activation process is to enlarge and open the incipient pore 

structure developed in the carbonization. Also, during this process oxygenated 

groups are incorporated to the carbon structure, generating a more “active” carbon 

for specific applications. To carry out this task the reaction atmosphere is changed 

from inert to oxidant. This is accomplished by the introduction of gases such as 

oxygen, steam and carbon dioxide. Depending on the activating agent employed, 

different reactions can be performed with carbon:

O2
H=-387 kJ/mol (3)

-226 kJ/mol (4)

H2O (5)

CO2 (6)

According with the reaction enthalpy, O2 is the most reactive oxidant and CO2 the 

least reactive. Due to the highly exothermic enthalpy of oxygen reactions, the 

temperature of the reaction is extremely difficult to control, usually generating the 

consumption of the precursor due to the burn of only the external surface of the 

particle and not to the inner surface. Consequently oxygen activation is scarcely 
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applied. On the other hand CO2 and H2O are an option to activate carbon under 

moderate oxidation, since the promoted reactions by both activating agents are 

endothermic, requiring external heating for maintaining the reactions [41-43]. 

Therefore controlling activation temperature and residence time, carbon oxidation 

can be controlled. Finally, other factor that influences the characteristics of the 

generated carbon by thermal activation is the presence of inorganic impurities 

because these can catalyze or inhibit the gasification reactions [44-46].  

1.3. ACTIVATED CARBON CHARACTERISTICS 

As state above, activated carbon can be produced from a wide variety of 

precursors by means of chemical or physical activation. Production conditions and 

the chemical composition of the precursor determine the characteristics of the 

activated carbon developed. In these sense we can produce activated carbons with 

different properties, for diverse applications. The tests commonly used to 

characterize activated carbons are summarized in Table 1.2, also the typical value 

for these tests are included. A comprehensive discussion of the main physical and 

chemical properties of activated carbons has been included in this section. 
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Table 1.2. Major test for activated carbons and their typical values [8, 47]. 

Test Typical value Purpose 

Physical 

Bulk density a 0.5-0.6 (g/mL) coal carbons 

0.24–0.3 (g/mL) wood carbons 

For estimation of the filter packing volume 

Real density b 2.1–2.2 (g/mL) Important for flow characteristics of the activated carbon bed 
Surface area 800–1200 m2/g  
Particle size (n/m)c Granular: 

2.36/0.83, 1.65/0.83, 0.83/0.295 
Powder: from 0.150 to 0.043 mm 

Factor influencing the adsorption kinetics, and flow characteristics 

Mechanical strength  70–75(%)d For estimation of resistance to abrasion and attrition during operation 
 

Adsorptive 

Iodine number 800–1000 (mg/g) e Gives an indication of internal surface area 
Methylene blue number 200-400 (mg/g) Indicates adsorption capacity for large molecules 
Phenol adsorption 100-200 (mg/g) Indicates applicability of activated carbon to drinking water treatment 
Molasses number 200-230 Informs about usefulness of activated carbon in sugar industry 
Butane adsorption 7–8 g/100mL Indicates applicability of activated carbon to gas 

phase applications 
 

Chemical and physico-chemical 

Moisture 3–7% Provides information about the purity of AC  
Ash content  3–10% 
Water soluble content 0.5–10% 
pH value 2-10 Indicates the presence of inorganics and the surface groups that may influence 

the pH of treated liquids 
 

a Weight per unit volume of dry carbon in a packed bed 
bWeight per unit volume of the solid carbonaceous material 
alone 
 

cCarbon that passes through a sieve with open size of n mm but is retained by a 
sieve of m mm open size 
d According with the ASTM D3802 standard test 
e According with the ASTM D4607 standard test 
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1.3.1. Physical properties

1.3.1.1. Surface area

As adsorption is a surface phenomena, the majority of the adsorbents show an

extensive surface area at which some molecules can be retained. The internal 

surface area of porous materials such as activated carbon is determined generally 

by using the so called BET equation [48]. This equation describes multilayers of 

condensed gas which occurs when an adsorbable gas such as nitrogen is 

contacted with the porous solid. In such a test N2 is normally used at a temperature 

corresponding to its boiling point (-196 °C at 760 mmHg of pressure). The BET 

equation was derived making the following assumptions: 1) in the first layer, the 

rate of condensation of molecules on bare sites is equal to the rate of evaporation 

of molecules from sites covered by only one molecule. 2) the heat of adsorption 

beyond this layer is constant and is equal to the heat of liquefaction. These 

assumptions are only approximately correct. The linearize form of the BET 

equation is:

(7)

where Ps is the saturation vapor pressure at the temperature used in the test, q is 

the amount of gas adsorbed at any given pressure P, qm is the amount of 

substance adsorbed when one complete monolayer of gas coverage is attained, 

and b is a constant that depends on the isotherm shape. From an adsorption 

experiment, we can take the data of the amount of gas adsorbed (q) at the different 

pressures (P) used, and compute values of P/q(Ps-P). These values are then 

plotted vs the corresponding P/Ps value, and data taken over the range of 0.05 to 

0.3 P/Ps values are fitted to the best straight line using the linear least squares 

procedure. From the regression we can get the intercept at P/Ps=0 that is equal to 
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1/bqm and the slope of the line that is equal to (1/bqm)(b-1). Getting the regression 

values, b and qm can be determined. As previously mention qm represents the 

amount (moles) of nitrogen corresponding to the exactly one complete monolayer 

of the surface. If the area that covers a single molecule of N2 is 16.2 Å2 , and taking 

the Avogadro number, the surface area of the analyzed material can be 

determined [47, 49]. Regarding the BET model, it is an approximation of the 

surface area of the porous material, all researchers agree to use the BET method 

as standard to measure the surface area of porous materials. The typical surface 

areas of activated carbons are in the range of 800 to 1200 m2/g.  

1.3.1.2. Pore structure 

The resulting channels after activating the precursor, make up the porous structure 

which form the large surface area of activated carbons. The recommended 

classification of pore size by IUPAC is as follows: micropores, pore diameter <2 

nm; mesopores, pore diameter from 2 to 50 nm; and macropores, pore diameter 

>50 nm. This classification is arbitrary and was developed based on the adsorption 

of nitrogen at its normal boiling point on a wide range of porous solids. Depending 

on the size of the adsorbate molecules, especially in the case of some organic 

molecules of a large size, molecular sieve effects may occur either because the 

pore width is narrower than the molecules of the adsorbate or because the shape 

of the pores does not allow the molecules of the adsorbate to penetrate into the 

micropores. Thus, slit-shaped micropores are not accessible to molecules of a 

spherical geometry, which have a diameter larger than the pore width. This is why 

the specific surface area of a carbon is not necessarily proportional to the 

adsorption capacity of the activated carbon. Pore size distribution, therefore, is a 

factor that cannot be ignored. The suitability of a given activated carbon for a given 

application depends on the proportion of pores of a particular size. Generally highly 

microporous activated carbons are preferred for the adsorption of gases and 

vapours and for the separation of gas molecules of different dimensions if the 

carbon possesses a suitable distribution of narrow size pores (molecular sieves) 
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while well developed meso- and macroporosity is necessary for the adsorption of 

solutes from solutions [8]. 
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Figure 1.10. Pore size distribution of agave bagasse based activated carbons expressed 

as pore volume (A) and cumulative pore volume (B) as a function of pore diameter. 
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To evaluate the pore size distribution, various procedures have been employed by 

using data from nitrogen adsorption at -196 °C. The most common methods are 

the Dubinin-Radushkevich (DR) plot, Barrett-Joyner-Halenda (BJH) method, 

Horvath-Kawazoe (HK) method, t plot, alpha plot, density functional theory (DFT) 

and the theoretical calculations based on the Grand Canonical Monte-Carlo 

(GCMC) method [8].  

The information of these analyses is usually expressed as a plot of pore volume vs 

pore width (Figure 1.10A). Also the pore volume is often changed by the 

“cumulative pore volume” that represents the total pore volume contained in pores 

of any given pore diameter or less (Figure 1.10B). By means of these graphs we 

can determine the pore diameter range with which most of the pore volume is 

associated, and hence stablish a criteria about the components that can be 

removed from gas or liquid streams. 

1.3.1.3. Hardness 

The most common method to employ activated carbon in adsorption processes is 

by means of a packed column system where a fluid crosses the column and some 

diluted compounds (often called adsorbate) are removed by the stationary fixed 

carbon bed. The pass of the stream through the carbon bed implies attrition forces 

that can fraction the carbon, generating dust that can block the column. Also this 

results in a loss of valuable material and in a undesirable increase on the column 

pressure. In these sense the ability of activated carbon to resist the attrition forces 

during the stream flow in packed column systems is needed in order to apply 

activated carbon in real systems. The ASTM D3802 is a standard test to evaluate 

the attrition resistance of an activated carbon. The procedure consists in placing a 

screened and weighed sample of carbon in a special pan with a certain number of 

stainless steel balls. The pan is shaken on a mechanical sieve shaker for 30 

minutes. The sample is then sieved with a sieve having openings of one half the 

size of the original carbon. The weight percentage of the carbon retained on this 
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sieve is known as the “ball pan hardness number”. The common ball pan hardness 

values for activated carbons are from 65 to 80%. 

1.3.2. Chemical properties 

1.3.2.1. Carbon surface groups 

As stated above, a high surface area and an adequate pore size distribution of 

activated carbon are necessary to succeed in a particular application. However, the 

analysis of an activated carbon quality based only on its surface area is obviously 

incomplete. For instance, if we compare the adsorption capacity of two activate 

carbons from different raw materials and/or activated by different methods, but 

having similar surface area, their performance as adsorbents could be different. 

Part of such differences would be explained by the different pore size distribution of 

each carbon; for example, narrow pores can restrict the diffusion of a certain 

compound to the entire carbon surface. However, another part of the differences 

can be attributed to the nature and amount of the surface groups that may be 

present on the carbon surfaces. The unsaturated carbon atoms located mainly at 

the edges of the graphite layers possess unpaired electrons that can be easily 

bonded to heteroatoms (e.g. O, N, S, P), generating the so called surface groups. 

Oxygen containing groups are the most common surface species in carbons and 

are the responsible of the acid behavior of the carbon. On the other hand, 

ammonia or urea can introduce nitrogenated functionalities into the carbon surface, 

being such surface groups responsible of the basic behavior of the AC. Also, 

functionalities like pyrones, chromenes, ethers, carbonyls and electron rich regions 

(carbon π electrons) can interact as basic species. Figure 1.11 summarizes the 

most important types of surface groups that can be present on carbon surfaces. 

Carbon surface groups have two principal effects: the modification of the 

hydrophobic character of the carbon and the generation of localized electric 

charges where polar molecules can be retained by electrostatic interaction. 

Activated carbon is in general hydrophobic; however, the presence of polar atoms 
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such as oxygen, sulfur and nitrogen promote an increase in hydrophilicity, since 

water molecules can form hydrogen bonds with the polar atoms of the carbon 

surface. This effect is of particular importance to the treatment of water streams, 

since a good interaction between water and carbon allows the pollutant to reach 

the entire carbon surface. In contrast, for adsorption of compounds in a gas 

stream, the presence of polar functionalities can be unfavorable since it causes the 

adsorption of water molecules, which may block the access of the adsorbate to 

some pores of the activated carbon.

Figure 1.11. Schematic representation of the most important types of surface groups that may be 

found on a carbon surface.

The other important effect of the surface groups is related to the generation of 

localized electric charges all over the carbon surface. Most of the oxygenated 

surface groups that can be found on activated carbon can establish acid-base 

equilibrium when these are in contact with aqueous solutions. On one hand, the 

functional groups can release a proton to the media, leaving in the carbon surface 
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a negative electric charge that can interact with some cations in solution. This 

reactivity can be exhibited by carboxyl, hydroxyl and lactones groups as appears in

Figure 1.12A. On the other hand, atoms with unpaired electrons such as pyrone, 

pyridine, and carbonyl groups can accept protons from the media, generating in 

this way a positively electric charged group on the carbon surface (Figure 1.12B). 

Also, functional groups (e.g. chromene) stabilize carbocations on the carbon 

surface (Figure 1.12C) leaving a positive electric charge on the carbon surface. 

The occurrence of these acid-base equilibriums depends on the solution pH and 

the surface groups acid strength (i.e. their pKa). 

A

B

C

Figure 1.12. Acid – base equilibrium of carbon surface group to generate localize electric charges 

on the activated carbon surface. A: carboxylic group. B: pyrone group. C: chromene group.

Hence, all these localized electric charges on the carbon surface greatly influence 

the adsorption capacity of carbon. Two interactions dominate the adsorption 

process: those related to dispersion forces (i.e. London and van der Waals forces) 

and those related to electrostatic forces. The dispersion forces arise from the rapid 

fluctuation in electron density within each atom, which induces an electric moment 
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in a near neighbor and thus leads to attraction between such two atoms; this 

interaction is the responsible of the adsorption of a non polar compound onto the 

surface of the adsorbent. The electrostatic forces exist as a result of the permanent 

electric dipole or electric charge on a molecule or surface group, which promotes 

the adsorption of ionic species onto the surface functional groups of opposite 

electric charge [49]. 

1.3.2.2. Point of zero charge 

As previously mentioned, activated carbon have acidic and basic sites that coexist 

on their surface. These groups can be protonated or deprotonated according to the 

pH of the solution that is in contact with them. The pH at which each surface group 

establishes this acid-base equilibrium depends of both the acid strength (pKa) of 

the functional group and the chemical environment. For instance, at pH below the 

pKa of an acid group (i.e. carboxyl), the protonated specie may predominate, and 

hence the carbon surface remains electrically neutral. However if the solution pH is 

higher than their pKa, the proton is released to the media, generating a negative 

electric charge in the carbon surface. Similarly, basic surface groups can generate 

a positive electric charge if the solution pH is lower than their pKa. Due to the great 

diversity of functional groups that can coexist on the activated carbon, it is difficult 

to establish a constant equilibrium which describes in general terms the acid–base 

reactions. In these sense, the so called point of zero electric charge (pHPZC) which 

is defined as the pH value at which the net surface electric charge of the material is 

zero, is a useful parameter that allows estimating the overall electric charge of the 

activated carbon regarding the solution pH. Thus, at pH>pHPZC, acidic 

functionalities dissociate, releasing protons into the medium and leaving a 

negatively electric charged surface on the carbon. On the other hand, at pH < 

pHPZC, basic sites combine with protons from the medium to leave a positively 

electric charged surface. This behavior is schematically represented in Figure 1.13. 

Considering that the surface electric charge of activated carbon depends on the 

solution pH, the interactions and the adsorption capacity of the activated carbons 
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can be optimized by modifying the surface chemistry of the carbon (and/or the pH 

of the medium, when this is possible). Thus, basic carbons are prefer for adsorbing 

acidic molecules while acidic carbons will perform better for the adsorption of basic 

compounds. Moreover, the adsorption of cations will be favored (by electrostatic 

forces) if the carbon surface is negatively electric charged, while the adsorption of 

anions will be enhanced on a positively electric charged surface. 

Figure 1.13. Schematic representation of the acidic and basic behavior of the surface groups and 

delocalized electrons of basal planes.

1.4. MODIFICATION OF ACTIVATED CARBON

Activated carbon has proven to be an effective adsorbent for the removal of a wide 

variety of organic and inorganic pollutants dissolved in aqueous medium, or from 

gaseous environment. Recent research has emphasized on modifying the physical 

and chemical attributes of AC to enhance their affinities toward different molecules 

present in aqueous solutions [50]. Also, the modification of AC has been proposed 

to induce the adsorption of diverse molecules that carbon usually cannot remove. 

The proposed modifications can be classified in two groups: the modification of 

their atomic structure by means of chemical treatments with oxidizing or reducing 
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compounds or thermal treatments with gases such as ammonia and hydrogen. And 

the modifications based on the incorporation of molecules or metal clusters onto 

the carbon surface. A brief discussion of both modifications is presented on the 

following section. 

1.4.1. Chemical modification  

Chemical modification of AC has the purpose of changing the chemical groups 

present on the carbon surface. As previously mentioned, AC has diverse functional 

groups that can be classified as acid and basic groups. The predominant type of 

AC surface functional groups are those conformed by oxygen complexes such as 

carbonyl groups. The surface oxygen complexes of AC can be created via two 

major oxidation methods: dry and wet oxidations. Dry oxidation is a method 

involving contact of the AC with oxidizing gases (such as steam, CO2, etc.) at high 

temperatures (>700 °C); wet oxidation involves reactions between AC surfaces 

and oxidizing solutions (such as aqueous solutions of HNO3, H2O2, NaClO and 

(NH4)2S2O8) under relatively mild reaction conditions (20–100 °C) [50-52]. These 

treatments generate a beneficial effect on adsorption of metal ions; however, 

produce a decrease in the adsorption of organic compounds. It is widely 

recognized that the presence of acid oxygen-containing groups on the AC surface 

decreases the adsorption of organic compounds in aqueous solution, while their 

absence favors the adsorption of such compounds, independently of their polarity 

[50]. The general strategy to eliminate oxygenated surface groups consists on 

thermal treatment under inert atmosphere at high temperatures. This promotes the 

arrangement of graphite layer by means of heteroatoms elimination [53]. Also, the 

thermal treatment has the function of modifing the surface area, the pHPZC

 

 and the 

pore structure of an activated carbon. These kind of modification has been 

employed to increase the adsorption of organic molecules such as dyes, 

herbicides, and carbohydrates onto AC [50].  
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1.4.2. Impregnation with foreign materials

The impregnation of activated carbon with foreign materials is an alternative to 

produce carbons that adsorb molecules with low affinity toward carbon surface or 

their functional groups. The incorporated materials to the carbon surface are 

specific compounds that have proven affinity for the molecule to be adsorbed. The 

materials often used on this kind of modifications are organic molecules and metal 

oxides. It is well known that AC is able to effectively adsorb organic molecules. 

This chemical behavior leads to immobilization of organic compounds on the 

carbon surface. The organic molecules attached to the AC surface acts as 

chelating agents to adsorb some specific adsorbates. It has been reported the 

adsorption of copper(II), zinc(II), chromium(VI) and cyanide (CN-

On the other hand, metal oxides are employed to modify AC to take advantage of 

its capacity to attract dissolved species such as metal cations, anions, neutral 

molecules and polymers [58]. In aqueous solutions, metal oxides can ionize as 

appears in Equation 8. The electric charge on surface groups can be negative, 

positive or zero depending on the nature of the oxide, and give to the surface a 

basic, acidic or neutral character, respectively. These characteristics are related to 

the solution pH; Table 1.3 shows the pHPZC of some metal oxides.

) ions onto the 

surface of AC immobilized with tetrabutyl ammonium (TBA) and sodium diethyl 

dithiocarbamate (SDDC) [54]. Also, Oxine (8-hydroxyquinoline) has been used to 

modify activated carbon, founding that oxine-impregnated activated carbon had an 

increased adsorption of cadmium, lead and zinc [55]. An advantage of the carbon 

modification with organic molecules is the generation of materials with a selective 

removal capacity of metal ions, due to their different affinities for the surface 

functional groups of AC. For instance, it has been reported that citric acid has a 

superior binding affinity to copper [56] and, hence, the materials modified with this 

organic molecule significantly improve its copper ion adsorption capacity [57].

(8)
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These hydroxylated groups may also act as coordination sites for dissolved 

cations, or be substituted by anions (surface coordination). These may also act as 

nucleation sites in the case of surface precipitation. Therefore, several possible 

mechanisms should be considered in the overall phenomena of adsorption, and 

most of them can be described in terms of the classical concepts of coordination 

chemistry. An application of these modifications to AC is to enhance ammonia 

adsorption. Usually, activated carbon is not a good adsorbent of ammonia; 

however, the ammonia is easily adsorbed by metal oxides. In these sense the 

coating of activated carbon with metal oxides of molybdenum, tungsten, aluminum, 

zirconium, and vanadium, has generated composite materials that remove 

ammonia from both aqueous and gas phase [59-63]. Also, the metal oxide coated 

activated carbon has been used to remove anionic species of arsenic and fluorine, 

as well as dissolved organic mater [64-69].  

Table 1.3. Point of zero electric charge of some metal 
oxides [58]. 

Valence Oxide Formula pHPZC 

+II MgO 12.5 

 ZnO 9 – 10 

+III α-Fe2O3 5.5 – 9 

 α-Al2O3 6.5 – 10 

+IV TiO2 3.5 – 6.5 

 SiO2 2 – 4 

+V Sb2O5 0.5 

+VI WO3 0.4 

Besides, it is well known that oxides of polyvalent metals such as Al(III), Fe(III), 

Ti(IV), and Zr(IV), exhibit ligand sorption properties through formation of inner-

sphere complexes [70-73]. Among such compounds, iron oxide is particularly 
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advantageous because their low cost, availability and chemical stability over a wide 

pH range. Previous studies have shown that Fe(III) oxides have high sorption 

affinity toward both As(V) and As(III) oxoanions. Their selective sorption onto iron 

oxide-hydroxide particles results from ligand exchange in the coordination spheres 

of structural iron atoms. Recent investigations using extended X-ray absorption fine 

structure spectroscopy (EXAFS) confirmed that As(III) and As(V) oxoanions are 

selectively bound to the iron oxide surface through coordinate bonding [74]. Taking 

into account the high affinity of iron oxides toward arsenic, this thesis propose the 

modification of AC including agave bagasse based activated carbon with iron 

oxide-hydroxide nanoparticles in order to generate a composite material with 

competitive arsenic adsorption capacity. 

1.4.3. Iron oxide impregnated activated carbon 

Since the effectiveness of iron oxides for arsenic removal from water has been 

proven, numerous attempts to employ iron oxides in packed column system have 

been done. Granular ferric hydroxide was prepared by diverse techniques 

generating materials with capacity of 30 000 to 40 000 bed volumes before the 

breakthrough concentration (10 µg/L) was reached [64]. However, some 

disadvantages were found: (i) the mechanical strength of the granular iron oxides 

need to be improved; (ii) an important pressure drop through the adsorbent bed is 

quickly produced and becomes more significant after backwashing, probably 

because of the material weakening that produces fine particles; (iii) when large 

particles are used (1.0 to 2.0 mm), the arsenic adsorption capacity is reduced by 

50 %. Taking into account such disadvantages of the iron oxides, an alternative 

recently proposed is to modify granular materials often used in adsorption systems 

with iron oxides. Researchers have proposed the modification of activated carbon 

with iron oxide-hydroxide particles, with the aim to generate a composite material 

with suitable properties for packed-bed adsorption column applications, and 

arsenic adsorption capacity that allows a feasible potable water treatment. Table 

1.4 summarizes the studies related to this issue. In order to compare the arsenic 
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adsorption capacity of the modified carbons, the values reported in Table 1.4 were 

calculated with the isotherm parameters reported in each publication, at an As 

concentration of 1 ppm at equilibrium. As can be observed in Table 1.4, the 

modified carbons developed high arsenic removal efficiency, getting values from 

0.028 to 11.85 mg As/g AC. However, some of these reports mention that during 

the adsorption tests, part of the iron loaded onto the activated carbon is released to 

the stream, which is an undesirable situation. On the other hand, something to 

remark is that the material that has the maximum arsenic adsorption capacity 

(11.85 mg As/g AC) is the activated carbon modified with zero valent iron at 

nanometric size by Zhu et al [78]. It is worth noticing that the main reason of this 

superior arsenic adsorption capacity is related to the size of the anchored iron 

particles. However, the consumption of expensive reagents to generate iron 

nanoparticles is a disadvantage of this procedure.  
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Table 1.4. Previously proposed modification of activated carbon  with iron species for arsenic removal in 
aqueous solutions. 

Fe loaded Methodology Fe loaded 
(%) 

As uptake 
mg As / g AC Reference 

Amorphous 

10.0 g of the AC was placed into Erlenmeyer flasks, containing 150.0 mL 
solution of increasing FeCl2 concentration (0.002, - 0.10 M). Each series 
was then treated under different oxidation conditions. Sodium 
hypochlorite (oxidant that generates the best material) was added four 
times during the mixing, with a 6-h interval, according to a ratio of 10 g 
FeCl2 4H2O/20 mL NaClO (10-13 %). pH was controlled at 4.5-5.0 

1-7 
Qa=3.47 

pH=4.7; 25 °C 64 

Fe3O4 
α-Fe2O3 
γ-Fe2O3 

α-FeO(OH) 

FeO/AC adsorbent was prepared by mixing FeCl3/FeSO4 (molar ratio 
2:1) and 5 mol NaOH, remaining for 10 min at the temperature of 70 °C 
and pH value of 9.5, along with the gentle stirring (60 rpm). The mixture 
was impregnated into the AC. The obtained materials were dried in an 
oven at 100 °C for 3 h. 

8 
Qa=1.94  

pH=5; 30 °C 66 

Fe3O4 

2 g of sawdust, 20 mL of 1.0 mol/L FeCl3 and 10 mL 50 % H2SO4 were 
mixed. The resulting mixture was ultrasonicated for 2 h and aged at 
60°C for 12 h. The solids were pyrolyzed at 600 °C under 30 mL/min 
nitrogen gas and held at 600°C for 60 min. 

39 
Qa=1.90  

pH=8; 30 °C 75 

α-Fe2O3 
 

5 g of oxidized carbon were introduced into 150 mL of a 0.05 M FeCl3 
solution in acidic media (3M HCl) for 2 h. Forced hydrolysis was next 
carried out at 100 °C for different times: 1, 3, 6 and 24 h. The samples 
were washed to reach neutral pH and then dried at 80 °C overnight. 

1.5-9.4 

0.028 mg As/gAC 

(calculated from 
kinetic study, C0=300 
ppb As) 

76 

NR 
2 g of oxidized AC was added to 200 mL solution with 2 g of Fe(NO)3 
9H2O. The mixture was heated to 100 °C until dry, cooled at room 
temperature, washed with distilled water, dried and sieved 

2.28-33.6 
Qa =5.68  

pH=8; 20 °C 65 
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Table 1.4. (Continue) 

NR 
KMnO4 pretreated activated carbon was subsequently mixed with a 1 M 
solution of FeSO4·7H2O for 6 h to oxidize the Fe(II) and precipitate the 
iron (hydr)oxide nanoparticles. 

0.5 – 16 
Qa=1.74 

pH=6.4; 20 °C 77 

Akaganéite 
Ferrihydrite 

1.0–1.5 mL of ferric nitrate solution at concentrations of 0.5–1 g/mL was 
dispersed over 1 g of dried GAC and mixed thoroughly for 24 hours. 
Mixture was then dried in a rotary evaporator at temperatures of 60, 80, 
or 90 °C for 12 h. After that AC was then washed thoroughly with 
deionized water. 

11.7 
26 mg As/g from a 
column test  

C0=300 ppb As 
67 

Zero valent 
iron (nano) 

One gram of dry based carbon was equilibrated with 30 mL 1.0 M 
Fe2SO4 N2-purged solution for 3 h. The slurry was diluted by five times 
using a mixture of ethanol and deionized water (v/v 1:1). 100 mL of 0.2 
M NaBH4 was then added in a dropwise at 25 °C with magnetic stirring 
and N2 bubbling. The carbon was washed with acetone for three times. 

8.2 
Qa=11.85 

pH=6.5  25 °C 78 

NR 
Mesoporous carbon were syntetyzed by using silica templates. The 
porous carbon were covered with iron by the methodology proposed by 
Gu et al [64] 

3.85 
Qa=6.42  

pH=6.5; 20°C 
79 

Qa: Arsenic adsorption capacity calculated from the isotherm data exposed by the authors at an As concentration of 1ppm 

NR No Reported 

C0: initial concentration 



Chapter 1 

Introduction 
César Nieto Delgado    IPICyT   2010 38 

 

1.5. THE NATURE OF ADSORPTION ON ACTIVATED 
CARBON 

Activated carbon has capacity to adsorb organic and inorganic compounds, by 

means of specific interaction between the adsorbed molecules and the carbon 

surface. There are several studies that attempt to explain the carbon adsorption 

mechanisms of diverse molecules dissolved in both liquid an gas phase. Due to the 

complexity of the activated carbon structure, it is difficult to establish a general 

process by which any molecule is adsorbed on the activated carbon. In the 

following section, the possible mechanism to adsorb organic and inorganic 

molecules on activated carbon from aqueous solutions is discussed. 

1.5.1. Adsorption on a solid surface 

At the surface of a solid, the forces that hold the molecules of the solid together are 

unsaturated. These unbalanced forces generate the tendency of a solid to attract 

and retain on its surface some molecules coming from any substance that is in 

contact with the solid. In this phenomenon, named adsorption, the substance 

attached to the surface is called adsorbate, and the substance to which it is 

attached is known as the adsorbent.  

Depending of the nature of the forces involved in the adsorption process, the 

adsorption can be classified in a simplistic way in two types: physisorption, which is 

driven by van der Waals forces, and chemisorption, that involves a chemical 

reaction (exchange or share of electrons). Table 1.5 summarizes the main 

differences between these two types of adsorption. The word sorption is a more 

general term which groups the occurrence (proven or not) of some simultaneous 

surface phenomena as physisorption, chemisorption, surface precipitation, surface 

complexation and ion exchange. Hence, the term sorption is usually employed 

when there is not certainty about the occurring of one or more of the mentioned 

surface phenomena. 
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Adsorption equilibrium is very important to understand an adsorption process, 

since provides information about how much of the adsorbate can be attached to 

the solid surface. The adsorption phenomenon is a dynamic process where 

desorption (the inverse process) happens simultaneously with the adsorption. The 

moment at which the rate of both process are equal is known as adsorption 

equilibrium. 

Table 1.5. Main difference between physical and chemical adsorption [8,15]. 

 Physisorption Chemisorption 

Forces involved Weak - van der Waals Strong – Chemical 

Heat of adsorption 10–20 kJ/mole 40–400 kJ/mole 

Specificity Nonspecific  Site specific 

Saturation uptake Multilayer Limited to one monolayer 

Kinetics Fast (active process) Very variable 

Because adsorption is strongly influenced by temperature, pH and adsorbate 

concentration, the common way to study the adsorption equilibrium is by obtaining 

adsorption isotherms. The adsorption isotherms represent the adsorption capacity 

of an adsorbent for some specific molecule measured as to the concentration of 

the adsorbate at equilibrium. Usually, mathematical models are used to fit 

experimental data; each model implies empirical or theoretical assumptions to 

explain the adsorption phenomena. Table 1.6 resumes the main adsorption 

isotherm models and its assumptions. 
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Table 1.6. Adsorption isotherm models often used for activated carbon experiments (modified from [80]).

Isotherm Mathematical model Assumption

Langmuir b : constant related to the free 
energy of adsorption.

Assumes uniform energies of adsorption onto the 
surface and no transmigration of adsorbate in the plane 
of the surface.

Freundlich

KF : constant indicative of the 
relative adsorption capacity of 
the adsorbent.
n :constant indicative of the 
intensity of the adsorption.

Assumes that as the adsorbate concentration 
increases, the concentration of adsorbate on the 
adsorbent surface also increases.

Elovich KE :Elovich equilibrium constant.
Based on a kinetic principle assuming that the 
adsorption sites increase exponentially with adsorption, 
which implies a multilayer adsorption.

Temkin

Q = ( H) the variation of 
adsorption energy.
K0 is the Temkin equilibrium 
constant.

Assumes that the heat of adsorption of all the 
molecules in the layer decreases linearly with coverage 
due to adsorbent–adsorbate interactions, and that the 
adsorption is characterized by a uniform distribution of 
the binding energies, up to some maximum binding 
energy.

Fowler–
Guggenheim

KFG : Fowler–Guggenheim 
equilibrium constant.
W: is the interaction energy.

Take into account the lateral interaction of the adsorbed 
molecules.

Hill–de Boer
K1:  Hill–de Boer constant.
K2: energetic constant of the
interaction between adsorbed 
molecules.

Describes the case where we have mobile adsorption 
and lateral interaction among adsorbed molecules.
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Table 1.6. (Continuation)

Redlich–
Peterson

A and B: Redlich–Peterson 
isotherm constants.

is an exponent that lies 
between 0 and 1.

Empirical isotherm incorporating three parameters. It 
combines elements from both the Langmuir and 
Freundlich equations, and the mechanism of 
adsorption is a hybrid and does not follow ideal 
monolayer adsorption.

Sips

qms: Sipss maximum adsorption 
capacity.
KS: Sips equilibrium constant.
mS is the Sips model exponent.

Recognizing the problem of the continuing increase 
in the adsorbed amount with an increase in 
concentration in the Freundlich equation Sips 
equeation is proposed with a finite limit when the 
concentration is sufficiently high.

Jossens
H, F, and p: parameters of the 
equation of Jossen that depend 
only of temperature.

Based on a distribution of the energy of interactions 
adsorbate–adsorbent on adsorption sites. It 
considers that the activated carbon surface is 
heterogeneous, with respect to the interactions which 
it engages with the adsorbate.

qe : amount of solute adsorbed per unit weight of adsorbent at equilibrium (mg g 1)
Ce : equilibrium concentration of the solute in the bulk solution (mg L 1),
qm : the maximum adsorption capacity (mg g 1)

: Fractional coverage
R: universal gas constant (kJ mol 1 K 1)
T: Temperature (K)
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1.5.2. Adsorption of inorganic molecules

The major concern in the tertiary process of water treatment is the elimination of 

metal ions, mainly due to their toxicity and the potential threat to human life and to 

the environment. Adsorption onto activated carbon, together with ion exchange and 

reverse osmosis, are the most common processes to remove low concentrations of 

metals from wastewater or drinking water. Several phenomena are involved in this 

process: adsorption (physisorption or chemisorption), surface precipitation, ion 

exchange, and surface complexation. The mechanisms involved and their degree 

of importance depend on the materials used and the operating conditions [81].

Different studies have shown that during metal ions removal by activated carbon, a 

decrease in pH is observed as the metal ion concentration decreases. This fact 

implies the release of hydrogen ions (H+), indicating that the adsorption is carried 

out by an ion exchange mechanism, expressed by the following reaction:

(9)

Ion exchange consists of the replacement of an initially adsorbed readily 

exchangeable ion by another. The involvement of oxygen surface groups in the 

sorption mechanism by ion exchange was confirmed by an improvement of 

adsorption metal ions onto oxidized adsorbents [56, 82]. The formation of surface 

complexes may also happen, depending on the stability of the complex that could 

be formed between the metal ion and the carbon surface groups [56]. If the cation

concentration is high, the surface sites become saturated and the metal begins to 

precipitate (see Figure 1.14), which involves the formation of a new solid or gel 

metal hydroxide at the surface. Finally, it is already reported that adsorption by 

electrostatic attraction may also occurs by interaction between cation (Mn+) and the 

negatively electric charged surface of the activated carbon, without exchange of 

ions or electrons.
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Figure 1.14. Sorption process of metal ions in aqueous solution according to 

their concentration. 

1.5.3. Adsorption of non polar molecules 

Organic pollutants are characterized by their hydrophobic character, caused by 

their lack of dipole that could allow their solvation. As previously mentioned, ionic 

compounds can be adsorbed by the carbon surface by electrostatic interaction 

between the ion molecule and the carbon surface groups. However, as organic 

compounds (non polar) do not exhibit a surface electric charge, their adsorption on 

carbons is related to hydrophobic / hydrophilic interaction of the adsorbate and 

carbon surface. Carbonaceous materials can be considered as a combination of 

basal planes (non polar sites) and unsaturated carbons at the edges of the 

graphene layers that are frequently combined with other heteroatom-based 

functional groups (polar sites). As stated in the previous section, the polar surface 

groups are the responsible of the adsorption of ionic species by electrostatic 

interactions. On the other hand, the basal planes generate affinity for non polar 

compounds by hydrophobic interactions. These interactions are based on the 

incompatibility of the hydrophobic substance to water, that cause the association of 
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organic molecules with nonpolar environments such as the basal planes of the 

activated carbon [56]. Two mechanisms have been proposed to explain this 

behavior [81]: the π-π dispersion interaction mechanism, proposed by Coughlin and 

Ezra in 1968 [83] and the electron donor-acceptor complexation mechanism 

proposed by Mattson and coworkers in 1969 [84]. These mechanisms were based 

on experimental adsorption of different organic compounds such as phenol, 

benzene and nitrobenzene; however, these mechanisms have been employed to 

explain the adsorption of other organic molecules. 

The π-π interactions are the result of two attraction forces: on one hand, the 

overlapping of the electron clouds that provides stability to the unpaired electrons 

of the aromatic systems and, on the other hand, the electrostatic interaction 

between the negative π electrons and the positive atoms connected by sigma 

bonds [85]. 

On the other hand, Mattson and coworkers complemented this mechanism 

establishing that aromatic compounds can adsorb on carbons by a donor-acceptor 

complexation mechanism, being the carbonyl group the electron donor and the 

Coughlin and Ezra studied the adsorption of phenol and nitrobenzene 

on previously modified carbon, finding that the presence of acidic surface oxygen 

groups on activated carbon inhibited the adsorption of both organic molecules from 

aqueous solution. Based on different adsorption experiments, they considered that 

carboxylic surface groups removed electrons from the π electron systems of the 

carbon. Since the electrons were removed from the basal plane, π-π interactions 

became weaker and therefore interfered with the adsorption of organic 

compounds. These considerations appeared consistent with the concept of 

dispersion forces between the phenol π electron system and the π band of the 

graphitic planes of the carbon as responsible for adsorption. Further investigations 

have confirmed the existence of π-π electron interactions [85-89], and the 

generation of positive electric charges in the basal plane of the carbon sheets by 

means of electron delocalization [90, 91], supporting the adsorption mechanism 

proposed by Coughlin and Ezra. 
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aromatic ring of the organic compound the electron acceptor. Once the carbonyl 

groups are exhausted, the aromatic compounds can be adsorbed on the basal 

plane of the graphite sheets. This mechanism is restricted by the presence of 

carboxyl groups since these cannot perform an electron donor complex. Both 

mechanisms have been confirmed by other researchers under different conditions 

and also have suggested complementary mechanisms, and it is hoped that future 

research will totally clarify the adsorption interactions between organic compounds 

and activated carbon. 
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1.6. MOTIVATION OF THIS RESEARCH 
San Luis Potosi is one of the Mexican states that are certified to produce mescal 

and significantly contributes to the national production of this alcoholic beverage. 

Agave bagasse is the main waste produced at mescal distilleries, which causes 

environmental problems by its inappropriate disposal. Also, due to the absence of 

specific applications of this residue, most of the agave bagasse is burned under 

uncontrolled conditions, generating large amounts of ashes and particulate matter 

that are released to the environment. On the other hand, activated carbon is the 

most used adsorbent around the world and its production has considerably 

increased due to more rigorous environmental regulations in the last years. 

Previous researchers have analyzed the use of lignocellulosic materials as 

activated carbon precursor, finding that agro-wastes are a promising alternative. 

Taking into account the commercial significance of activated carbon and in order to 

take advantage of the organic wastes from the mescal industry in Mexico and more 

specifically in San Luis Potosi, this project evaluates the production of activated 

carbon from agave bagasse (Agave salmiana), generating therefore a viable 

alternative for the treatment of this waste and at the same time producing a 

material of high commercial value. 

On the other hand, because activated carbon does not exhibit a high affinity for 

anionic species in aqueous solution, as a second part of this project, the 

modification of the previously generated activated carbon is proposed in order to 

increase their adsorption of anions, particularly arsenic. This contaminant is of high 

priority around the world due to its high toxicity for human beings. The modification 

is based on the anchorage of iron oxide nanoparticles onto the activated carbon 

surface, due to the high affinity between arsenic anions and iron oxides.  
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1.7. MAIN OBJECTIVE 

The purpose of this research is to establish the production conditions to generate 

activated carbon from agave bagasse by means of chemical activation, 

characterizing the activation process and determining the influence of the 

production parameters on the characteristics of the activated carbons generated. 

Also, this research focuses on developing an easy and inexpensive method to 

anchor iron oxide nanoparticles onto activated carbon in order to generate an 

adsorbent with high arsenic adsorption capacity. 

1.8. SPECIFIC OBJECTIVES 

a) To determine the physical and chemical properties of the agave bagasse. 

b) To elucidate the effects of chemical additives on the carbonization process of 

agave bagasse. 

c) To implement a chemical activation process for agave bagasse by using ZnCl2 

and H3PO4, and to characterize the generated products.  

d) To determine the recovery of activating agent after the activation process. 

e) To determine the effect of the production conditions onto the surface area and 

hardness of the generated activated carbons, and to select the production 

conditions that favor these activated carbon characteristics. 

f) To find the production conditions to anchor iron oxide / hydroxide nanoparticles 

onto three activated carbons with different surface chemistry, by means of the 

thermal hydrolysis of FeCl3. 
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g) To elucidate the effect of the anchorage procedure (iron concentration, 

hydrolysis time and hydrolysis temperature) in the iron content and the arsenic 

adsorption capacity of the iron modified activated carbons. 

h) To determine the physical and chemical properties of the iron modified activated 

carbon and to evaluate their performance on the arsenic adsorption.  

1.9. HYPOTHESIS 

It is possible to produce activated carbon with similar characteristics to 

commercially available activate carbons employing agave bagasse as a precursor. 

Also, the in situ precipitation of iron oxides by thermal hydrolysis is a methodology 

that allows the anchorage of iron nanoparticles onto graphite layers, without the 

blockage of their pore structure. 

1.10. THESIS STRUCTURE 

Chapter 1 of this thesis contains a general review about the production and main 

characteristics of activated carbon. A brief description of the previous modifications 

of activated carbons is also included. Finally, a general revision about the 

adsorption of diverse compounds on activated carbons is presented. 

Chapter 2 includes the characterization of agave bagasse and its chemical 

activation with ZnCl2 and H3PO4. Also, the conditions to produce activated carbons 

with surface area similar to commercial activated carbons are established. Starting 

from this initial study, the activated carbon production optimization is carried out.  

Chapter 3 reports the results of this optimization, including statistical analyses, 

carbon characterization and the effect of the production parameters on the surface 

area and hardness of the activated carbons. 
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Chapter 4 contains the results concerning the modification of activated carbons 

with iron oxide nanoparticles. This chapter includes a detailed study of the effect of 

anchoring conditions (hydrolysis time, hydrolysis temperature and iron 

concentration in the hydrolysis solution) on the iron content and arsenic adsorption 

capacity, establishing the experimental conditions that favor the removal of arsenic.  

The discussion and conclusions of the main results of this work are presented in 

Chapter 5 and Chapter 6, respectively. Finally, Appendix A contain the results of 

the in situ characterization of the activation of agave bagasse with ZnCl2 employing 

an Environmental Scanning Electron Microscope (ESEM). This characterization 

was carried out with the aim to clarify the processes occurring during this step. 
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CHAPTER2
AGAVE SALMIANA BAGASSE AS A PRECURSOR TO PRODUCE 

HIGHLY MICROPOROUS ACTIVATED CARBONS

his work is aimed to employ agave bagasse, a waste from tequila and mescal

industries, to obtain a product of high commercial value such as activated 

carbon. The activated carbon production methodology was based on a chemical 

activation, by using ZnCl2 and H3PO4 as activating agent and agave bagasse as a 

natural source of carbon. The activation temperature (150–450 °C), activation time 

(0-60 min) and weight ratio of activating agent to precursor (0.2–4) were studied. 

The produced carbon materials were characterized by scanning electron 

microscopy (SEM), thermogravimetric analysis (TGA) and surface area and 

porosity measurements by nitrogen physisorption at -196 °C. In addition, the 

activating agent recovery was evaluated. We were able to obtain highly

microporous activated carbons with micropore volumes between 0.24 and 1.20

cm3/g and a surface area within 300 and 2139 m2

T

/g. These results demonstrated

the feasibility to treat the industrial wastes of the tequila and mescal industries,

being this wastes an excellent precursor to produce highly microporous activated 

carbons (pore diameter<2nm) that can be processed at low activation 

temperatures in short times, with the possibility of recycling the activating agent. 

“Wastes are the raw 
materials of the future”
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This chapter was adapted from: Development of highly microporous activated carbon from the 
alcoholic beverage industry organic by-products. Biomass and Bioenergy, In Press, Corrected 
Proof, Available online 1 September 2010. C. Nieto-Delgado, M. Terrones, J.R. Rangel-Mendez 

2.1. INTRODUCTION 

One of the most traditional industries in Mexico is dedicated to the production of 

distilled beverages such as tequila and mescal. The raw material employed to 

produce these beverages is the agave plant, which is a succulent plant of a large 

botanical genus of the same name, belonging to the Agavaceae family. Basically 

the agave plant has two main parts: long spiked leaves and the “head” or also 

called “piña” by its similarity to a pineapple after the leaves are cut off. At the 

distillery, the agave heads are split and placed in a large oven made of stainless 

steel, brick or stone. This cooking step partially hydrolyzes the polymers present in 

the plant. Subsequently, the agave heads are shredded and compressed in roll 

mills to extract the hydrolyzed sugars, which are then fermented with assistance of 

selected yeast. During fermentation, the sugars are converted into alcohol. Finally, 

the fermented juices are concentrated and purified through the distillation process 

in order to obtain the alcoholic beverages known as tequila or mescal. The main 

difference between these two beverages is the agave plant from which they are 

obtained: agave azul tequilana weber for tequila production and agave angustifolia 

haw, agave esperrima jacobi, agave weberi cela, agave patatorum zucc, and 

agave salmiana otto for mescal production [1, 2].  

The national production of tequila and mescal in 2008 was around 181 million 

litters [3, 4]. This production implies the generation of large amounts of agave 

bagasse in the distilleries, being this waste an environmental problem. According 

with the national production of tequila and mescal  of 2008, the quantity of agave 

bagasse arise to 350,000 tons on dry basis [5]. 

Recently, researchers have found some uses for this waste that include paper 

precursor [6], as raw material for animal feeding [7] and also in the production of 

oyster mushroom (Pleurotus Ostreatus) [8]. However, these products do not have 
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an important demand and most of this waste is burned under uncontrolled 

conditions, generating large amounts of ash and particulated matter which are 

released into the environment.  

On the other hand, activated carbon is the most widely used material in adsorption 

processes. Its properties such as surface area, pore size distribution and 

adsorption capacity make this material a unique adsorbent that can be used to 

treat effluents in both liquid and gas phase. The demand of activated carbon world 

wide was 890 500 metric tons in 2007, and it is prospected to raise about 5.2 % 

per year through 2012 to achieve consumption levels of 1.15 millions of metric tons 

[9]. In order to fulfill this demand, a variety of raw materials have been used; for 

example coals (lignite, bituminous and anthracites), wood, coconut shell and peat 

[10]. However, various investigations have concentrated on testing new raw 

materials to produce activated carbon, mainly agricultural byproducts such as fruit 

stones [11], seeds hulls (cottonseed, peanut, sunflower, soybean, faba bean, 

lupine) [12], straw and stalks (corn, rice, cotton, wheat) [13], wastes of wood 

industry [14] and other low-cost lignocelluloses materials that offer inexpensive 

source of carbons.  

Knowing the commercial significance of activated carbon worldwide and taking into 

account the large quantity of agave bagasse that is generated in Mexico, this 

research was focused on evaluating the feasibility of using agave bagasse to 

produce low cost activated carbon, which in turn also contributes to solve 

environmental problems at distilleries. 

There are a wide variety of approaches that can be used to evaluate a new 

material as a precursor to produce activated carbon. In general the production of 

activated carbon can be carried out by chemical activation or physical activation. 

Chemical activation is of our interest because only involves one thermal step at 

lower temperature when compared to the physical activation and allows better 

control of the pore size distribution on the carbonaceous precursors [15]. The 

selected activating agents to evaluate the production of activated carbon were 
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ZnCl2 and H3PO4

2.2. MATERIALS AND METHODS 

, because these chemicals can be used at low temperature, 

avoiding their chemical decomposition that allows their reusability during the 

activation process. 

The agave bagasse used in this study was collected from the distillery “Ipiña” 

located in San Luis Potosi, Mexico. The agave bagasse was composed of Agave 

salmiana plants. This material was sun dried previous to its storage. The inorganic 

content of the activated carbon samples and the raw material was determined as 

follow: a representative sample was burned in a furnace operating at 650 ºC for 4 h 

in the presence of air: the ash content was calculated from the residue. Prior to the 

activation, the agave bagasse was fractioned employing garden shears in order to 

obtain fibers of less than 1 cm long. After that, the fibers were dried at 110 ºC for 

24 hours. The methodology to transform this material into activated carbon was by 

chemical activation; H3PO4 (98%, Fermont ACS grade) and ZnCl2 (97%, Fermont 

ACS grade) were used as activating agents. Air-dried agave bagasse (10 g) was 

mixed in a beaker with 50 mL of H3PO4 or ZnCl2 solution of adequate 

concentrations. The mixing was performed at room temperature (25 °C) for 12 

hours. The mixture was then heated up to 60 ºC until the material had dried. The 

impregnated bagasse (200 mg) was activated using a thermo gravimetric analyzer 

(Thermo VersaTherm High Sensitivity) as a furnace, under a nitrogen atmosphere 

(min. purity 99.999%, Praxair). The heating rate was 10 ºC/min and the nitrogen 

flow was set to 20 cm3/min. Different materials were obtained by varying the weight 

ratios (R) between activating agent and agave bagasse, from 0.2 to 4 (R=weight of 

activating agent/weight of dry bagasse); the activation temperature (T) ranged from 

150 ºC to 450 ºC; and the activation time (t) from 0 to 60 minutes. After activation, 

the carbon materials were rinsed with 0.01 M HCl in order to remove the excess of 

the activating agent, and then distilled water was used to reach neutral pH. The 

recovery of the activating agent was evaluated by measuring the concentration of 
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Zn and P in the rinse water. Zn content was measured by atomic absorption 

spetrophotometry (PerkinElmer AAnalyst 400 at a wavelength of 213.86 nm). Total 

phosphorus was determined in the rinse water by the ascorbic acid colorimetric 

method [16] as follow: 10 mL of the rinse solution (pH=2) was mixed with 1.6 mL of 

the combined reagent. After at least 10 min but no more than 30 min, measure 

absorbance of each sample at 880 nm, using reagent blank as the reference 

solution. Calibration curve was made by dilution with distilled water of stock 

phosphate solution (99.0%, Fermont ACS grade). 10 mL of distilled water with 1.6 

mL of combined reagent was employed as blank. 100 mL of the combined reagent 

solution is composed by 50 mL of 5N H2SO4 (98%, J.T. Baker ACS grade); 5 mL 

of antimony potassium tartrate solution: 2.6 g C8H4K2O12Sb2•3H2O (99.0%, 

Fermont ACS grade) diluted to 500-mL in distilled water; 15 mL ammonium 

molybdate solution: 20 g of (NH4)6Mo7O24·4H2O (83.0%, Fermont ACS grade) 

diluted to 500-mL in distilled water; and 30 mL ascorbic acid solution: 1.76 g 

ascorbic acid (99.0%, Fermont ACS grade) in 100 mL distilled water. The BET 

(Brunauer-Emmett-Teller) surface area was determined by N2

2.3. RESULTS AND DISCUSSION 

 physisorption at -

196 °C by ASAP 2020 equipment (Micromeritics Instrument Corporation) and the 

pore volume was calculated from the DFT method. Elemental analysis of samples 

(carbon, hydrogen and nitrogen) was carried out by using an ECS costech 

analyzer model 4010. Finally, the natural and carbonized materials were 

characterized by Scanning Electron Microscopy (SEM, FEIXL30 field emission 

gun) without applying any metal coating.  

2.3.1. Agave bagasse characterization 

In order to consider a raw material as a precursor to produce activated carbon it 

must possess certain characteristics, for example: low cost, availability, high 

carbon content, minimum presence of inorganics and the existence of natural 

porosity [17]. As stated above, the agave bagasse is a waste from the tequila and 
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mescal industry, and does not have any commercial use. Table 2.1 shows the 

elemental analysis of agave bagasse. Also, the chemical properties of materials 

often used to produce activated carbon are included. 

The ash content is an important parameter since it is related to the dissolution of 

these salts when the activated carbon is used, thus generating polluting problems 

in the stream to be treated. Therefore, low ash content in activated carbons is 

desired. Table 2.1 shows the ash content of agave bagasse and other activated 

carbon precursors. The analyses indicated that the agave bagasse had only 6.5 % 

of inorganic content, and the activated carbons produced from this precursor were 

almost ash free. This was because the washing step after the activation process 

removed the salts presented in the precursor. The ash content of the agave 

bagasse is within the same range found in other precursors. On the other hand, the 

carbon content of the activated carbon precursors mostly used worldwide range 

from 40 to 90 %. In comparison, the agave bagasse has 45 % of carbon, which is 

an acceptable value.  

Table 2.1. Elemental analyses and ash content of some activated carbon 
precursors. 

Material C (%) H (%) N (%) Ash (%) 

Agave bagasse 45 5.9 0.3 6.5 

Sugar cane bagasse [18] 45.5  5.0 0.1 10.5 

Coconut shell[18] 52.8  5 0.08 3.1 

Coconut coir[18] 93.9  0.7 - 3.1 

Pine wood[18] 48.0  6.4 0.01 0.4 

Bituminous carbon [18] 80.2  6.04 1.51 11.5 

Corn cobs[18] 46.3  5.6 0.57 5.3 

Rice straw[18] 41.8  4.6 0.7 13.4 
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Figure 2.1. Thermogravimetric (TG, solid line) and differential thermogravimetric analysis (DTG, 

doted line) of raw and impregnated agave bagasse. A: natural agave bagasse. B: ZnCl2
Impregnated agave bagasse (R=0.8). C: H3PO4 Impregnated agave bagasse (R=0.8). D: ZnCl2

Thermogravimetric analysis (TGA) was used to monitor the carbonization and 

activation process. Figure 2.1 shows the weight loss (TG) and weight loss rate 

(DTG) curves of four samples: raw agave bagasse, H

salt.

3PO4 impregnated agave 

bagasse, ZnCl2 impregnated agave bagasse and ZnCl2 salt. Figure 2.1A shows a 

multiple stage thermal degradation of agave bagasse. The main composition of 

agave bagasse is a mixture of cellulose, hemicellulose, lignin, organic extractives 

and inorganic minerals [10]. Previous studies of thermal degradation of 

lignocellulosic materials have shown that the thermal decomposition of biomass is 

a complex network of reactions and hence the response could include the 

superposition of the decomposition behavior of its individual components [10, 19].

In general, the lignin components undergoes a slow process of degradation, while 
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cellulose and hemicelluloses are the components that decompose in a primary 

stage under a complex depolymerization mechanism evolving dehydration, 

cyclization, condensation, and heterolytic cleavage reactions [20]. Figure 2.1A 

shows two stages of thermal decomposition of agave bagasse: weight loss from 70 

ºC to 150 ºC that can be attributed to moisture released and to the evaporation of 

some volatiles; after that a significant weight loss of around 60 % of the mass from 

180 ºC to 300 ºC. Above 300 ºC the weight decreased slowly, regardless of the 

temperature. The DTG curve (Figure 2.1A) showed two peaks, the first peak 

located at 85 ºC, corresponds to a moisture release process. The second peak at 

231 ºC presents a shoulder around 180 ºC corresponding to the biopolymer 

gasification. Similar trend is reported for lignocelluloses materials, but at minor 

temperatures. For example, the DTG profile of sugar cane bagasse shows 

maximum peaks at 281 ºC and 336 ºC; corn cobs at 310 ºC and 370 ºC  and 

coconut shell at 298 ºC and 368 ºC, all of them obtained with a heating rate of 10 

ºC/min, and under nitrogen atmosphere [20-22]. According to these data, the 

thermal degradation of agave bagasse begins at lower temperature than similar 

lignocelluloses materials. This phenomenon can be attributed to the heating step of 

the agave head in the tequila and mescal distilleries. This thermal treatment starts 

to break down the biopolymers in the agave bagasse, transforming the complex 

arrangement into more labile structures and hence the thermal degradation of the 

pre-cooked bagasse can happen at lower temperatures. This property of the agave 

bagasse can be an advantage because if the thermal reactions start at moderate 

temperatures, the activation process can be conducted at lower temperatures, thus 

decreasing the operation cost. Figure 2.1B shows the TG-DTG curves of 

impregnated bagasse with ZnCl2 (R=0.8). These data showed a decrease of the 

temperature at which the sample began to lose weight, the major peak appeared at 

129 ºC, 100 ºC less than the raw agave bagasse. According to previous reports, 

this weight loss is mainly attributed to H2O emission, coming from different kinds of 

reactions catalyzed by the activating agent [19, 20, 23].  
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Figure 2.2. Hypothetical reactions of cellulose monomer and ZnCl2 that promote the H2

In the early stages of the chemical activation of lignocellulosic materials with ZnCl

O formation 

in the early stages of the activation. Zinc chloride acts as Lewis acid, making chemical complexes 

with oxygen of the biopolymer to eliminate hydroxyl groups (A) or promoting the bond cleavage of 

the biopolymer (B).  

2

The second stage of the weight-loss can be attributed to carbon gasification, 

coming from labile carbon in the new carbonized structure. Some authors correlate 

this second stage, presented on the thermal treatment of ZnCl

, 

the activating agent can act as a dehydrating agent, thus catalyzing the cleavage 

of hydroxyl groups presents in the biopolymer, promoting the formation of double 

bonds inside the biopolymer chain (Figure 2.2A), and also the biopolymer cleavage 

(Figure 2.2B), which starts to form the solid carbonaceous structure. 

2 impregnated 

samples, to volatilization of ZnCl2 itself [21, 24]. This assumption can be confirmed 

with the TG results of pure ZnCl2 that appear in Figure 2.1D, since it begins to lose 

weight around the same temperature of the second weight loss of the impregnated 

sample. The way in which the ZnCl2 loss weight above 300 °C could be attributed 

to a gradually mass transfer of the molten salt by the carrier gas, since the melting 

point of ZnCl2 is 290 ºC.  
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Finally, the TG-DTG responses of impregnated agave bagasse with H3PO4 

(R=0.8), Figure 2.1C, showed also a reduction in the temperature at which the 

weight loss began compared with raw agave bagasse. The major peak appeared 

at 124 ºC, as in the ZnCl2 impregnated samples; this stage consists in H2O 

elimination catalyzed by H3PO4. Some pathways have been proposed about the 

reaction mechanisms that follow the phosphoric acid in the activation of 

biopolymers [25-27], similar to the developed reactions when ZnCl2 is used (Figure 

2.2).  

 
 

Figure 2.3. Reactions of cellulose monomer and H3PO4

 

. The phosphoric acid has the capacity to 

form phosphate linkages between biopolymer chains (A), stables at temperatures below 450 ºC. 

Also the phosphoric acid can avoid the formation of volatile species such as levoglucosan, 

producing a slow weight loss of material (B).  
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However, H3PO4 in contrast with ZnCl2

Scanning electron microscope was used to obtain information about the 

morphology of the natural and carbonized agave bagasse. The natural bagasse 

does not exhibit any particular pore structure (Figure 2.4A). Samples of bagasse 

were carbonized in N

, can perform phosphate linkages, such as 

polyphosphates esters (Figure 2.3A), that can serve to connect the biopolymer 

fragments. The formation of ester linkages with hydroxyl groups of the biopolymer 

stabilizes the structure, and also the phosphoric acid can serve as inhibitor of the 

formation of levoglucosan (Figure 2.3B). The levoglucosan formation is related with 

the route to the degradation of cellulose through its decomposition to volatile 

products. In this way, blocking the formation of levoglucosan by phosphoric acid, it 

helps to avoid the rapid gasification of the carbon structure [26, 28, 29]. This effect 

can be seen in Figure 2.1C, where a slowly weight loss can be observed at a 

temperature higher than 250 ºC. On the other hand, the formation of phosphate 

esters in the carbon structures can have negative consequences as far as the 

recovery of activating agent is concern, since this kind of structures are stable until 

450 ºC [26].  

2 atmosphere at different temperatures (180-450 ºC) to 

explore the development of porosity: carbonized samples at temperature about 240 

°C revealed an arrangement of parallel channels from tip to tip of the fiber (see 

Figure 2.4B and 2.4C). The diameter of these channels ranged between 10 and 20 

µm, and the thickness of the walls from 3 to 5 µm. The formation of these 

structures are related to the natural physiology of the agave bagasse fiber, which 

are constituted by elongated cells, composed by layers with different proportions of 

lignin, cellulose and hemicelluloses. According with the structure formed, it is 

expected that the central part of the fiber were composed by labile materials such 

as cellulose. A deep characterization and discussion about the formation of these 

structures during the carbonization of agave bagasse fibers are reported in 

Appendix A.  
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Figure 2.4. SEM images of raw (A) and carbonized (B and C) agave bagasse. 

2.3.2. Activated carbon production  

A large number of parameters can influence the activated carbon characteristics, 

being the concentration of activated agent, the activation temperature and the 

activation time the most influencing parameters. Activated carbon is widely used in 

different kind of systems, the majority of these are associated with adsorption 

processes. The adsorption process involves the accommodation of the adsorbate 

on the surface of the activated carbon. Because of this, the surface area and the 

number of surface groups in the activated carbon can be considered as the 

principal characteristics that contribute to increase the ability of carbon to adsorb 

some specific molecules. Taking into account the importance of the surface area in 

the adsorption properties of an activated carbon, the objective of the following 

section is to study the effect of each production parameter on surface area, in 

order to establish the production conditions that develop the highest surface area. 
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Figure 2.5. Effect of activation temperature (A), activating agent concentration (B) and activation 

time (C) on surface area of activated carbon developed by using ZnCl2 ( nd H3PO4 (
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2.3.2.1. Activation temperature 

When a precursor is impregnated with ZnCl2 or H3PO4, its thermal degradation is 

accelerated. Moreover, the chemical pathways modify the carbon arrangement, 

thus developing a porous structure and hence a higher surface area. In this way, 

the activation temperature is correlated with the activation energy needed to begin 

the reactions, and this energy depends on the activating agent employed. This 

effect can be visualized in Figure 2.5A in which the developed surface area in the 

activated carbon is reported as function of the activation temperature for both 

activating agents used. In this research H3PO4 impregnated bagasse began to 

develop considerable surface area at temperatures higher than 200 ºC, in contrast, 

ZnCl2 impregnated samples started to develop considerable surface area at 250 

ºC. The surface area increased as the activation temperature rose to 400 ºC for 

ZnCl2 impregnated samples. This phenomenon was largely due to the excessive 

burn-off (pore development and/or carbon conversion) of carbon constituents at 

this high temperature. It should be noted that at temperatures higher than 400 °C 

the increment in the activation temperature do not increase the surface area of the 

activated carbon, therefore does not make sense to explore higher activation 

temperatures. The temperature at which the surface area began to decrease is 

near to temperature at which the pure ZnCl2 started to lose weight (Figure 2.1D), 

therefore the evaporation of ZnCl2 at temperatures higher than 400 ºC could 

influence the decrease of surface area. On the other hand, the surface area of the 

H3PO4 impregnated samples remains constant at activation temperatures above 

250 °C. As exposed previously, H3PO4

According with these results, the activation temperature of 350 ºC and 250 °C for 

ZnCl

 inhibit the gasification of the biopolymers 

avoiding the levoglucosan formation [26] (Figure 2.1A), hence the extensive burn 

off that could occur at higher temperatures do not have any appreciable effect in 

the activated carbon surface area. 

2 and H3PO4, respectively, were selected in order to explore all other 

production conditions. 
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2.3.2.2. Activating agent concentration 

The zinc chloride impregnated samples presented an increase in surface area as 

the impregnation ratio increased (Figure 2.5B), getting a maximum at R=2. When 

R>2 the surface area slightly decreased, showing that high concentrations of ZnCl2 

did not obstruct the development of a larger surface area. When analyzing these 

results, one could hypothize that only part of the ZnCl2 participated in the activation 

reactions with the precursor, and the excess not being in direct contact with the 

precursor, did not have any influence in the pore development. These results 

indicated that the use of large amounts of ZnCl2 is not necessary to develop high 

surface area in activated carbons. The activated carbons surface area with 

impregnation ratio of H3PO4 is progressive up to 1.2, after this point it decreased. 

Some authors suggest that the mechanism of reaction by which the phosphoric 

acid promotes pore formation in the activation of lignocelluloses material consists 

in the dilation and stabilizing formation of cross-links in the form of phosphate 

esters. However, when the phosphoric acid concentration is too high, the dilation 

effect could be so intense causing the collapse of pores and therefore, decrease 

the activated carbon surface area [26]. These results are in agreement with these 

reported by other researches that used phosphoric acid as activating agent, finding 

that the optimal weight ratio is around 1.5 [30, 31]. Similarly to the activation 

temperatures studied, here we found that R=2 and R=1.2 for ZnCl2 and H3PO4

2.3.2.3. Activation time 

, 

respectively, were the activating agent concentrations that developed the highest 

surface area in agave bagasse.  

The main reason to study the activation time is to ensure that the different phases 

of the activation process have ended. At early stages, the moisture and most of the 

volatile components of the precursor are eliminated. Subsequently and depending 

of the activating agent, the formation of the basic pore structure proceeds. Low 

activation times resulted in an incomplete burn-off and excessive activation times 

caused enlargement of pores at the expense of surface area. In addition, the 
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control of the activation time is of economic interest since short times are generally 

desired in order to reduce energy consumption. Figure 2.5C shows the effect of 

activation time on the surface area of the activated carbons. Almost no effect of the 

activation time on the surface area developed on the phosphoric acid activated 

samples was found: the highest surface area developed occurred after 20 minutes 

of activation exhibiting surface areas of ca. 1100 m2/g. In contrast, the ZnCl2 

impregnated samples increased their surface area as the activation time increased, 

reaching the maximum at 40 minutes of activation. Among the materials 

developed, we can found that the production parameters that exhibit the major 

surface area when H3PO4 was used are: R=1.2, T=250 ºC and t=20 min and R=2, 

T=350 ºC and t=40 min for agave bagasse activated with ZnCl2. Two more 

samples were produced at this specific production conditions in order to test by 

triplicate the surface area obtained. The resulted surface area was 1073±38 m2/g 

for H3PO4 activated samples and 2139±108 m2/g for ZnCl2 activated samples. 

However, to be conclusive about these results a more detailed study of the 

production parameters around these values is needed. It should be noted that the 

surface area developed with ZnCl2 was always higher than the H3PO4 

impregnated samples. The reason of this effect can be linked to the different 

activation mechanism of both activating agents. Some studies have correlated the 

pore volume to the amount of activating agent used. Thus suggesting that the 

created porosity by the activating agent is due to the created spaces by the 

chemicals after the washing step [32]. The water-soluble components are easily 

removed during the activated carbon washing, due to the high solubility of zinc 

salts (ZnCl2 : 4.23 g/mL). In contrast, when phosphoric acid is used as activating 

agent, phosphate and polyphosphate species are incorporated to the carbon 

matrix, through C-O-P bonds [27, 29], and therefore part of the phosphorus would 

not be completely removed when rising the material and as a consequence, the 

resulting surface area is smaller than that obtained when using ZnCl2. Similar 

results have been found for the chemical activation of lignocelluloses materials with 

ZnCl2 and H3PO4: activated carbon from oreganum stalks using an impregnation 
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ratio of 1 and 600 °C of carbonization temperature, had surface areas of around 

1000 m2/g and 700 m2

2.3.3. Pore structure

/g, respectively [33].

The activated carbon pores are classified based on their diameter as macropores 

(those greater than 500 Å), mesopores (those within 20 and 500 Å) and micropores 

(those smaller than 20 Å). The microporous activated carbon has commercial 

advantages: activated carbons with higher micropore volume have much higher 

capacity to adsorb small molecules, such as volatile organic chemicals. 
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Figure 2.6. Nitrogen adsorption (close) and desorption (open) isotherms of selected samples. The 

employed nomenclature indicates the production conditions as follow: activating agent, weight ratio 

between the activating agent and the precursor (g/g), activation temperature (°C), and activation 

time (minutes).
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Higher capacity means that the activated carbon will last longer before it needs to 

be replaced. Also the microporous materials are the most suitable materials for gas 

storage applications. In addition, the pore structure of microporous carbon can be 

easily modified by thermal treatments were the pore structure become wider, 

allowing to adsorb large molecules after modification.  

Figure 2.6 shows the adsorption isotherms of selected samples. As can be 

observed, the shape of the isotherms showed a typical type I adsorption isotherm 

that are characterized of materials with narrow pore size distribution on the 

micropore range [34, 35]. Analizing the pore volume of these samples (Table 2.2), 

the activated carbons developed in this research are basically microporous 

because up to 70 percent of the total pore volume is contained within this range.  

Table 2.2. Porosity parameters of activated carbons calculated from nitrogen 
adsorption isotherms. 

Activating Agent 
Production Conditions 

(R, g/g - T, ºC - t, min) 

V

(cm
micro 

3

V

/g) (cm
meso 

3

V

/g) (cm
tot  
3

V

/g) (%) 
micro 

H3PO 1.2-250-20 4 0.764 0.095 0.894 85.5 

 2-250-20 0.626 0.237 0.882 71.0 

ZnCl 2-350-40 2 1.202 0.392 1.717 70.0 

 2-350-20 1.106 0.235 1.345 82.2 

Vmicro: micropore volume                           Vmeso: mesopore volume                         Vtot

It has been previously reported that some materials such as coconut shell based 

activated carbon and kraft lignin based activated carbon have 1.14 cm

: total volume 

3/g  and 1.04 

cm3/g of micropore volume [24, 36]. In comparison with these materials, the agave 

bagasse based activated carbon showed similar micropore volumes. These results 

make to the agave bagasse an interesting precursor to produce versatile activated 

carbons. 
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Representative SEM micrographs of the activated carbon produced using ZnCl2
and H3PO4 as activating agent are reported in Figure 2.7. Activated samples with 

ZnCl2 showed different morphology than the carbonized material (see Figure 2.2)

which showed a channel arrangement. It seems that the reaction of the 

biopolymers with high concentration of ZnCl2 could lead to the formation of a “fluid 

phase” (Figure 2.7A and 2.7B). In order to explain this behavior, it is important to 

keep in mind that the agave bagasse is constituted of a complex mixture of 

interconnected biopolymers and therefore its chemical properties may be similar to 

polymers. Polymeric materials are characterized by two major types of transition 

temperatures: the crystalline melting temperature (Tm) and the glass transition 

temperature (Tg). The crystalline melting temperature is the melting temperature of 

the crystalline domains of a polymer sample. 

Figure 2.7. SEM images of activated carbons produced with ZnCl2 (A, B) and H3PO4 (C, D) as 

activating agent.
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The glass transition temperature is the temperature at which the amorphous 

domains of a polymer take the characteristic properties of the glassy state: 

brittleness, stiffness, and rigidity. This glass transition is associated with the onset 

of “rubbery flow” caused by slippage of the biopolymers which increase their kinetic 

energy when increasing temperature. These two thermal transitions depend of 

several parameters, including the average molecular weight [37]. As previously 

mentioned, the activating agent modifies the thermal degradation of the raw 

material, thus promoting the bond cleavage or, from the standpoint of polymers, a 

depolymerization reaction. Some light compounds may be released as gasses, but 

if the biopolymer chain generated is of a size that does not allow its volatilization, 

this will remain as a condensed phase. These bonds cleavage generate chains of 

lower molecular weight which may have lower melting temperature and hence 

generate the melted phase that was observed in the SEM images (Figure 2.7A and 

2.7B).  This effect has been previously observed, in the fast-pyrolysis of wood [19], 

the production of activated carbon from fruit stones, nutshells [38] and kraft lignin 

[24], showing that the thermal process exhibits many properties of a “molten plastic 

state”. Something to remark is the newly created pores that can be observed in 

Figure 2.7B and 2.7D. Interestingly, activated samples treated with H3PO4

2.3.4. Activating agent recovery 

 did not 

show a deformation of the shape of the original fiber (Figure 2.7C). This could be 

attributed to the lower impregnated ratio used, and to the stabilization crosslink that 

performed phosphate in the activation step. With the aim to clarify the reactions 

that occur during the activation process, In situ observations of the thermal 

activation were carried out employing an environmental scanning electron 

microscope (ESEM). These results are summarized in appendix A. 

Since the use of activating agents leads to environmental pollution, their recovery 

is a critical point in the production of activated carbon. For this purpose, the filtrate 

from the washing step of activated carbon with acid and distillated water was 
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analyzed to evaluate the recovery of both activating agents. Table 2.3 includes the 

mean recovery percentage of two replicates for the marked samples with an *.  

Table 2.3. Chemical recovery of activating agents. 

Activating 
agent 

Activation temperature 
(T, ºC) 

Chemical ratio 
(R, g/g) 

Activation time 
(t, min) 

Chemical 
recovery (%) 

H3PO 250 4 0.4 20 27.9* 

 250 0.8 20 48.6 

 250 1.0 20 45.6* 

 350 0.4 20 24.6 

 350 0.8 20 17.6* 

 350 1.0 20 33.7 

ZnCl 250 2 0.4 20 88.9* 

 250 0.8 20 87.5* 

 250 1.0 20 86.7 

 350 0.4 20 88.1* 

 350 0.8 20 87.4 

 350 1.0 20 86.2* 
* mean recovery percentage of two replicates 

The average deviation for the chemical recovery reported in Table 2.3 (for the 

marked samples with an *) was 2.8 % and 3.7 % for H3PO4 activated samples and 

ZnCl2 activated samples respectively. For ZnCl2, the recovery was about 89 % 

when the activation temperature corresponded to 250 ºC, regardless of the amount 

of activating agent used. When the activation temperature increased to 350 ºC, the 

recovery decreased slightly to 87.5 % for all the chemical ratios used. Moreover, 

the degrees of recovery of H3PO4 were between 20 and 50 % of the initial amount 

used. The low recovery of H3PO4 can be attributed to its ability to build phosphate 

bridges between the aromatic rings generated in the activation process [26]. These 

links are stable below 450 ºC, hence, unrecovered H3PO4 remained anchored in 

the activated carbon matrix. The presence of phosphate groups in the activated 
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carbon after the washing step was confirmed by EDX analysis; it was found to be  

up to 5% by weight of phosphorus. According to these results, it could be possible 

to reuse part of the ZnCl2 recovered during the activated carbon washing, in order 

to avoid the generation of undesired wastes and diminish the activating agent 

consumption. Previous reports have successfully applied this strategy, recovering 

about 75% of the initial ZnCl2

2.4. CONCLUSIONS 

 employed [31]. 

According with our results it is possible to take advantage of the organic wastes 

from the tequila and mescal industries to produce high quality activated carbons, 

generating therefore a viable alternative for the treatment of these residues. In 

agreement with the characteristics developed by the agave bagasse based 

activated carbons it is expected that this material can be an excellent adsorbent, 

which could be used in the treatment of gaseous and liquid effluents. About the 

production parameters that develop the highest surface area when H3PO4 is used 

are R=1.2, T=250 ºC and t=20 min, and R=2, T=350 ºC and t=40 min for agave 

bagasse activated with ZnCl2, exhibiting surface areas of 1198 m2/g and 2245 

m2/g, respectively. When comparing these production parameters with the typical 

activation temperatures (>500 ºC) and activation times (few hours) reported to 

produce activated carbon from other lignocelluloses precursors, agave bagasse 

offers important commercial and economical advantages due to the low activation 

times and activation temperatures required. The pores size of the activated 

carbons from agave bagasse is mainly within the microporous range (pore 

diameter < 2 nm), being the micropore volume in some samples even 80% of the 

total pore volume. Regarding the activating agents, ZnCl2 has some advantages 

over H3PO4: ZnCl2 impregnated samples display almost twice the surface area. In 

addition, up to 89% of ZnCl2 can be recovered, which makes its use feasible at 

high impregnation rates. Based on these results, agave (salmiana) bagasse should 



Chapter 2 

Agave bagasse as a precursor to produce highly microporous activated carbon 
César Nieto Delgado    IPICyT   2010 82 

 

now be considered as a new alternative to produce highly microporous activated 

carbons.  
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CHAPTER3
PRODUCTION OF ACTIVATED CARBON FROM AGAVE SALMIANA 

BAGASSE: SURFACE AREA AND HARDNESS OPTIMIZATION BY USING THE 
RESPONSE SURFACE METHODOLOGY

he success of activated carbon in adsorption systems is due to its extensive 

surface area and diverse surface groups that allow the removal of compounds 

from both liquid and gas streams. However, the treatment of liquid streams on 

packed column systems requires granular material with mechanical strength to 

avoid the attrition caused by the stream flow. Therefore an appropriate balance 

between surface area and hardness is essential when using activated carbon in

real systems. The purpose of this research is to obtain the optimal production 

conditions that generate activated carbon from agave bagasse with adequate 

mechanical properties to be used in packed column systems. Carbons were 

produced by chemical activation with ZnCl2 or H3PO4. The response surface 

methodology (RSM) was used to evaluate the effect of the activation temperature 

(250-550 °C), activation time (0-50 min), and the concentration of activating agent 

(0.2-1.4; g activating agent/g bagasse). Both, surface area and hardness were the 

analyzed responses. Plus elemental composition and the point of zero electric

charge were determined for selected samples. The H3PO4 activated carbons had

hardness and a surface area that range from 75.9 to 95.5 % and from 235 to 1087 

T

“Statistics may be 
defined as a body of 
methods for making wise 
decisions in the face of 
uncertainty”
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m2/g, respectively. Carbons activated with ZnCl2 showed superior surface area (2-

1765m2/g), but low mechanical properties since their hardness range from 60.7 to 

95.4 %. The concentration of activating agent was the variable that most affected 

both responses. Increasing the concentration of activating agent, at the optimal 

temperature and activation time, the surface area can reach 1327 and 2109 m2/g 

for H3PO4 and ZnCl2 activated samples respectively. The production conditions 

that generate the material with the optimal characteristics were 392 °C, 1.02 g 

activating agent/g bagasse and 23.8 min for H3PO4 activated samples and 456 °C, 

1.08 g activating agent/g bagasse and 23.8 min for ZnCl2 activated samples. The 

surface area and hardness of the optimal materials were similar to properties of 

commercial activated carbons (surface area > 800 m2/g and hardness > 85%). 

Finally, the low point of zero electric charge (3.0 and 2.2 for ZnCl2 and H3PO4 

activated carbons, respectively) showed that the produced activated carbons are 

mainly acidic.  

3.1. INTRODUCTION 

Activated carbon is the most widely used adsorbent around the world, which has 

applications on diverse areas such as in food processing, pharmaceuticals, 

chemical synthesis and purifications, petroleum refinery, mining processes, 

automotive parts, solvent recovery, odor elimination, support of catalyst, and as 

adsorbent of a variety of pollutants from gas and liquid phases [1]. Due to its large 

number of applications, the production and characterization of activated carbon is 

of great interest to both science and industrial applications. One of the methods to 

produce activated carbon involves the thermal treatment of a precursor under an 

inert atmosphere, step in which a porous structure is formed. When the generation 

of this porous structure is assisted by the addition of chemical additives such as 

ZnCl2, KOH or H3PO4, the activation methodology is known as chemical activation. 

Instead if an oxidant gas such as air, CO2 or steam is added during the thermal 

process, the activation is known as physical activation [2].  
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Regardless of the methodology employed to produce activated carbon, the major 

challenge is to produce materials with specific features to solve particular 

problems. To achieve this aim, it is necessary to know the influence of the 

production parameters on both physical and chemical characteristics of activated 

carbons. When chemical activation is employed to produce activated carbon, the 

activating agent concentration, the activation temperature and the activation time 

are the production parameters that most  influence  the properties of activated 

carbon [2, 3], whereas the activation time and the activation temperature are the 

most affecting or impacting  parameters when a physical activation methodology is 

utilized.  

Activated carbons from new precursors are traditionally obtained by studying one 

production parameter at a time, and evaluating key features of the activated carbon 

as the surface area, pore volume and/or the adsorption capacity of a model 

compound. This methodology can be useful to explore the feasibility of producing 

activated carbons from a new precursor, however, the characteristics of an 

activated carbon are the result of the influence of all the variables involved in the 

production process. Thus, by varying one condition at a time, some combinations 

of experimental conditions are not considered. In addition, one factor at a time 

analysis has generally negative implications: it is very expensive due to the number 

of required tests, the effect of each factor has a very limited field validity, it is not 

possible to detect interactions of two or more factors and finally, there is not 

guarantee to obtain the optimal conditions [4]. Therefore if the goal is to elucidate 

the influence of production parameters over some property of an activated carbon, 

the correct approach is to implement experimental design which explores a broad 

range of each production parameter, with the minor number of tests, generating 

useful data to predict and optimize any properties of the activated carbon 

produced. In this way, the response surface methodology (RSM) is a collection of 

mathematic and statistic techniques useful to model and analyze problems, where 

response variables are influenced by multiple conditions. Despite the RSM is a 

popular tool in processes optimization, it is rarely used in the activated carbon 
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production. Recently, researchers began to use the RSM to optimize the 

production of activated carbon from Luscar char [5], coconut shell [3], coconut husk 

[6], turkish lignite [7], tamarind wood [8], olive-waste cakes [9], and sewage sludge 

[10], demonstrating that it is an appropriate tool to optimize the activation process 

of carbonaceous materials.  

Chapter 2 of this thesis demonstrated the possibility to produce activated carbon 

from agave bagasse by chemical activation using either ZnCl2 or H3PO4 as 

activating agent [11]. However, carbons from soft precursors such as agave 

bagasse have low mechanical properties, being difficult their application in the 

treatment of liquid effluents on packed column systems. Taking this into account, 

the purpose of this research is to obtain the production conditions that generate 

activated carbon from agave bagasse, which is a waste from the mescal and 

tequila industries in Mexico, with an appropriate balance between surface area and 

hardness. In order to achieve this objective the effect of (1) activation temperature, 

(2) activating agent/precursor weight ratio and (3) the activation time on the 

physical characteristics (surface area and hardness) of activated carbon were 

evaluated employing the response surface methodology.  

3.2. EXPERIMENTAL 

3.2.1. Activated carbon production 

Agave bagasse from Agave salmiana plants was collected from a distillery located 

in San Luis Potosi, Mexico. First, the agave bagasse was fractioned to obtain fibers 

no longer than 1 cm. After that the fibers were dried at 110 ºC for 24 hours. 

Activated carbons were produced by a chemical activation process using either 

H3PO4 or ZnCl2 as activating agent. The chemicals used were ACS grade (ZnCl2 

97% and H3PO4 98%) from Fermont Different materials, according to the 

experimental design (Table 3.1), were obtained varying the activating agent 

concentration (R, g activating agent /g bagasse), the activation temperature (T, °C), 



Chapter 3 

Production of activated carbon from agave salmiana bagasse: surface area and hardness optimization 
César Nieto Delgado    IPICyT   2010 89 

 

and the activation time (AT, min): the activation time began once the activation 

temperature was reached. Besides, the activating agent and the agave bagasse 

were physically mixed in order to promote a homogeneous distribution of the 

activating agent into the precursor. Air-dried agave bagasse (100 g) was mixed in a 

beaker with 250 mL of H3PO4 or ZnCl2 solution with the indicate concentrations. 

The mixing was performed at room temperature (25 °C) for 12 hours; then, the 

mixture was dried at 60 ºC. Afterwards, approximately 3 g of impregnated sample 

were placed in a stainless steel mesh capsule (10 cm long, 3 cm wide, 1 cm high), 

and placed in the center of a quartz tube. Then the sample was activated inside a 

tubular furnace under argon atmosphere (99.998 % of Ar), at a flow rate of 1.2 

L/min and a heating rate of 10 ºC/min. The temperature was kept constant during 

the required time (AT) and the sample was cooled down outside the furnace at 

room temperature. The produced activated carbons were rinsed with 10 % HCl 

aqueous solution to remove the excess of activating agent, and then the samples 

were rinsed with distilled water until neutral pH.  

3.2.2. Materials characterization  

The BET surface area [12] was determined by N2 adsorption at -196 °C using a 

Micromeritics ASAP 2020 instrument. The hardness of the activated carbon was 

determined by a methodology already reported [13-15]: (1) 100 mg of 20/40 US 

mesh (0.85–0.42 mm) activated carbon was weighed and placed in a 250 mL 

Erlenmeyer flask, and then 10 glass marbles (2 of 15 mm diameter and 8 of 5 mm 

diameter) were introduced in the flask; (2) the flask was capped and placed in an 

orbital incubator at 25 °C; (3) the samples were shaken at 150 RPM for 15 minutes 

and then sieved through a 40 US mesh screen. The retained material by the mesh 

was weighed and the hardness number was calculated as a percentage of the 

carbon retained after the milling process regarding to the initial mass. The speed 

and time to determine hardness as stated on step 3 were established using a 

commercial activated carbon (Filtrasorb 400 from Calgon). A series of experiments 

were developed varying the milling time and the speed of the shaker, until getting 
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the hardness value of 95%, which is the value reported by the manufacturer of F-

400 activated carbon.

Selected materials were characterized by FTIR, elemental analysis and their point 

of zero electric charge. Attenuated total reflection Fourier transform infrared (ATR-

FTIR) analyses (Thermo-Nicolet, Nexus 470 FT-IR E.S.P.) were used to identify 

the activated carbon functional groups, and their evolution regarding the production 

conditions. Previous to ATR-FTIR analyses, activated carbons were dried at 110

°C for 24 hours. Then, the spectra were obtained from 650 to 4000 cm-1 with 6 cm-1

resolution, taking the average of 64 scans. Elemental analysis of samples (carbon, 

hydrogen and nitrogen) was carried out by using an ECS costech analyzer model

4010. The inorganic content of the activated carbon samples and the raw material 

was determined as follow: a representative sample was burned in a furnace 

operating at 650 ºC for 4 h in the presence of air: the ash content was calculated 

from the residue. Phosphorus was determined by ICP spectroscopy after 

microwave assisted digestion of the activated carbons, and finally, the oxygen 

content was determined by the following equation:

The pHPZC of the activated carbons was determined by mixing 0.2 g of carbon with 

4 mL of CO2 free distilled water. The mixture was kept in a glass vial which was 

shaken at 120 RPM for 5 days. The supernatant pH was measured with a glass 

bulb electrode (semi micro electrode Orion 911600, Orion 2-Star Bench top pH 

Meter) taking this pH as the pHPZC of the solid.

3.2.3. Experimental design

The Response Surface Methodology is a statistical method that uses quantitative 

data from an appropriate experimental design to develop regression model 

equations which are useful to predict and optimize the operating conditions of 

some processes. This methodology assumes that a response Y also called 



Chapter 3 

Production of activated carbon from agave salmiana bagasse: surface area and hardness optimization 
César Nieto Delgado    IPICyT   2010 91 

 

response variable, is a function of a set of process variables X1, X2, …, Xk, which 

can be controlled. That function can be approximated by a polynomial model, the 

most commonly used are first order (equation 3.1) and second order (equation 3.2) 

models, where β are the constant coefficients that fit the equation [16].  
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Table 3.1. Experimental design and the responses obtained. 

Run 
 Production conditions (Coded levels)  H3PO4 based 

activated carbon  ZnCl2 based 
activated carbon 

 T 
(°C) 

R 
(g/g) 

AT 
(minutes)  BET S.A. 

(m2/g) 
Hardness 

(%)  BET S.A. 
(m2/g) 

Hardness 
(%) 

1  300 (-1) 0.4 (-1) 10 (-1)  235.1 85.1  38.1 93.5 

2  500 (1) 0.4 (-1) 10 (-1)  284.2 82.4  771.9 67.9 

3  300 (-1) 1.2 (1) 10 (-1)  789.4 84.1  674.2 92.6 

4  500 (1) 1.2 (1) 10 (-1)  969.5 76.1  1503.3 78.2 

5  300 (-1) 0.4 (-1) 40 (1)  402.8 91.9  87.4 84.0 

6  500 (1) 0.4 (-1) 40 (1)  201.1 84.5  810.0 67.6 

7  300 (-1) 1.2 (1) 40 (1)  406.1 83.0  184.2 88.3 

8  500 (1) 1.2 (1) 40 (1)  913.5 75.9  1645.3 68.4 

9  232 (-1.682) 0.8 (0) 25 (0)  388.1 83.2  2.1 92.1 

10  568 (1.682) 0.8 (0) 25 (0)  521.3 80.5  1240.5 95.4 

11  400 (0) 0.13 (-1.682) 25 (0)  108.1 92.8  258.4 83.3 

12  400 (0) 1.47 (1.682) 25 (0)  1086.8 84.6  1765.2 60.7 

13  400 (0) 0.8 (0) 0 (-1.682)  590.4 86.6  945.3 90.4 

14  400 (0) 0.8 (0) 50.23 (1.682)  703.3 89.2  1430.2 86.4 

15  400 (0) 0.8 (0) 25 (0)  738.4 94.7  1170.5 95.7 

16  400 (0) 0.8 (0) 25 (0)  795.3 95.5  1120.4 94.9 

17  400 (0) 0.8 (0) 25 (0)  754.2 92.4  1143.3 94.8 

T : Temperature 

AT: Activation time 

R: Activating agent / agave bagasse ratio BET S.A.: Surface area according with the BET model 
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The central composite experimental design was employed, with 3 center points 

and an α value of 1.682, considering three factors: activation temperature, 

concentration of activating agent, and the activation time. The studied responses 

were surface area and hardness. Two levels were assigned for each variable 

according with conditions that developed high surface area in previous studies [11], 

being 300 to 500 ºC for activation temperature, 10 to 40 min for activation time and 

0.4 to 1.2 g/g for activating agent concentration. The production conditions for each 

experimental run are reported in Table 3.1. 

3.2.4. Data analysis  

STATISTICA 7.0 software was used to analyze the experimental data according 

the response surface methodology. Also, it was employed to evaluate the statistical 

significance of the surfaces generated according with the following criteria: (1) 

each considered variable must present a p value (probability value) lower than 

0.05, which means that this term is significant at 95% of confidence level; (2) the 

determination coefficient (r2) that represents how well a regression approximates to 

the real data points, should be close to 1; (3) the “lack of fit test” must be significant 

(p value < 0.05) which means that the model is adequated to describe the 

experimental data, and finally; (4) the generated residuals between the 

experimental data, those reported by the fitted model, must present a normal 

distribution to validate the assumptions made by the ANOVA analysis [4]. Finally, 

the desirability function approach was used to obtain the production conditions at 

which the responses exhibit the optimal value (maximum).  

3.3. RESULTS AND DISCUSSION  

3.3.1. Statistical analysis 

The considered terms for the development of the surface response were the linear 

(R, T and AT), quadratic (R2, T2 and AT2) and the two-factor interaction terms (R*T, 
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R*AT and T*AT) that had a significance superior to 95% according with the 

ANOVA analysis. The calculated coefficients to adjust equation 3.2 (response 

surface), for surface area (Y1 in m2/g) and for hardness (Y2 in %), after discarding 

the insignificant terms, are reported in Table 3.2. These equations become a useful 

tool to predict the characteristics (hardness and surface area) of the produced 

activated carbons developed at specific production conditions. In addition, if a 

material with specific characteristics of surface area and hardness is needed, the 

experimental conditions to generate it can be easily obtained.  

The accuracy of these predictions depends on how far the model represents the 

experimental data. The correlation coefficient (r2) and the standard deviation are 

two parameters to evaluate this aspect. Table 3.3 shows the correlation coeficient 

and the standard deviation obtained by the models presented in Table 3.2. The 

correlation coefficients were found to be greater than 0.9, except for the model that 

describes the hardness of activated carbon generated with ZnCl2 as activating 

agent. These values indicated that at least 90 % of the total variation in the 

Table 3.2. Final regression coefficients in terms of coded factors. 

Activating agent  H3PO4  ZnCl2 
Term / Response  BET S.A.  Hardness  BET S.A.  Hardness 

Constant  764.21  95.33  1158.09  95.39 

T  55.55  -2.19  426.82  -5.17 

T2  -115.31  -5.31  -232.42  -1.37 

R  263.71  -2.82  353.92  -1.73 

R2  -64.75  -2.89  -94.36  -9.07 

AT  -12.08  0.88  40.62  -2.26 

AT2  -47.42  -3.17  -32.13  -3.28 

T*R  105.13  -  104.13  0.98 

T*AT  9.38  -  77.63  - 

R*AT  -65.63  -1.27  -54.38  - 

T : Temperature 

R: Activating agent/agave bagasse ratio 

AT: Activation time 

BET S.A.: Surface area according with BET 
model 
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measured responses can be attributed to the effect of the studied variables. A 

possible explanation to the low value of r2 for hardness of ZnCl2 activated samples 

can be related to the physical properties of this material, since the generated 

samples with ZnCl2 showed high fragility, causing problems when the samples 

were handled, increasing the experimental error.  

The employed experimental design on this research did not include replicates of 

each experimental run; only the central point was replicated at least three times. 

These replicates were employed to estimate the variation of the experimental 

procedure by calculating the standard deviation. The standard deviation of the 

analyzed responses showed values below 5% of the mean observed response, 

which represent that the variation due to the experimental procedure do not 

interfere the variation regarding the production variables. Finally, the p value for the 

lack of fit test appears in Table 3.3. All the fitted models overcome this test since 

their p value was lower or close to 0.05.  

Table 3.3. Values of the statistical test that validate the model. 

Activating agent  H3PO4  ZnCl2 

Test / Response  BET S.A.  Hardness  BET S.A.  Hardness 

Lack of fit (p value)  0.05597  0.043719  0.007428  0.002428 

R2  0.94401  0.91184  0.92268  0.67293 

Standard deviation  29.4  1.62  25.02  0.49 

3.3.2. Production conditions effect 

An advantage of this statistical analysis is that the effect of each variable on the 

analyzed response can be clearly identified without studying each variable 

individually. The common way to visualize these results is through effect plots. One 

of the most used effect plot is the Pareto chart: a bar graph in which each bar  
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represents the factor or interaction and the size of the bar represents the 

magnitude of the effect. Figure 3.1 shows the Pareto chart of each production 

variable regarding the surface area (Figure 3.1A and C) and the hardness (Figure 

3.1B and D) of the carbons. The effects are plotted in decreasing order, therefore 

the largest effects indicate that the factor is the most important, and appear first. 

Although almost all the considered variables overcome the significance test, the 

effect of certain variables is predominant. Figure 3.1A indicates that the 

concentration of activating agent (R) is the variable that has most effects the 

surface area of H3PO4 activated carbons. The standardized effect has a positive 

value, which means that if the concentration of activating agent increases, the 

surface area would increase. Almost all the terms in the hardness analysis of 
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Figure 3.1. Pareto charts for H3PO4 (A and B) and ZnCl2 (C and D) activated samples, by the 

follow responses: surface area A and C; hardness B and D. The values plotted appear as 

standardized effect estimates (absolute value). T: activation temperature; R: activating agent / 

bagasse weight ratio; AT: activation time. The doted line indicates a confidence limit of 95%.
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H3PO4 activated carbons have a negative effect, which means that the modification 

of the production parameters of values above the central point of the experimental 

design (see Table 3.1) could generate materials with poor mechanical properties 

(Figure 3.1B). 

On the other hand, the activation temperature and the concentration of activating 

agent were the production conditions that most influenced the surface area and 

hardness of ZnCl2 activated carbons (Figure 3.1C and D). Both production 

variables have a positive effect in the surface area of the activated carbon. In 

contrast, both production conditions have a negative effect over the hardness of 

the carbons. This opposite effect could be explained by assuming that the increase 

of surface area leads to the formation of new pores in the carbon, decreasing the 

mechanical strength of the material. For both activating agents, the activation time 

did not exhibit a significant effect for the analyzed responses, probably because 

the range studied was too short.  

3.3.3. Response analysis and interpretation 

Considering that carbons generated from soft lignocellulosic materials have poor 

physical properties, an adequate balance between hardness and surface area is 

needed. In the following section a detailed analysis of the evolution of surface area 

and hardness of the carbons regarding the production conditions are studied, with 

the aim to find the production conditions that maximize this activated carbon 

characteristics. 

3.3.3.1. H3PO4 activated carbons  

Figure 3.2 shows the three dimensional response surfaces and the contour plot 

that show the effect of both activation temperature (T) and activating agent 

concentration (R), on the surface area (Figure 3.2A and B) and hardness (Figure 

3.2C and D) of the H3PO4 activated carbon. Because of its low significance for both 

responses (Figure 3.1), the activation time was kept constant according with the 
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values reported in Table 3.4, which are the production conditions that maximize the 

analyzed response.

A)                                              B)

C)                                          D)

Figure 3.2. Surface response and the corresponding contour plot of H3PO4 activated samples. A 

and B for surface area; C and D for hardness. T: activation temperature; R: H3PO4/bagasse 

weight ratio.

A)                                              B)A)                                              B)A)                                              B)A)                                              B)

C)                                          C)                                          C)                                          C)                                          C)                                          C)                                          D)
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The surface area of the H3PO4 activated carbon ranged from 200 to 1000 m2/g 

(see Figure 3.2A). The pronounced slope corresponding to the concentration of 

activating agent indicated the high influence of this production variable over 

surface area, since this increased as the concentration of activating agent 

increased. The activation temperature has also a positive effect, but with a less 

impact than the concentration of activating agent. As can be observed in Figure 

3.2B, it is expected that the surface area of H3PO4 activated carbons increases if 

the concentration of activating agent rise, since the surface response growths in 

this direction (marked with an arrow in Figure 3.2B). In order to confirm these 

speculations, five activated carbons were produced at activating agent 

concentrations higher than 1.47 g H3PO4 / g bagasse, employing the optimal 

values of activation time and activation temperature reported in Table 3.4.  

Table 3.4. Optimum production conditions that maximize the responses. 

Activating agent  H3PO4  ZnCl2 

Factor/ Response  BET S.A.  Hardness  BET S.A.  Hardness 

T (°C)  488.1  376.0  548.2  247.8 

R (g/g)  1.47  0.58  1.47  0.77 

AT (minutes)  7  28.6  40.6  26.2 

Predicted value *  1208.5  96.4  1899.4  97.3 

Measured response *  1128.4  95.2  1823.4  94.1 

T : Temperature 

R: Activating agent / agave bagasse ratio 

AT: Activation time 

*Values expressed in m2/g and 
percentage by BET Surface Area 
and hardness respectively 

The surface area and the hardness of these materials are reported in Figure 3.3A. 

As predicted by the model, the surface area of activated carbons increased as the 

activating agent concentration increased .This tendency continued until a 
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maximum of 1327 m2/g at R=2.5. However, the surface area of activated carbons

began to decrease at concentration values higher than 2,5 g H3PO4 / g bagasse. 

A)

B)

Figure 3.3. Effect of activating agent concentration on the surface area (A) and hardness (B) 

of activated carbons generated with H3PO4 and ZnCl2. The reported values represent the 

mean of duplicate samples where the standard error did not exceed 5%.
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Previous studies have reported similar behavior of the surface area of activated 

carbons produced by chemical activation: as the activating agent concentration 

increases, the surface area also increases until a maximum [17-19]. The reason 

why the surface area did not increase more could be related to the pore structure 

of the activated carbon: previous studies have demonstrated that the pore volume 

of samples was similar to the volume of the total amount of phosphoric acid used in 

the impregnation of the precursor. At low impregnation ratios carbons were 

essentially microporous, obtaining materials with high surface area; as the amount 

of impregnation agent increased, the pores in the mesoporous range became 

predominant [17, 19-23]. Because the meso and macropores have a less 

contribution to surface area, the widening of pores by increasing the concentration 

of activating agent decreases the surface area of activated carbons. This was 

confirmed by other researchers that also have reported mesoporosity development 

as the surface area decreases due to high acid concentration [18, 24-26]. 

On the other hand, the hardness indicates the percentage of activated carbon that 

has not been broke down to finer particles (in comparison with the initial ones), 

after a vigorous milling with glass marvels. A high hardness number is always 

preferred because the carbon will maintain its physical integrity under the attrition 

forces within a packed column. The evolution of the hardness of the H3PO4 

activated carbon is reported in Figure 3.2 C and D. The hardness of the activated 

carbons ranged from 75.9 to 95.5%, being this values comparable with commercial 

carbons that have hardness between 85 and 95 % [27]. It was able to find the 

production conditions that generate the activated carbon with the highest hardness 

(start point in Figure 3.2D). The calculated surface area corresponding to these 

production conditions is 596 m2/g, which is a reasonable value of surface area for 

an activated carbon. 

It can be seen that the conditions that develop the material with high surface area 

are the conditions that generate carbons with low mechanical properties and vice 

versa. High concentrations of ZnCl2 generate carbons with a surface area as high 



Chapter 3 

Agave bagasse as a precursor to produce highly microporous activated carbon 
César Nieto Delgado    IPICyT   2010 102 

 

as 2000 m2/g, however, the hardness of these materials do not exceed 65%. 

Similar results were observed for H3PO4 activated carbons. Also, an excessive 

amount of activating agent causes a decrement in both surface area and hardness. 

This effect is clearly appreciated in Figure 3.3A, where the hardness and surface 

area decreased to less than 40% of hardness and 1000 m2/g of surface area when 

the concentration of activated agent was higher than 3.5 g activating agent / g 

bagasse. 

3.3.3.2. ZnCl2 activated carbons 

Surface responses and contour plots of hardness and surface area of ZnCl2 

activated carbons are reported in Figure 3.4. Similarly for H3PO4 activated carbons, 

the activation time was kept constant at the value reported in Table 3.4. The 

surface area of the carbons ranged from 2 to 1765 m2/g, and it increased as both 

the activation temperature and the activating agent concentration increased. The 

long steep slope that displays the activation temperature to the surface area 

indicates the strong influence of this variable in the porosity of ZnCl2 activated 

carbons. Analyzing the data reported in Table 3.2, we can see that samples 

activated at less than 300 °C have a negligible surface area: sample 9 activated at 

232 °C has a surface area of 2 m2/g even when the concentration of activating 

agent is 0.8 g ZnCl2 / g bagasse. Generated samples above this activation 

temperature have a considerable surface area. This dependence of surface area to 

the activation temperature is related to the activation mechanism by which ZnCl2 

generates pores in the carbon precursor: ZnCl2 catalyzes dehydrating reactions 

that begins to consolidate the carbon structure, this reactions become greater at 

temperatures above the melting point of the activating agent. Also, the infiltration of 

melted ZnCl2 in the precursor generates the pore structure after the removal of the 

remaining activating agent. Since the melting point of ZnCl2 is 290 °C, carbons 

activated at temperatures below 290 °C will have minimal development of surface 

area. It was possible to determine the optimal activation time and activation 

temperature that developed the activated carbon with maximum surface area (see 
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Table 3.4). However, the optimal concentration of activated agent coincide with the 

maximum value of activating agent concentration tested in the experimental 

design, hence it is expected that at activating agent concentrations higher than 

1.47 ZnCl2 / g bagasse, the surface area of the activated carbons increases.  

On the other hand, hardness of the ZnCl2 activated samples (Figure 3.4C and D) 

ranges from 60.7 to 95.7%, founding the higher values at low activation 

temperatures and moderate concentration of activating agent. However, as 

exposed previously, activation temperatures below 300 °C do not develop pore 

structure on the activated carbon. Particularly, activated carbons generated at an 

activation temperature of 500°C or higher have low mechanical properties (see 

Table 3.1). It could be related to the extensive burn off caused at these activation 

temperatures. 

Similarly to what was done for H3PO4 activated carbons, five samples were 

produced at higher concentrations of ZnCl2 to determine whether the activating 

agent concentration produces a higher surface area. The surface area and the 

hardness of these samples are reported in Figure 3.3B. As it can be observed, the 

surface area of ZnCl2 activated carbons increased up to 2109 m2/g at R=2.0. 

However, all the generated carbons at R>1.5 g ZnCl2 / g bagasse have very low 

mechanical properties, since the hardness of these samples are below 70%. 

Comparing the characteristics obtained in the activated carbons generated with 

ZnCl2 with those generated with H3PO4, it is clear a very different effect of each 

activating agent: ZnCl2 activated carbons develop surface areas higher than the 

ones activated with H3PO4, however, the H3PO4 activated carbons have better 

mechanical properties than the ZnCl2 activated carbons. This effect can be 

explained according with the activation mechanism that follows both activating 

agents: as previously mention, the ZnCl2 that remained after the thermal process 

was easily removed in the washing step, leaving a cavity that constitutes porous 

structure. The small size of ZnCl2 (Zn atomic ratio: 0.134 nm) allows the generation 

of small and uniform micropores generating carbons with high surface area [17]. 
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On the other hand, during the activation process, H3PO4 can form polyphosphoric 

acids and ester bridges between the carbon sheets, generating wider pores when 

the remaining acid is removed from the carbon [19, 20, 26, 28, 29]. Also, it was 

reported that part of the phosphoric acid remains in the activated carbon and 

A)                                          B)

C)                                           D)

Figure 3.4. Surface response and the corresponding contour plot of ZnCl2 activated samples. A 

and B for surface area; C and D for hardness. T: activation temperature; R: ZnCl2/bagasse weight 

ratio.
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hence can block some pores diminishing the surface area of the activated carbons. 

Previous studies focused on the characterization of H3PO4 based activated 

carbons, have found that an increase of the concentration of phosphate groups in 

the carbon, considerably decreases surface area [21, 30]. Finally, the phosphate 

groups anchored onto the activated carbon can acts a binder between the carbon 

fragments generated during the thermal treatment, increasing the mechanical 

properties of H3PO4 activated carbon. 

3.3.4. Optimum operating conditions 

As previously mentioned, one of the most important properties of activated carbons 

is surface area, since it generally leads to great adsorption capacities. However, 

mechanical properties are also important when activated carbon is aimed to be 

used in a packed column system. In this case the main objective of the 

optimization is to determine the experimental conditions which yield the best of 

both responses. According with the results of the previous section, it was possible 

to determine the production conditions that yield the maximum value by each 

response. As can be observed in the surfaces reported in Figure 3.2 and Figure 

3.4, the optimal experimental conditions that maximize the responses are opposite: 

experimental conditions that increase the surface area, promote a decrement in the 

hardness of the activated carbon. It implies that we can not generate an activated 

carbon with the maximum value of surface area and hardness. Taking this into 

account, the desirability function is employed to determine the production 

conditions that generate an activated carbon with the best characteristics. The 

basic idea behind the desirability function is the transformation of a multiple 

response problem into a single response problem by means of mathematical 

analysis. This function requires the definition of acceptable results for each 

individual response and results which are not acceptable at all. Additionally, 

different degrees of importance are attributed to each experimental response 

depending on its importance on analytical determination [31, 32]. The desirability 

function was calculated with STATISTICA 7.0 software, establishing equal 
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importance for both responses, a surface area of 1000 m2/g and hardness of 90% 

as acceptable values and a surface area below 600 m2/g and hardness below 70% 

as unacceptable values. 

According with this analysis the production conditions that developed the activated 

carbon with the best value of both responses are reported in Table 3.5. With the 

aim to corroborate these results, 3 samples were produced at the optimal 

production conditions, characterizing its surface area and hardness. As can be 

observed in Table 3.5, the physical characteristics developed by the generated 

activate carbons at optimal production conditions agree with the predicted values. 

The optimal activated carbon produced with H3PO4 showed similar properties to 

commercial activated carbons: surface area of about 1000 m2/g and hardness up 

to 90%. On the other hand, the ZnCl2 activated samples showed higher surface 

areas (1500 m2/g), with a moderate hardness (86%). 

Table 3.5. Production parameter and responses that maximize both 
responses at the same time according with the desirability function. 

Activating agent  H3PO4  ZnCl2 

Factor/ Response  BET S.A.  Hardness 
 

BET S.A.  Hardness 

Predicted value *  890.1  91.0 1522.4  88.7 

Measured response*  901.3  90.2  1593.4  83.2 

T (°C)  392  456.1 

R (g/g)  1.02  1.08 

AT (minutes)  23.8  23.8 

T : Temperature 

R: Activating agent / agave bagasse ratio 

AT: Activation time 

*Values expressed in m2/g and 
percentage by BET Surface 
Area and hardness respectively 
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3.3.5. Chemical properties 

On adsorption at the liquid-solid interface, the electric charges of activated carbon 

are hardly influenced by the solution pH, for instance: basic carbons that take a 

positive electric charge when immersed in water by adsorbing H+ ions on basic 

surface groups (amines, pyrones, ethers, carbonyls); and the acid carbons, that 

take a negative electric charge when immersed in water, by releasing H+ ions from 

acidic groups (carboxyls, phenols, lactones) [2, 27, 33, 34]. The pH at which the 

surface groups adsorb or release protons depend on the type of surface groups, 

however, due to the complexity of the activated carbons it is hard to establish all 

the surface groups presented on these materials. The common way to solve this 

problem is determining the pH at which the carbon surface is electrically neutral, 

also called the point of zero electric charge (pHPZC). This is a useful parameter that 

determines how the solid behaves in the liquid medium. At pH above the pHPZC, 

the carbon surfaces become deprotonated and hence negatively electric charged, 

in contrast, at pH below the pHPZC the surface groups are protonated and so 

positively electric charged. Hence below the pHPZC carbons would adsorb anions, 

and at pH above their pHPZC, carbon would adsorb cations both by electrostatic 

attraction. Table 3.6 shows the pHPZC and the elemental composition of selected 

materials that have similar physical properties to commercial activated carbons 

(surface area > 800 m2/g and hardness > 85 %).  

According with the pHPZC, the agave bagasse based activated carbons can be 

considered as acid carbons and hence it is expected that these materials are 

excellent adsorbents of cations in aqueous solution. According with the elemental 

composition, it is clear that oxygen plays an important role on the surface 

chemistry of these carbons, since it is the predominant heteroatom in the activated 

carbons. Due to the low pHPZC, it is expected that most of the oxygen in the ZnCl2 

activated samples was parte of strong acid functional groups such as carboxylic 

acids, because this functional group has a pKa between 2.0 and 5.0 [35], however 

further characterization is needed in order to be conclusive. On the other hand, 
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H3PO4 activated samples had pHPZC slightly lower (Table 3.6) than the ZnCl2 

activated samples. This difference could be attributed to the presence of poly 

phosphates that are very acidic surface groups with a pKa between 1.6 and 1.9 

[30, 36]. 

Table 3.6. Elemental analyses and pHPZC of selected samples   

Experimental 
Run  pHPZC C % O %** P % N % H % Ash 

% 

H3PO4         

4  2.19 57.3 30.5 2.8 1.4 3.9 4.1 

16  2.07 68.5 14.7 3.2 0.4 3.2 10.0 

12  1.94 77.7 9.9 2.8 0.1 2.6 6.9 

Optimal *  2.24 72.5 12.7 2.2 0.8 2.7 9.1 

ZnCl2         

4  3.37 67.6 27.6 <0.05 0.4 3.9 0.5 

14  2.76 73.2 23.1 <0.05 0.9 2.1 0.7 

15  2.47 81.4 13.8 <0.05 1.0 3.4 0.4 

Optimal *  3.00 78.5 17.1 <0.05 0.8 3.1 0.5 

* Activated carbon produced at optimum conditions as appear in Table 5. Value reported 

corresponds to the average of material developed by triplicate. 

** Calculated by difference 

Figure 3.5 shows the FTIR spectra of prepared activated carbons at the optimal 

production conditions, the FTIR of raw agave bagasse was also included. As can 

be observed, almost all the signals of the functional groups presented on the raw 

agave bagasse remain in the activated carbons. The main difference is the 

decrease in the wide absorption band from 3200 to 3600cm-1 corresponding to the 

O-H stretching mode of hydroxyl groups, being this decrement considerably for 

H3PO4 activated samples. It suggests the elimination of OH groups from the 

biopolymers that compose the agave bagasse (cellulose and hemicellulose) in the 

activation process. All spectra shows a broad band between 1300 and 900 cm-1 
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with a maximum at 1100 cm-1, however, the relative intensity of this band increases 

on the H3PO4 activated carbons. Within this range, there are several vibrations 

attributable to oxygenated functional groups: broad bands at 1300–1000 cm-1 have 

been assigned to C–O stretching in acids, alcohols, phenols, ethers and esters; 

also, this region is characteristic for P-O and P-C vibrations [28, 37]. Finally the 

absorption bands at 2850 and 2950 cm-1 that appear in all samples can be 

attributed to the C-H and –CH2- stretching modes of aliphatic groups and the 

absorption band for carbonyl group (C=O) that appear at 1750 cm-1 can be 

attributed to carboxylic acids groups [37].  

As a second part of this work (Chapter 4), the modification of the agave bagasse 

based activated carbons with iron oxides of nanometric size is evaluated. The aim 
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Figure 3.5. FTIR of agave bagasse and activated carbons. The employed activating agent to 

produce the activated carbons is located besides each spectrum. 
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of this modification is to generate a hybrid material for the removal of arsenate 

anions from aqueous solution. Previous studies (See Table 1.4, on Chapter 1) 

have attempted to modify activated carbon with iron oxides, founding a direct 

correlation between the oxygenated surface groups and the iron oxides loaded 

onto the carbon surface. Because of this, the preoxidation of activated carbon with 

oxidant acids or thermal treatments to increase the number of oxygenated surface 

groups has been carried out by different researchers [38-42]. In this study the 

agave bagasse based activated carbons have an advantage since these posses a 

large quantity of oxygenated groups and hence these are expected to be excellent 

supports for iron oxide nanoparticles. 

3.4. CONCLUSIONS 

The present work demonstrates the effect of the activation temperature, activation 

time and activating agent concentration on the physical properties of agave 

bagasse based H3PO4 and ZnCl2 activated carbons, using the surface response 

methodology. After a statistical analysis, it was possible to identify the factors that 

mainly influence the hardness and surface area of the agave bagasse based 

activated carbons. The concentration of activating agent is the factor that 

principally affects both responses regardless of the activating agent employed. The 

response surfaces obtained by each experimental design can be used as a useful 

tool in the production of activated carbon from agave bagasse in order to predict 

the physical properties of the activated carbon at specific production conditions or 

to establish the production conditions that meet certain quality parameters. Both 

activating agents demonstrate to be effectives to produce activated carbon from 

agave bagasse, however, the developed characteristics depend hardly on the 

activating agent employed, since the ZnCl2 impregnated samples develop higher 

surface area (2109 m2/g) than those produced with H3PO4 (1327 m2/g). Also, it was 

possible to determine the experimental conditions which yield the best of both 
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responses: R=1.02 g/g, T=392 °C, AT=23.8 min and R=1.08 g/g, T=456 °C, 

AT=23.8 min for H3PO4 and ZnCl2 activated samples, respectively.  
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CHAPTER4
MODIFICATION OF ACTIVATED CARBON WITH IRON OXIDE 

NANOPARTICLES FOR THE REMOVAL OF ARSENIC FROM WATER

round water contamination by arsenic is a severe problem all over the world 

that can cause several illnesses to people exposed to polluted water even 

at very low arsenic concentrations. Iron oxides have demonstrated high affinity for 

the adsorption of arsenic on aqueous solutions, however due to their low 

mechanical properties, these cannot be used in packed column systems. An 

alternative is to load iron oxide particles onto the surface of materials often used in

adsorption systems. Hence, the aim of this research is to modify activated carbons

with iron oxide nanoparticles to generate an adsorbent with high arsenic adsorption 

capacity. The anchorage methodology was based on the iron hydrolysis, which 

consists on heating an iron solution to promote the condensation of iron ions until 

the formation of iron oxide nanoparticles. The surface response methodology was 

used to evaluate the experimental variables during the hydrolysis process. The 

studied parameters were: hydrolysis temperature (T: 60-120 °C), hydrolysis time 

(Ht: 4-16 hours), and the FeCl3 concentration in the hydrolysis solution (CFe: 0.4-3

mol Fe/L). Both arsenic adsorption capacity and iron content of the modified 

carbons were the analyzed responses. With the aim to evaluate the effect of the 

G  
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surface chemistry on the anchorage process, three activated carbons were 

studied: Filtrasorb 400, commercial activated carbon from Calgon, (F400), and 

agave bagasse based activated carbon, produced by chemical activation with 

ZnCl2 (ACZ) or H3PO4 (ACP). The iron content of the modified samples ranged 

from 0.73 to 5.27 %, finding that the anchorage of iron oxide particles was favored 

by the presence of oxygenated surface groups. The materials containing small 

particles of iron oxides exhibited an enhanced arsenic adsorption capacity. The 

production parameters that generate the materials with the highest arsenic 

adsorption capacity were CFe=3.05 mol Fe/L, T=96 °C and Ht=56 hours for F400 

activated carbon; CFe=1.16 mol Fe/L, T=110 °C and Ht=6.8 hours for ACZ 

activated carbon; and CFe=0.56 mol Fe/L, T=58 °C and Ht=6.8 hours for ACP 

activated carbon. The optimal materials reported an arsenic adsorption capacity 

(calculated at an arsenic concentration of 1.5 ppm at equilibrium) of 4.56 mg As/g 

(F400), 1.18 mg As/g (ACZ) and 0.96 mg As/g (ACP). The adsorption capacity of 

these materials is similar and in some cases superior to previously reported iron 

modified carbons, and have the advantage of being modified by a simple 

methodology. 

4.1. INTRODUCTION 

Arsenic is a pollutant that can be found in natural waters that have been in contact 

with geological sources of this element. The incorporation of arsenic in water is 

mainly by natural weathering, geochemical reactions and soil erosion. Also the 

arsenic enriched runoffs coming from mining wastes can contribute to increase the 

arsenic concentration in natural waters. In addition, volcanic emissions, 

combustion of fossil fuels and some anthropogenic activities also contribute in a 

minor grade [1, 2]. The main concern of this pollutant is the health implications that 

can cause at very small concentrations. Arsenic can generate or increase the risk 

of numerous illnesses such as cancer of skin, lung, bladder, and kidney; 

pigmentation changes on skin, skin thickening (hyperkeratosis), neurological 
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disorders, muscular weakness, loss of appetite, and nausea [3, 4]. Because of this, 

many countries and several international organizations have established 

concentration limits of arsenic between 50 and 10 ppb for potable water [5]. 

Different technologies have been proved in order to satisfy these regulations. 

According with the United States environmental protection agency (USEPA), ion 

exchange, reverse osmosis, enhanced coagulation/filtration and adsorption have 

been selected as the best alternatives for the removal of arsenic from water [6]. 

Among these technologies, adsorption has advantages due to its high removal 

efficiency, low operation cost and easy operation. 

The factor that determines the success of an adsorption system is the affinity 

between the adsorbent and the molecule to be removed from the stream. Previous 

studies reported in the literature have shown a high affinity between arsenic and 

metal oxides/hydroxides in aqueous solution: iron, zirconium, titanium, manganese 

and aluminum are some of the metal oxides that have proved their efficiency to 

remove arsenic from water [4, 7, 8]. Due to their high adsorption capacity, high 

availability and low cost, iron oxides have been widely used on the removal of 

arsenic from water. However the implementation of iron oxides in adsorption 

systems is restricted by their poor mechanical properties. An alternative is to load 

this metal oxide on the surface of granular materials often used in adsorption 

systems. In this sense activated carbon is an excellent alternative, due to its 

extensive surface area, mechanical stability and proved efficiency on packed 

column systems. 

The modification of activated carbon with iron oxide particles has been reported in 

previous works. Some of the methodologies employed are: evaporation of iron salt 

in presence of activated carbon [9-11]; incipient impregnation at room temperature 

employing aqueous or organic solutions [12]; precipitation of iron oxide particles 

under supercritical water conditions [13, 14]; iron precipitation with alkaline 

solutions [11, 15-17]; and the oxidation/reduction of pre adsorbed iron [18, 19]. A 

brief description of these methodologies is reported in Table 1.4. The arsenic 
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adsorption capacity of these materials is competitive and is expected to have 

success in the treatment of arsenic polluted water, however the majority of the 

techniques used to anchor iron oxide particles generate bulk agglomerates that 

can be dissolved when are in contact with water. Also, these agglomerates 

significantly reduce the surface area and the pore volume of the modified activated 

carbons. Therefore a methodology to anchor iron nanoparticles onto the activated 

carbon surface could generate a hybrid material with better performance than the 

previously reported materials.

Figure 4.1. Relation between the surface area of the iron particles and their 

diameter. These data were calculated considering spherical particles and an 

iron density of 6.7 g/cm3 (average density between Fe0 and Fe2O3).

The size of the anchored particles has also a great influence on the arsenic 

adsorption capacity. Nanoparticles are characterized by having a high reactivity 

with respect to their bulk equivalent. Recent studies have found that the arsenic 

removal at the maghemite ( -Fe2O3) surface remains constant for particles 

between 300 and 100 nm. However, nanoparticles smaller than 100 nm exhibit 

enhanced adsorption [20, 21]. This nanoscale effect was also noticed by 
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Hengzhong et al [22], it was found that particles smaller than 100 nm have high 

susceptibility to adsorb molecules. This enhanced reactivity presented by 

nanoparticles is the result of large surface area, and hence, greater density of 

active sites [23]. Figure 4.1 illustrates the relation between the exposed surface 

area per gram of particles and the particle diameter. As can be observed, the 

surface area of the particles remains almost constant for particles with diameter 

above 100 nm. However, when the particles diameter decreases to less than 100 

nm, the surface area per gram of particles rapidly growth (see inset Figure 4.1). 

The synthesis of iron oxide nanoparticles is widely reported in the literature [24-26]. 

However, most of these techniques employ voluminous chemicals such as 

surfactants, chelating agents and organometallic compounds that have a poor 

diffusion into the activated carbon pores [24-26]. Therefore, thermal hydrolysis is a 

methodology that allows the generation of iron oxide nanoparticles without the 

addition of more chemicals, allowing the synthesis of particles inside the activated 

carbon pores. The thermal hydrolysis is a simple method for the generation of 

uniform colloidal metal oxides/hydroxides. This methodology consists in increasing 

the temperature of a solution that contains the metal cation, this promotes the 

agglomeration of metal ions until the formation of a solid phase [27]. If the iron 

hydrolysis is carried out inside the pores of the activated carbon, it is expected that 

part of the iron particles will be attached to the carbon surface. Recent studies 

have employed the thermal hydrolysis methodology to anchor iron oxide particles 

onto the activated carbon surface [28], however, the effect of the production 

conditions in the arsenic adsorption capacity and the size of the anchored particles 

have not been studied, being these important features in the adsorption capacity of 

metal oxides. According with the previous, the objective of the present study is to 

find the optimal production conditions to anchor iron oxide nanoparticles onto three 

different activated carbons, employing the thermal hydrolysis methodology, in order 

to generate a material with competitive arsenic adsorption capacity.  
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It is to be mention that the first part of this chapter includes the results from the 

surface response methodology as a first approach to determine the production 

conditions that allow anchoring iron oxide/hydroxides on each activated carbon: 

selected samples were analyzed in order to study more in detail the anchorage 

procedure and the effect of the production conditions. Finally, based on the results 

obtained in the first experimental design, the production parameters were modified 

to optimize the anchorage procedure for each activated carbon. 

4.1.1 Iron precipitation by thermal hydrolysis 
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Figure 4.2. Speciation of hexa aquo iron complex of Fe(III) in water solution. 
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Metal cations in aqueous solution are surrounded by water molecules, generating 

aquo coordinated complexes that lead to form [M(OH2)n]z+ species. In aqueous 

solution, Fe (III) forms hexacoordinated aquo complexes (n=6), whose electric 

charge is a function of pH (Figure 4.2) [29, 30].

These metal complexes can be hydroxilated by the addition of a base, promoting 

ligand exchange reactions (Equation 4.1). However, the hydrogen bond network in 

the liquid ensures fast diffusion paths for the proton and the HO- ions, so that the 

reaction may proceeds through a direct attack of the aquo ligand by the hydroxyl 

group (Equation 4.2)

(4.1)

M O
H

H -OH
M O-

H

H OH
(4.2)

This reaction can proceed until the metal hydroxilated complex acquires a neutral 

charge (balanced by substitution of aquo ligands by -OH groups), then, the 

repulsion forces between the metal ions disappear, and begin to condense. The 

kinetics of this neutralization reaction is extremely fast [30], generating an 

amorphous gel. This unstable gel crystallizes more or less rapidly performing 

different crystalline phases depending on the acidity of the medium. In such a case 

the particle size is very heterogeneous by the overlap of nucleation and growth 

kinetics in the solid phase formation [31].

In contrast when the precipitation of metal oxides is promoted by the increase of 

temperature (thermal hydrolysis, also called forced hydrolysis) a different crystal 

formation mechanism occurs. Under thermal hydrolysis the hydroxylation is carried 

out by the water molecule:
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(4.3)

for this reaction [30]

(4.4)

(4.5)

having that the free energy of reaction comprises an enthalpy and entropy 

contribution:

(4.6)

The free energy of the hydrolysis reaction as a function of the cation electric 

charge at 298 K can be expressed as follow:

(4.7)

where z is the cation electric charge. The reaction is spontaneous ( <0) for metal 

ions of electric charge equal or greater than 4. Therefore, at room temperature, 

tetravalent elements do not exist as purely aquo complexes, even in a strongly 

acidic medium. For elements with a charge z smaller than 4, becomes negative 

only if the temperature is higher than 298K. Therefore it is necessary to heat the 

solution in order to carry out hydrolysis of Fe(III) cations, since z=3. Iron is 

characterized by the wide number of iron oxy hydroxides crystals that can be 

formed. From a thermodynamic point of view, the formation of hematite ( -Fe2O3)

is the most favored reaction (see Figure 4.3). However, the Gibbs free energy of 

the iron oxy hydroxide formation is strongly influenced by the iron complex 

precursor.
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Figure 4.3. Reaction temperature effect onto the Gibbs free energy of iron oxide hydroxide 

formation from Fe+3(Fe(H2O)6
+3) and FeOH+2 (FeOH(H2O)5

+2) iron complexes. The crystalline 

phases considered are: hematite (Fe2O3 - - FeOOH), 

- FeOOH) and ferrhydrite (FeOOHam). 

temperature were calculated according to equation 4.8, and thermodynamic data from Cornell et al 

[32] and Stumm et al [33]. It was supposed that the entropy and enthalpy of reactions are 

independent of the temperatures (constant specific heat, Cp)
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As previously mentioned, the precipitation of metal cations by the addition of a 

base generates large agglomeration of poorly crystalline iron oxi hydroxides, 

mainly by the fast kinetic of the hydroxyls in aqueous solution. 

Fe
OH

Corners (O atoms)

Hematite Goethite

Akaganeite Lepidocrocite

Type of linkage
C: corner
F: face
E: edge
S: single
D: double

Figure 4.4. Different linkages between octahedic Fe(III) and the basic structural units for 

hematite, goethite, akaganeitte and lepidocrocite. Modified from Cornell et al [32]

In contrast, when precipitating iron oxi hydroxides by thermal hydrolysis, the slow 

speed of formation of the hydrolyzed compounds allows decoupling the nucleation 

and growth steps of the crystal formation, generating narrow particle size 

distribution [31]. This effect is used to generate iron oxides with a narrow particle 

size distribution in the nanoscale range, being a practical and inexpensive 

methodology. 
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As can be observed in Figure 4.3, there are several iron oxide structures that can 

be formed under thermal hydrolysis of Fe(III) cations. The common building unit for 

all Fe hydroxides is the FeO3(OH)3 octahedron (see Figure 4.4). The spatially 

arrange of this basic units define the different iron hydroxides. Similary, the iron 

oxides are conformed by FeO6 octahedrons (Figure 4.4). 

4.2. MATERIALS AND METHODS 

4.2.1. Anchorage procedure 

The precipitation of iron oxides by thermal hydrolysis of Fe(III) ions in aqueous 

media depends on several factors, including the iron salt precursor, the iron 

concentration, pH, the presence of complexing agents, the hydrolysis temperature 

and the hydrolysis time [34]. In order to study the influence of the production 

parameters on the particles anchorage onto activated carbon, and hence on the 

adsorption capacity, different samples were prepared according to the central 

composite experimental design (CCD). Table 4.1 shows the experimental 

conditions at which the samples were generated. The variables studied were the 

iron concentration of the solution in which the hydrolysis took place (CFe: 0.3 to 

3.67 mol/L), hydrolysis time (Ht: 4 to 14 hours) and hydrolysis temperature (T: 70 

to 120 ºC). The general procedure followed the next steps: (1) 200 mg of activated 

carbon of U.S. mesh no. 100/140 (148–105 μm) were placed in contact with 10 mL 

of FeCl3 solution (FeCl3 6H2O, 97% ACS grade from Fermont) inside a sealed 

glass container; (2) the mixture was mixed for 24 hours at 25 ºC to allow the 

diffusion of iron into the pores; (3) thermal hydrolysis was carried out by placing the 

containers in a preheated furnace at the corresponding temperature and during the 

selected hydrolysis time, according with the experimental design; (4) after that the 

samples were rinsed with distilled water until the elimination of all the soluble iron 

and the iron particles that were not anchored to the carbon surface.  
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Table 4.1. Experimental design and the responses obtained. 

Run 

 Production conditions (Coded levels)  F400  ACZ  ACP 

 
CFe 

(mol/L) 

T 

(°C) 

Ht 

(hours) 
 

Q As 

(mg/g) 
Fe %  

Q As 

(mg/g) 
Fe % 

 Q As 

(mg/g) 
Fe % 

1  1 (-1) 80 (-1) 6 (-1)  3.31 0.73  0.72 1.66  3.27 5.27 

2  1 (-1) 110 (+1) 12 (+1)  2.55 1.51  1.31 2.28  1.17 2.99 

3  3 (+1) 80 (-1) 12 (+1)  3.34 0.86  1.03 3.84  0.82 2.64 

4  3 (+1) 110 (+1) 6 (-1)  3.13 1.12  1.25 4.36  0.81 3.61 

5  2 (0) 95 (0) 9 (0)  3.21 1.02  1.06 3.01  1.00 3.01 

6  1 (-1) 80 (-1) 12 (+1)  2.81 0.89  0.90 1.72  0.89 2.44 

7  1 (-1) 110 (+1) 6 (-1)  2.59 1.05  1.80 1.86  1.23 2.44 

8  3 (+1) 80 (-1) 6 (-1)  3.48 0.79  0.73 3.23  0.62 3.12 

9  3 (+1) 110 (+1) 12 (+1)  3.16 1.07  1.11 4.63  0.94 3.36 

10  2 (0) 95 (0) 9 (0)  3.16 0.98  0.93 3.15  0.87 3.19 

11  0.3 (-1.6) 95 (0) 9 (0)  3.20 2.20  0.45 0.92  2.54 2.23 

12  3.7 (+1.6) 95 (0) 9 (0)  3.05 1.10  1.05 3.91  0.87 3.13 

13  2 (0) 70 (-1.6) 9 (0)  3.55 0.78  0.42 2.42  0.75 2.18 

14  2 (0) 120 (+1.6) 9 (0)  3.02 1.23  1.42 4.00  0.92 3.48 

15  2 (0) 95 (0) 4 (+1.6)  3.26 0.90  0.73 2.75  0.82 2.97 

16  2 (0) 95 (0) 14 (+1.6)  4.44 1.31  1.37 4.12  1.13 3.07 

17  2 (0) 95 (0) 9 (0)  3.62 1.07  0.99 3.10  0.89 3.01 

CFe: iron concentration 

T: Hydrolysis temperature  

Ht: Hydrolysis time 

QAs: Arsenic adsorption capacity 
Fe%: Iron content of the modified carbons 
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Finally the modified carbons were dried at 100 ºC for 24 hours. With the aim to 

study the effect of surface chemistry on the anchorage procedure, three different 

activated carbon were tested: Filtrasorb 400 activated carbon from Calgon, which 

is made from bituminous coal under physical activation (F400); agave bagasse 

based activated carbon produced by chemical activation with ZnCl2 (ACZ) and 

agave bagasse based activated carbon produced by chemical activation with 

H3PO4 (ACP). The main characteristics of the studied activated carbons are 

reported in Table 4.2. 

Table 4.2. Activated carbon characteristics. 

Carbon BET  

S.A. 
(m2/g) 

Vmicro 
(cm3/g) 

Vmeso 

(cm3/g) 
Vtotal 

(cm3/g) 
Ash 

(%)
a 

C 
(%) 

O 
(%)b 

P 
(%) 

Acid  

groups  

(mmol/g)
c 

Basic  

groups  

(mmol/g)
 c 

pHPZC 

F400 896 0.340 0.104 0.451 7.1 82.3 9.4 ND 0.23 0.33 8.9 

ACP 1058 0.231 0.223 0.488 0.3a 69.1 24.6 5.3 1.52 ND 2.7 

ACZ 806 0.202 0.052 0.257 0.5 76.8 21.7 ND 2.32 0.05 2.3 

ND: No detected 

 a Calculated from the inorganic content of the 

calcinated sample 

b By difference, taking into account the ash content 

(minor components are not included in the table) 

 

4.2.2. Materials characterization  

Iron content and single point adsorption experiments were determined for all 

samples. Iron was determined by atomic absorption spectroscopy (PerkinElmer 

AAnalyst 400), after acid digestion as follow: approximately 40 mg of activated 

carbon were mixed with 20 mL of HNO3:H2SO4 (5:1) solution (Fermont 70% ACS 

grade and J.T. Baker 98% ACS grade, respectively); then the mixture was digested 

by 1 hour at 150 °C in a microwave advanced digestion system (Milestone, Ethos 

1); finally, the remaining solution was diluted to 50 mL with deionized water in a 

volumetric flask and analyzed by absorption spectroscopy at a wavelength of 271.9 
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nm. Selected samples were evaluated by triplicate to evaluate the accuracy of the 

method. The standard deviation of the iron content did not exceed 5% of the mean 

value. The arsenic removal was assessed in batch systems at constant 

temperature and pH (25 °C and 7, respectively). Temperature was kept constant in 

an orbital incubator (PRENDO inov6507) and the pH was measured with a glass 

microelectrode (semi micro electrode Orion 911600, Orion 2-Star Bench top pH 

Meter). Samples of 25 mg of activated carbon were added to 12 mL of As (V)

solution (Na2HAsO4 7H2O 99.995% trace metal basis, Aldrich), prepared from

arsenate salt at high concentrations (10 ppm As) in order to obtain adsorption

values near to the maximum adsorption capacity. These experiments were stirred 

at 150 rpm. The solution pH was adjusted daily to pH 7 by adding 0.1 M NaOH 

and/or 0.1 M HCl until the equilibrium was achieved. After 5 days, the samples 

were centrifuged and the supernatant was analyzed for arsenic and iron by an 

inductively coupled plasma spectrometer. The concentration of arsenic adsorbed 

was calculated by the difference between the initial and residual amounts of 

arsenic in solution divided by the weight of the adsorbent. The average particle 

size and the morphology of the anchored particles were determined by direct 

measurement in scanning electron micrographs (SEM, FEI XL30SFEG) and X-ray 

diffraction (powder patterns, XRD D8 Advance–Bruker Axs,

1.54060 Å). The diffraction patterns were obtained with a step time of 10 

seconds and a step size of 2 =0.02°. The particle size distribution was determined

considering the diameter of 300 particles, measured on diverse micrographs 

employing the Image J software. The average particle size was obtained from 

three crystalline peaks using the X-ray diffraction data and the Debye - Scherrer 

equation:

(4.8)

where D is the average particle size in Å, K is a constant near to 1, 
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at half maximum intensity of the peak. The quantity of basic and acid groups were 

determined by neutralization with HCl and NaOH respectively as follow: 10 mL of 

0.1M volumetric solution (from J.T. Baker 0.1N ± 1ppm) was mixed with 0.1 g of 

activated carbon. The mixture was mechanically shaken by 96 hours. Samples 

were evaluated by triplicate, reporting the average value of the measures. After the 

equilibration period, an aliquot of the supernatant liquid was then back-titrated by 

the addition of 25 µL (eppendorf adjustable-volume pipette 10-100 µL, accuracy 

±1% ) with hydrochloric acid or sodium hydroxide. The chemical groups were 

calculated by the difference between samples and blank. Finally, the BET surface 

area and pore size distribution of the selected samples were measured by nitrogen 

adsorption isotherm at -196 °C employing a Micromeritics ASAP 2020 equipment.  

4.2.3. Data analysis 

The response surface methodology was employed to determine the optimal 

production conditions that maximize the arsenic adsorption capacity of the modified 

carbons. As previously mentioned, the production variables studied are the iron 

concentration (CFe), hydrolysis temperature (T) and hydrolysis time (Ht). The 

properties of the carbon that were analyzed as response variables are the arsenic 

adsorption capacity (QAs, mg As/g) and the iron content (Fe%). STATISTICA 7.0 

was used to conduct the regression analyses, employing the standard deviation, 

the correlation coefficient and the lack of fit test as statistical parameters to validate 

the model.  

4.3. RESULTS AND DISCUSION 

4.3.1. Statistical model analysis 

The central composite experimental design employed in this research was selected 

to calculate the production conditions that produce the activated carbon with the 

maximum arsenic adsorption capacity. Also, the evolution of the iron content on the 
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modified carbons was studied. The complete design matrix together with the 

values of both responses is reported in Table 4.1. These results were analyzed 

according with the response surface methodology in order to find the coefficients 

(β) that adequately represent the relation between the production conditions (X: 

CFe, Ht and T) and the responses (Y: QAs and Fe%). For both responses, a 

quadratic model was selected, (Equation 3.2). 
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(3.2) 

The model adequacy was evaluated according with four statistical parameters: test 

of significance (evaluated by each factor and interactions expressed on equation 

3.2), lack of fit test, correlation coefficient and the standard deviation. All the terms 

included in the final equation (response surface) have a p-value lower than 0.05, 

which means that the included terms are statistically significant with a confidence 

level of 95%. Table 4.3 shows the models significance, correlation coefficient and 

the standard deviation resulting after the statistical analyses of both responses 

(QAs and Fe%) by the three modified carbons after discarding insignificant terms 

(terms with p-value > 0.05). The lack of fit test (LOF) describes the variation of the 

data around the fitted model. If the model does not fit well the data, the p-value of 

the LOF test will be higher than 0.05 and hence another model (ei: linear, lineal + 

interactions, pure quadratic) must be employed. The P values for LOF (< 0.05 or 

near) presented in Table 4.3 show that the selected models adequately represents 

the data.  

The R2 coefficient gives the proportion of the total variation in the response 

predicted by the model. R2 values closer to one are desired to have an accurate 

prediction of the responses by the model. According with our results the lower 

value of R2 was 0.703, which means that at least 70.3 % of the total variation in the 

responses was attributed to the experimental variables studied. Finally, the 
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standard deviation was calculated employing the data obtained at the central 

points of the experimental design (runs 5, 10 and 17, see Table 4.1), because 

these samples are produced at the same production conditions. As can be 

observed in Table 4.3 the standard deviation does not exceed 10 % of the mean 

value by each response. 

Table 4.3. Results of statistical test to validate the models that describe QAs 
and Fe% as a function of the production conditions.  

Carbon  F-400  ACZ  ACP 

Test / Response  Q As Fe %  Q As Fe %  Q As Fe % 

LOF (p-value)  0.0020 0.0287  0.0550 0.0556  0.0265 0.0229 

Correlation coefficient (R2)  0.7030 0.7209  0.7155 0.9762  0.8198 0.7333 

Standard deviation a  0.024 0.044  0.063 0.070  0.072 0.103 

Q As: arsenic adsorption capacity (mg As/g) 

Fe %: Iron content (%) 

a Expressed according to the analyzed response 

LOF: Lack of fit test  

Table 4.4 reports the calculated regression coefficients (β) after elimination of 

insignificant terms for both responses (QAs and Fe%) in the three activated carbon 

tested. These coefficients can be substituted directly in equation 3.2 to predict the 

response at some specific experimental conditions. Also, this equation can be used 

to determine the experimental conditions that generate a desired response. 

. 
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Table 4.4. Final regression coefficients in terms of coded and uncoded factors. 

Carbon  F-400  ACZ  ACP 

Term / 

 Response 
 

Q As Fe % 
 

Q As Fe % 
 

Q As Fe % 

UCD CD UCD CD UCD CD UCD CD UCD CD UCD CD 

Constant  5.08 3.21 -2.26 0.36  -4.43 0.96 1.15 3.09  14.6 0.92 18.3 3.07 

Cfe  0.02 0.23 -0.62 0.37  0.73 0.06 0.95 1.99  -4.27 -0.91 -3.26 0.16 

Cfe
2  -0.11 -0.21 0.17 0.35  - - -0.26 -0.51  0.29 0.57 - - 

T  0.01 -0.35 0.07 0.05  0.06 0.55 -0.02 0.78  -0.10 -0.17 -0.14 0.16 

T2  1E-4 -0.11 1E-3 0.13  - - 1E-3 0.06  - -  - 

Ht  -0.47 0.20 0.09 0.05  0.17 0.13 -0.17 0.54  -0.86 -0.24 -1.15 -0.42 

Ht2  0.02 0.30 - -  8E-3 0.14 1.2E-3 0.22  - - - - 

T*Cfe  4E-3 0.11 - -  -7E-3 -0.22 0.01 0.30  0.02 0.52 0.03 0.87 

T*Ht  0.02 0.11 - -  -3E-3 -0.28 1.7E-3 0.10  0.12 0.69 0.06 0.39 

Cfe*Ht  2E-3 0.16 -0.03 0.53  - - 1E-3 9E-3  0.01 0.56 0.01 0.90 

UCD: coefficients based on  uncoded terms 

CD: coefficients based on coded terms 

Terms in bold denote the production variable 

 with high impact in the response  

CFe: FeCl3 concentration 

T: Hydrolysis temperature  

Ht: Hydrolysis time 

QAs: Arsenic adsorption capacity 

Fe%: Iron content of the modified 
carbons 
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On the other hand, the reported coefficients in Table 4.4 (coded values) can be 

used as a measurement of the effect of each factor. The terms in bold denote the 

production variables that had high impact in the evaluated response. Accordingly, 

the Fe% in the carbons is more influenced by the iron concentration of the 

hydrolysis solution (CFe). For iron modified ACP activated carbon (ACP-Fe) and 

iron modified F400 activated carbon (F400-Fe) the hydrolysis time (Ht) has a 

considerable influence, since the interaction term CFe*Ht has the highest effect. For 

the three carbons, the variables previously mentioned display a positive effect, 

which means that a high CFe promotes the anchorage of iron particles onto the 

carbon surface. This results can be explained as follow: the precipitation of iron by 

thermal hydrolysis is leaded by the addition of metal ions. Previous studies have 

demonstrated that once the nucleus is formed, the addition reaction is fast, and is 

controlled by the diffusion of metal ions [31]. At high iron concentration, the number 

of molecules that can diffuse to precipitate on the carbon surface is greater than at 

low iron concentration. This can be the reason why the iron concentration is the 

factor that controls the iron content of the modified carbons.  

On the other hand, hydrolysis temperature (T) is the production variable that most 

influences the arsenic adsorption capacity of the iron modified ACZ activated 

carbons (ACZ-Fe). In contrast the ACP-Fe carbons are more influenced by the iron 

concentration. The arsenic removal by the modified activated carbons depends on 

size and availability of the iron oxides. In this sense it is expected that high 

hydrolysis temperatures for ACZ carbons and low iron concentrations for ACP 

carbons favor the anchorage of iron nanoparticles. For modified F400 activated 

carbon there is not a predominant variable that influences QAs: the effect of each 

term has a similar value. Further characterization of the anchored particles to the 

carbon surface is needed in order to generate a correlation between the production 

variables and the arsenic adsorption capacity 
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4.3.2. Effect of production conditions on the carbons iron 

content 

Figure 4.5 shows the response surfaces that describe the evolution of iron loaded 

onto the carbons regarding the hydrolysis conditions: contour plots are also 

included for each graph. As it can be observed in Figure 4.5 A and B the iron 

content of F400-Fe carbons slightly increased as T increased. On the other hand 

the iron content of the carbon follows a parabolic tendency in relation to CFe, being 

the extreme values (low and high CFe) the conditions at which the iron content of 

the carbons increased. On the other hand, as can be seen in Figure 4.5 C and D, 

CFe is the production variable that dominated the loading of iron for ACZ-Fe 

carbons. Also, it can be seen that T has effect just at high CFe. Finally, the iron 

content of the ACP-Fe samples increased as both production variables, CFe and T, 

increased (Figure 4.5 E and F).  

Figure 4.5 also shows that the iron content of ACZ-Fe and ACP-Fe carbons was 

superior to the iron content of F400-Fe activated carbons. The iron content of ACZ-

Fe carbons ranged from 0.92 to 4.63 %, from 2.18 to 5.27 % for ACP-Fe carbons 

and from 0.73 to 2.2 % for F400-Fe activated carbons. The main difference 

between the carbon samples used in this research is the surface chemistry. F400 

activated carbon is a slightly basic carbon with low content of oxygenated surface 

groups (5.9 mmol O / g Carbon). On the other hand, ACZ and ACP carbons are 

acid carbons with a considerable amount of oxygenated surface groups (13.6 and 

15.4 mmol O / g Carbon, respectively). These results suggest that the oxygenated 

surface groups promote the anchorage of iron onto the carbons surface. It can be 

explained as a function of the reaction mechanism by which the iron oxides are 

formed under thermal hydrolysis.  
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Figure 4.5. Surface responses and contour plots that show the effect of iron concentration (CFe) and hydrolysis temperature (T) in the iron 

content (Fe %) of the modified activated carbons:F400 (A and B); ACZ (C and D);and ACP (E and F). The hydrolysis time was kept constant at 

the optimal value: 4 hours for F400 and 14 hours for ACP and ACZ carbons.
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As previously mentioned, the formation of the iron oxide crystals by the thermal 

hydrolysis is leaded by the neutralization of the metal aquo complex by water 

molecules (equation 4.3). 

Figure 4.6. Mechanism of the condensation reacionts (A) Chemical structure of Fe(III) in 

aqueous solution, performing hexa-aquo complexes. (B) Initiation: deprotonation mechanism of 

hexa-aquo iron complexes. (C) Propagation: olation mechanis by which iron complexes begin to 

condense.

This is the first step in the so called condensation reaction of crystal formation 

(Figure 4.6 B) [35]. Once the [Fe(OH)(OH2)5]2+ is formed, the hydroxo ligand can 

acts as a nucleophile that can react with other aquo complex eliminating an aquo 

ligand and performing an hydroxo bridge between the metal cations. This reaction 

is often called “olation” by the formation of an “ol” bridge between the metal cations

(Figure 4.6 C). As the oxo bridge is more stable than the hydroxo ligand, furher 

deprotonation can occur to generate the oxo bond characteristic of the condensed 
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metal oxides. Finally, the condensation of hydroxylated complexes ends as soon 

as the conditions allowing nucleophilic substitution are no longer present. Because 

condensation causes water elimination, the change in composition of the reaction 

product modify its average electronegativity, causing chare redistribution within its 

structure and, therefore, a change in the reactivity of the functional groups. Hence, 

OH ligands in the crystal agglomerations may lose their nucleophilic character and 

cations may lose their electrophilic character [32].

The hydrolysis reaction is initiated by (OH) groups, generated during the 

deprotonation of [Fe(OH2)6]+3 complexes. When the thermal hydrolysis is carried 

Figure 4.7. Proposed mechanism of the iron hydrolysis in presence of activated carbon. The 

oxygenated surface groups promote the water elimination and the later agglomeration of iron 

clusters.
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out in the presence of activated carbon, we propose that the oxygenated surface 

groups can be part of the hydrolysis reactions. The delocalized electrons in the 

graphite structure and mostly the free electrons found in the oxygenated surface 

groups of activated carbon can act as a nucleophilic specie, and hence initiate the 

hydrolysis mechanism (Figure 4.7). This could generate a covalent bond between 

the carbon surface and the iron particle, allowing the anchorage of iron particles. 

Also, previous modifications have demonstrated that the oxidation of activated 

carbon before impregnation allows loading a greater amount of iron onto the 

carbon surface [11, 19, 28, 36]. 

4.3.3. Arsenic adsorption capacity 

Figure 4.8 shows the response surfaces and the contour plots for the arsenic 

adsorption capacity of the modified carbons. The average QAs for the modified 

samples is 3.23 mg As/g C, 1.02 mg As/g C and 1.15 mg As/g C for F400-Fe, 

ACZ-Fe and ACP-Fe carbons, respectively. Considering the iron content of these 

samples, these results were unexpected, since the carbon with less iron content 

(F400-Fe activated carbon) exhibits the highest arsenic adsorption capacity. In 

order to explain these results, adsorption capacities of untreated activated carbons 

were determined. These analyses showed that ACZ and ACP carbons do not have 

any affinity for arsenic, however F400 activated carbon showed a considerable 

arsenic adsorption capacity (1.3 mg As/g C). This behavior can be explained by the 

high ash content of this carbon (7.1%), which can interact with arsenic to be 

removed from the aqueous solution. It is well known that arsenic anions adsorb 

onto hydroxilated surfaces by the formation of inner sphere complexes [4, 37-40]. 

Most of the transition metal oxides generate an hydroxilated surface when they are 

in contact with water. This effect is attributed to the reaction between hydroxyl ions 

or water molecules with the surface metal atoms. This reaction is promoted 

because the surface metal atoms are unsaturated, hence this unoccupied orbitals 

can acts as a Lewis acid, that can acts with Lewis bases such as hydroxyl ions or 

water [32].  
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Figure 4.8. Surface responses that show the effect of iron concentration (CFe) and hydrolysis temperature (T) on the arsenic adsorption 

capacity (QAs) of the modified activated carbons: F400 (A and B); ACZ (C and D);and ACP (E and F). The hydrolysis time was kept constant 

at the optimal value: 4 hours for F400 and 14 hours for ACP and ACZ carbons.
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Therefore, the metal oxides that compose the ash content of F400 activated 

carbon can have affinity by arsenic oxo anions, removing it from the aqueous 

solution. This results agree with previous studies, that have found that coconut 

shell based carbons and bituminous carbons with high ash content (3.0 to 5.5 %) 

have a considerable arsenic adsorption capacity, (2.4 to 4.91 mg As/g C) [41]. 

Even considering the fact that the raw F400 activated carbon has a considerable 

arsenic adsorption capacity, the performance of the modified one can not be 

compared with the ACP and ACZ carbons based on iron content. The iron loaded 

onto ACP-Fe and ACZ-Fe samples is greater compared with the contained in 

F400-Fe carbons, however, this extra iron do not increase QAs. It is probable that 

part of the iron loaded onto the ACP-Fe and ACZ-Fe was not available for arsenic 

removal. To illustrate this effect Figure 4.9 shows the arsenic adsorption capacity 

per gram of iron of all the samples generated by the three activated carbons 

tested. As it can be observed QAs per gram of iron, follows the same tendency for 

the three modified carbons: as the iron content increased, the removal of arsenic 

per gram of iron decreased. The surface area (BET) of selected samples is also 

reported in Figure 4.9. As can be observed, the surface area of ACZ-Fe and F400-

Fe carbons decreased for samples with high Fe%. According with the pore size 

distribution of raw ACZ and F400 carbons (see Table 4.2), most of the pore volume 

of these carbons (around 75%) are within micropores (pores with diameter < 2nm). 

The narrow pores contained in these carbons can be easily blocked by iron 

particles, decreasing their surface area. Thus, the decrease of arsenic removal is 

because part of the iron particles remain inside the blocked pores. Different results 

were observed for ACP-Fe samples: the surface area of these modified carbons 

decreased about 100 m2/g in comparison with the raw ACP activated carbons. In 

this case it is assume that the surface area did not decrease because ACP 

activated carbon has a well developed mesoporous structure (see Table 4.2) at 

which the iron oxide particles can be supported without causing a considerable 

blockage of pores. 
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Figure 4.9. Relation between arsenic adsorption capacities per gram of iron, regarding the total iron 

concentration on the activated carbon.

On the other hand, if we compare QAs per gram of iron (Figure 4.9) we can see that 

it is higher for F400-Fe activated carbons (ranged from 146 to 457 mg As/g Fe).

QAs per gram of iron for ACZ-Fe carbons ranged from 52 to 224 mg As/g Fe; and

for ACP-Fe carbons ranged from 113 to 22 mg As/g Fe. This effect could be 

related to the particle size of iron oxide/hydroxides. As stated above, the removal 

of arsenic by iron oxides can vary according with the accessibility of the preloaded 

iron, but also, it can vary with the particle size of the iron oxide particles. Therefore 

it is expected that materials with high QAs per gram of iron present small iron 

particles. In order to clarify these speculations, the size of the iron oxide particles of 

samples with high QAs per gram of iron (samples 12, 7 and 11 for F400-Fe, ACZ-

Fe and ACP-Fe carbons, respectively) were studied in detail by scanning electron 

microscopy and X ray diffraction. Figure 4.10 shows the scanning electron 

micrographs of these samples.
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Figure 4.10. Scaning electron micrographs of selected samples. F400-Fe (sample 12); ACZ-Fe (sample 7);and ACP-Fe (sample 11).
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As can be observed in Figure 4.10, the morphology and size of the iron particles 

differ for each material. F400-Fe activated carbon has spherical particles widely 

distributed on its surface. The micrographs for ACZ-Fe carbon reveals spherical 

and “peanut shape” iron particles with different diameters. Spherical particles have 

diameter below 100 nm (see Figure 4.10), since peanut shape particles have 

diameter up to 1 µm. Finally, ACP-Fe sample showed a very different crystal 

structure consisting on acicular shape iron oxide particles widely distributed all over 

the carbon surface. XRD analyses of these samples were performed in order to 

calculate the mean particle size and the crystalline structure of the iron 

oxide/hydroxide anchored onto the activated carbon surface. The American 

Mineralogist Crystal Structure Database (AMCSD) and MINDAT database 

(http://www.mindat.org) were employed to identify the crystal structure of the iron 

oxide particles anchored onto the activated carbons [42]. Figure 4.11 shows the 

XRD patterns of the modified activated carbons. The peaks that appear at 2θ 

around 24°, 33°, 36°, 50°, 54°, 62° and 64° in the diffraction pattern of ACZ-Fe and 

F400-Fe samples correspond to hematite crystals. Also peaks at 2θ around 69° 

and 27° in the ACZ-Fe, ACP-Fe and F400-Fe can be associated to the presence of 

Akaganeite (β-FeO (OH Cl)) iron hydroxide crystals.  

XRD analyses were employed to calculate the mean particle size of the iron 

oxide/hydroxide particles, founding that F400-Fe carbon has an average particle 

size of 43.3 ± 2 nm. In contrast the average diameter of iron oxides on ACZ-Fe and 

ACP-Fe activated carbons were higher: the analyses showed an average particle 

size of 149.9±6 nm and 280 nm, respectively. In this sense the F400-Fe carbons 

have a higher arsenic removal since the loaded iron particles are smaller than the 

ones in the ACZ-Fe and ACP-Fe activated carbons.  

Particularly, hematite and akaganeite are the only cystall anchored onto the 

activated carbon surface. According with the thermodynamic calculation of the iron 

oxide hydroxides formation (Figure 4.3) hematite is the crystal most favored. Also, 

the Gibbs free energy of these reactions is favored as the reaction temperature 
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increase. However this values just provide a guide to what compound may form 

under any particular condition, but because the kinetic of transformation of Fe 

oxides are often slow, meta stable phases are frequently observed and may exist 

over long period of time [32].
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Figure 4.11. X Ray diffraction patterns of iron modified activated carbons. Labels 

indicate the crystal structure as follow: H: hematite (Fe2O3); and A: akaganeite ( -

FeO(OH Cl)).
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Regarding to the production conditions, the main difference between the 

production conditions of the samples that appear in Figure 4.10 are the 

concentration of FeCl3 (3.7 M for F400 activated carbon, 1 M for ACZ activated 

carbon and 0.3 M for ACP activated carbon). This parameter conditions solution 

pH of our system. During the development of this research, the solution pH was not 

studied, hence this parameters was a function of the ions in solution. FeCl3 in 

aqueous solution dissolve to form Fe+3 and Cl- ions (equation 4.10). The solution 

pH is determined by the reactions that occur between the ions in solution and 

water molecules. Chloride ions do not react with water, since it is the conjugate 

base of a strong acid (HCl) and hence it remains as Cl- ion. In contrast, ferric ions 

react with water to perform hydroxo complexes (equation 4.11). Once the 

hydroxilated comlex is formed, it can also react with water molecules (equation 

4.12).

(4.10)

(4.11)

(4.12)

These hydrolysis reactions release protons to the media, decreasing the solution 

pH. Taking into account the FeCl3 concentrations employed in the experiments (0.3 

to 3.7 M) and the equilibrium constant of the hydrolysis of the iron ion of all the 

possible hydroxilated complexes [33], the solution pH ranged from 0.68 to 1.45.

According with the speciation diagrams (Figure 4.2) the predominant species are 

Fe3+ and Fe(OH)2+, hence, the formation of the iron oxides could proceed by the 

thermal hydrolysis of both species. According with the Gibbs free energy of the iron 

oxide hydroxides formation (Figure 4.3), hematite formation is the most favored 

reaction when the solid is formed from Fe(OH)2+ ions at 95°C (368 K). However, if 

the reaction proceed from Fe3+ ions, akaganeite crystals are the iron hydroxide 
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most favored. This results agree with the XRD results, corroborate the presence of 

both crystalline structures in the ACP and ACZ samples.  

The reason why the particles on F400-Fe carbons are smaller than the ones on 

ACZ-Fe and ACP-Fe is not totally clear. As previously mentioned, the deposit of 

iron onto the carbon surface begins with the formation of a nucleus. After that, the 

iron particle growths, influenced by factors such as hydrolysis temperature and the 

concentration of the hydrolysis solution. The oxygen content of the carbons (see 

Table 4.1) evidences that the surface groups can acts as nuclei former and favors 

the formation of iron particles on samples ACZ-Fe and ACP-Fe and hence the iron 

oxides can reach high particle diameters. Also the crystalline structure of the iron 

particles can influence the arsenic adsorption capacity. As observed in Figure 4.10 

and Figure 4.11 crystalline structures of the iron particles vary according with the 

production conditions and the type of activated carbon. Iron oxides have the 

characteristic to form diverse crystalline structures. According with Cornell et al 

[32], the morphology of the crystal is governed by the rate at which the different 

faces growth and depends on a number of factors: the arrangements of the ions in 

the crystal, the driving force of the crystal formation (chemical potential), and the 

growth environment (solvent, presence of foreign ions). Thermodynamically, the 

most stable iron oxide species are hematite (Fe2O3) and goethite (FeOOH). Under 

hydrothermal conditions at high temperatures (>70° C), high concentrations of iron 

and low pH, the precipitation of iron as hematite crystals is promoted. However, if 

the hydrolysis solution contain chloride ions, both akaganeite and hematite crystals 

can be formed [32]. Also, although the crystalline structure of an iron oxide is well 

defined, the shape of the particle can vary according with the growing of some 

specific crystalline face. This generates a variety of morphologies (also called 

habits) that can influence the arsenic adsorption capacity.  

The latest is consistent with the findings in this investigation, since hematite and 

akaganeite are the crystalline structures present on the modified activated carbons 

produced in this research. According with the diffraction patterns of F400-Fe 
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sample (Figure 4.10), it can be seen that this material has mainly hematite crystals 

and a small amount of akaganeite.  

This is because this carbon was synthesized at high iron concentrations (CFe=3.5 

M), condition that, as reported, favored hematite formation. On the other hand 

ACZ-Fe sample has both crystalline species (hematite and akaganeite), with a 

considerable high amount of akaganeite crystals. This could be related to the iron 

concentration employed to modify this carbon, since was relatively low (CFe=1 M), 

which promotes the formation of akaganeite. Also, it is possible that during the 

washing and drying of the modified carbons part of the akaganenite was 

transformed to hematite by means of chloride elimination and dehydration 

reactions  

Finally, according with the diffraction pattern of ACP-Fe sample, the anchored iron 

oxides correspond only to akaganeite crystals. This effect could be attributed to the 

low concentration of iron in the hydrolysis solution (for sample 11 CFe was 0.3 M,) 

since this conditions favors the formation of this crystalline phase. Also to the 

surface chemistry of the ACP activated carbon can influence the formation of 

acicular shape particles. Previous studies about the formation of monodispersive 

particles by iron hydrolysis have found that the addition of a small amount of 

phosphate ions leads the formation of acicular shape β-FeOOH [27, 43, 44]. Hence 

the phosphate groups in the surface of ACP activated carbon can influence this 

iron oxide morphology at low iron oxide concentrations. 

In this section QAs expressed per gram of iron was useful to emphasize the 

importance of the iron oxides/hydroxides particles size and their availability to 

adsorb arsenic. However, for practical purposes, the material to be used in real 

applications will be the one that has the highest QAs per gram of carbon. According 

with the shape of the surface responses reported in Figure 4.8, it is expected that 

the arsenic adsorption capacity of the modified activated carbons can be enhanced 

by modifying the production parameter in the direction that the surface response 

growths (marked with an arrow in Figure 4.8). In this sense, the following sections 
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are focused on the production conditions optimization in order to generate 

materials with the highest QAs possible per gram of carbon. 

4.3.4. Optimization 

An advantage of employing the response surface methodology is that the effect of 

each production parameter, regarding the measured response, can be 

determinated. In this sense we can modify the production conditions to get a 

desired response. In this case we want to find the production conditions at which 

the iron modified activated carbons have the maximum arsenic adsorption 

capacity. As can be seen in Figure 4.8, the variations of QAs are hardly influenced 

by the kind of activated carbon employed and hence the optimal anchorage 

conditions should be different for each activated carbon. In this section the 

optimization of the production conditions were carried out evaluating each carbon 

separately, based on the results of the first experimental design. 

4.3.4.1. F400 activated carbon 

From the response surface and contour curves presented in Figure 4.8 A and B, 

the optimum production conditions can be observed: CFe=3.05, T=96 °C and Ht=14 

hours. It is worth noticing that, the hydrolysis time of 14 hours is the boundary 

value of this production variable in the first experimental design. In this sense it is 

expected that the arsenic adsorption capacity of this modified carbon increases 

when increasing the hydrolysis time. With the aim to explore this possibility, 5 

samples were prepared at the optimal CFe and T, and at higher hydrolysis times 

than 14 hours. QAs and Fe% of these samples are given in Figure 4.12. As 

predicted by the response surface, the arsenic adsorption capacity increased with 

hydrolysis time, reaching its maximum value at a hydrolysis time of 56 hours, 

obtaining an arsenic adsorption capacity of 4.27 mg As/g C. This increase in QAs is 

attributed to the anchorage of new particles in the carbon surface, increasing 

slightly the iron content of the modified carbons (Figure 4.12). However at Ht 

higher than 56 hours the QAs decreased. This could be related to the 
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agglomeration of iron oxide particles. Something to remark is that the surface area 

did not exhibit an appreciable change when Ht was increased: the surface area of 

the carbon produced at 56 hours of hydrolysis time decreased just 42 m2/g

compared to the one processed for 14 hours.
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Figure 4.12. Evaluation of hydrolysis time (Ht) on the arsenic adsorption 

capacity (QAs) (left axis) and the iron content (right axis) of F400-Fe activated

carbon. CFe and T were kept constant at 3.05 mol/L and 96 °C, respectively.

4.3.4.2. ACZ activated carbon

According with the results given in Figure 4.8C and D, QAs of ACZ-Fe carbons 

increased with the hydrolysis temperature. In contrast, the iron concentration of the 

hydrolysis solutions had a negative effect on the arsenic adsorption capacity 

because it decreased as CFe increased. Regarding the hydrolysis time, 6.8 hours 

was the time at which the arsenic adsorption capacity gets its maximum value. 

Taking this into account, the production conditions that maximize QAs of ACZ 

activated carbon are a temperature above 110 °C, low iron concentration and a

hydrolysis time of 6.8 hours. However, at temperatures higher than 110 °C, the 

pressure inside the vessel increased, opening the seal of the container used.
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Because of this, the only variable that could be studied in order to increase QAs

was CFe.
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Figure 4.13. Evaluation of Iron concentration (CFe) on the arsenic adsorption 

capacity (QAs) (left axis) and the iron content (right axis) of ACZ-Fe activated

carbon. Hydrolysis time and hydrolysis temperature were kept constant at 6.8 

hours and 110 °C, respectively.

Similar to what was done for F400 carbons, 6 samples were prepared at the

optimal hydrolysis time (6.8 hours) and at the chosen hydrolysis temperature (110

°C), varying the iron concentration in the hydrolysis solution. The arsenic 

adsorption capacity and the iron content of the generated materials are reported in 

Figure 4.13. As predicted by the first experimental design, Figure 4.13 shows that 

low CFe favored the arsenic adsorption capacity by the ACZ modified carbons. The 

maximum arsenic adsorption capacity was 1.72 mg As/g C, at an iron 

concentration of 0.9 mol Fe/L. Following the dotted line that connects the

experimental data in Figure 4.13 it can be assume that the optimal CFe is 1.16 

mol/L. ACZ activated carbon was modified at the optimal CFe value, generating a 
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carbon with an arsenic adsorption capacity of 1.75±0.18 mg As/g C and an iron 

content of 1.34±0.08 Fe%.  

Table 4.5. Experimental design and the responses obtained. 

Run  Production conditions (Coded levels)  Q As 

(mg / g) 

Fe % 

 
CFe 

(mol/L) 

T 

(°C) 

Ht 

(hours) 
 

1  0.4 (-1) 40 (-1) 6 (-1)  0.84 1.42 

2  0.4 (-1) 40 (-1) 9 (+1)  0.59 1.41 

3  0.4 (-1) 60 (+1) 6 (-1)  1.01 1.66 

4  0.4 (-1) 60 (+1) 9 (+1)  0.87 1.46 

5  1.0 (+1) 40 (-1) 6 (-1)  0.56 1.56 

6  1.0 (+1) 40 (-1) 9 (+1)  0.74 1.39 

7  1.0 (+1) 60 (+1) 6 (-1)  0.77 1.64 

8  1.0 (+1) 60 (+1) 9 (+1)  0.74 1.40 

9  0.2 (-1.6) 50 (0) 7.5 (0)  0.98 1.24 

10  1.2 (+1.6) 50 (0) 7.5 (0)  0.75 1.60 

11  0.7 (0) 33.2 (-1.6) 7.5 (0)  0.75 1.31 

12  0.7 (0) 66.8 (+1.6) 7.5 (0)  1.07 1.51 

13  0.7 (0) 50 (0) 5 (+1.6)  1.01 1.57 

14  0.7 (0) 50 (0) 10 (+1.6)  0.86 1.32 

15  0.7 (0) 50 (0) 7.5 (0)  1.05 1.25 

16  0.7 (0) 50 (0) 7.5 (0)  1.10 1.30 

17  0.7 (0) 50 (0) 7.5 (0)  1.03 1.27 

4.3.4.3. ACP carbon 

Figure 4.8 E and F indicates that the production conditions at which the ACP-Fe 

carbons increased their arsenic adsorption capacity are those at low hydrolysis 

temperature and low iron concentration and short hydrolysis time. Because of this, 

a second experimental design was performed in order to find the experimental 

conditions that increase the arsenic adsorption capacity of this activated carbon. A 

central composite experimental design was employed, redefining the production 
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variables to lower values than those established in the first experimental design. 

The experimental conditions and the analyzed responses are given in Table 4.5. 

Similar to what was done for the previous analysis, iron content and the arsenic 

adsorption capacity was analyzed, generating the surface plots reported in Figure 

4.14. As expected, the iron content of the samples is lower than the obtained on 

the previous design. In this second experimental design the iron content ranged 

from 1.24 to 1.66 Fe%. Similar to the F400-Fe samples, the shape of the response 

surface of the iron content (Figure 4.14A) showed the minimum value that can be 

reached with ACP carbons. On the other hand, the arsenic adsorption capacity 

ranged from 0.56 to 1.11 mg As/g C. The production conditions that generated the 

material with the highest arsenic adsorption capacity (QAs=1.11 mg As/g) were 

CFe=0.56 mol Fe/L, T=58 °C and Ht=6.8 hours. The BET surface area were not 

significantly affected by the presence of iron oxide particles in the modified 

materials, since the surface area of the virgin activated carbon was 1058 m2/g, and 

the one for the modified activated carbons was 902 m2/g.  

Something to remark is that the maximum arsenic adsorption capacity found by 

this experimental design was similar to the average value obtained on the previous 

experimental design, but lowers than the arsenic adsorption capacity of sample 1 

and sample 11 of the first experimental design (referred as experimental run 1 and 

11 in Table 4.1). The reason why these samples have an unexpected adsorption 

capacity compared with the rest of the samples is related to the morphology of the 

iron loaded onto the carbon samples. As can be observed in Figure 4.10C, the 

morphology of the iron loaded on sample 11 of the first experimental design has a 

particular acicular shape. These iron oxide particles increased the surface area of 

the modified samples from 1058 m2/g to 1234 m2/g. Because of the increment in 

surface area caused by the iron oxide particles, the arsenic adsorption capacity 

also increased compared with the rest of the samples (ACZ-Fe and ACP-Fe) that 

had spherical particles.  
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Figure 4.14: Surface response and contour plots for iron content (Fe%, A and B) and arsenic 

adsorption capacity (QAs, C and D) for ACP modified samples according with the experimental 

design reported in Table 4.5.

However, a considerable amount of iron oxide particles was detected in the batch 

adsorption experiments (7.3 % of the total iron preloaded onto the carbon), which

is attributed to the release of acicular iron oxide particles. The release of the 

acicular particles can be caused by the collision of carbon granules during batch 

adsorption experiments, since the samples were stirred until the adsorption 
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equilibrium was reached. Scanning electron micrographs of the modified carbons

before and after adsorption experiments confirmed these findings (Figure 4.15). 

A

B

Figure 4.15. Scanning electron micrographs of ACP-Fe carbon (sample 11) before (A) and after 

(B) arsenic adsorption.

Hence, even when the adsorption capacity of carbons with acicular shape particles 

is higher than the rest of the ACP-Fe carbons, their application in aqueous streams 

is limited by the release of iron. However, due to their high arsenic adsorption 

capacity, the evaluation of this material in a packed column system is needed in 

order to determine its applicability.

4.3.5. Characterization of the optimum materials

4.3.5.1 Powder X-ray diffraction (XRD)

Figure 4.16 shows XRD results of raw activated carbons and modified carbons 

produced at optimal conditions. As can be observed, the three carbons employed 

in this research have two broad peaks around 2 =23° and 2 =43° that are 

characteristic of amorphous structures of activated carbon. These peaks are 
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related to the graphite-like microcrystallites randomly oriented, corresponding to

graphite (002) and graphite (100) planes. Additionally to these peaks, F400 

activated carbon has other peaks (marked in Figure 4.16) that could be related to 

small amounts of inorganic salts such as hematite goethite, alumina or silica,

however due to the low intensity of these peaks it is difficult to be conclusive. 
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Figure 4.16. X Ray diffraction patterns of virgin (left) and iron modified (right) activated carbons. 

Labels indicate the crystal structure: G: graphite (C) and A: akaganeite ( -FeO(Cl,OH)).

For ACZ-Fe activated carbon no difference could be observed between the XRD 

patterns of raw and iron doped activated carbons, suggesting either that the 

deposited iron oxides are amorphous or that the particles are too small to diffract. 

Similar results were obtained by F400-Fe activate carbon, since the XRD pattern of 

the modified carbon do not change considerably. The small peaks presented in the 

pristine F400 activated carbon remains after the impregnation of the iron oxide 

particles, with a slight size decrement, which can be related with the partial 
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dissolution of these salts. However, the diffraction patterns don not exhibit some 

information about the iron oxide particles anchored onto the activated carbon 

surface despite the iron content of the F400 activated carbon increase from 0.34 to 

1.45%. Finally, ACP-Fe activated carbon showed a broad peak centered at 

2θ=12.5°, which can correspond to akaganeite crystals. Due to the broadest of the 

peak, it is expected that the akaganeite particles were poorly crystalline and with a 

particle size below 100 nm. Because the XRD patterns of the modified activated 

carbons do not exhibit the crystalline peaks of the anchored iron oxides, the 

calculation of the mean particle size was determined by SEM observations. 

4.3.5.2 Scanning electron microscopy (SEM) 

The iron modified activated carbons were analyzed by scanning electron 

microscopy, in order to examine the particle size and distribution of the iron oxides 

anchored onto the modified activated carbons. It is worthy to notice that the 

activated carbon granules were partially milled before the SEM observations in 

order to get images of the internal carbon granules. Selected micrographs of the 

three modified activated carbons are included in Figure 4.17. According with the 

SEM observations the majority of the iron oxide particles anchored onto F400-Fe 

activated carbon appear as agglomerates (marked with arrows in Figure 4.17) of 

very small spherical particles, with diameter from 2 to 10 nm. These particles are 

mainly located in the activated carbon dislocations, where it is expected that 

unsaturated carbon atoms are more reactive. However, particles with greater 

diameters were also observed, ranging between 6 and 58 nm (Figure 4.17 bottom 

micrographs) being observed mainly on the external part of the activated carbon 

granule.  

Different results were observed for ACP-Fe activated carbon: it was possible to 

observe two kinds of iron oxide. On one hand, iron oxide spherical particles with a 

diameter between 4 and 15 nm with a mean particle size distribution of 8±2 nm 

(micrographs on the top of Figure 4.18).  
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Figure 4.17. Scanning electron micrographs of F400-Fe activated carbon modified under the 

optimal production conditions. 

These particles are similar to the ones observed on F400-Fe activated carbon, but 

the diameter of the particles onto the ACP-Fe surface is slightly bigger and the 

distribution is not as wide as on the F400-Fe activated carbon. On the other hand,

amorphous agglomerates of iron oxide nanoparticles were also observed 

(micrographs on the bottom of Figure 4.18). Elemental analysis carried out by 

energy dispersive x-ray analysis (EDX) showed a considerable amount of iron and 

chloride in areas that contain these particles, hence it could be concluded that this 

particles correspond the akaganeite crystals, that are the responsible of the broad 

peak observed in the XRD analysis. The presence of these different iron oxide 
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morphologies onto the carbon surface is not totally clear. It can be speculated that 

this effect could be related to the presence of different amounts of phosphate

groups on the carbon surface: in zones with small amounts of phosphate groups 

spherical particles (that was found in F400-Fe activated carbon also) are formed; in 

contrast, zones with high amount of phosphate groups linked to the activated 

carbon surface, can promote the formation of akaganetite crystals and hence, 

different morphologies. 

Figure 4.18. Scanning electron micrographs of ACP-Fe activated carbon modified under the 

optimal production conditions.

Also, during the analysis of ACZ-Fe activated carbon it was possible to detect two 

iron oxide morphologies: Semi spherical shape iron oxide particles (micrographs at

top of Figure 4.19), that according with the SEM observation, are present with less 

frequency on the activated carbon surface. In this case, the spherical particles 
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have a bigger particle diameter to the ones observed in F400-Fe and ACP-Fe 

activated carbons, since their diameter ranged from 15 to 36 nm with an average 

particle size of 20±6 nm. And on the other hand, it was possible to observe 

amorphous agglomerates (micrographs at top of Figure 4.19), widely distributed on 

the activated carbon surface.

Figure 4.19. Scanning electron micrographs of ACZ-Fe activated carbon modified under the 

optimal production conditions.

According to the shape of these agglomerations, it is expected that these iron 

oxides correspond to ferrihydrite, characterized by their poor ordered structure (see 

Figure 4.19). Previous studies have reported that the nucleation of hematite iron 

oxide takes place in ferrihydrite aggregates after an aging time at room 

temperature (see Figure 4.20), this because the aggregation appears to facilitate 
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the hematite crystallization [32]. As previously found, the crystalline structure that is 

preferentially formed during the thermal hydrolysis is hematite for ACZ and F400 

activated carbons, as was observed in the XRD analysis of the samples generated 

in the first experimental design (see Figure 4.11) Then, it is expected that the short 

hydrolysis time employed to modify ACZ-Fe activated carbons (6.8 hours) does not 

allow the completilly transformation of the amorphous ferrihydrite into hematite 

crystals, generating the agglomerates observed in Figure 4.19.

A B

Figure 4.20. Transmission electron micrograph documenting the transformation of ferrihydrite to 

hematite iron oxide after a considerable aging time. A: initial ferrihydrite sample. B: micrographs that 

show a considerable reduction of ferrihydrite and the formation of hematite crystals, (circle marked).

Image reproduced from Cornell et al. [32]

4.3.5.3 Surface area and pore size distribution

Nitrogen adsorption/desorption isotherms for the virgin and modified activated 

carbons at optimal production conditions were measured. From these data, BET 

surface area and pore size distribution (DFT calculations) were determined. The
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surface area of raw materials decreased after their modification with iron oxide / 

hydroxide particles: from 1058 to 942 m2/g for ACP-Fe activated carbon; from 896 

to 839 m2/g for F400-Fe activated carbon; and from 896 to 433m2/g for ACZ-Fe 

activated carbon. In the same way the pore volume of modified carbons was lower 

than the pristine materials, as can be observed in Figure 4.21. F400 activated 

carbon concentrates most of its pore volume in pores with diameter between 5 and 

12 Å, with a considerable amount of pores with diameter of 6 Å. After the 

modification of this carbon with iron oxide/hydroxide particles the total pore volume 

decrease from 0.471 cm3/g to 0.387 cm3/g (17.0%), lossing 4.75% and 31.1% of 

the initial microporous and mesoporous volume, respectively. As can bee seen in 

Figure 4.21, the principal peak presented at 6 Å of pore width in the incremental 

pore volume of the virgin F400 activated carbon is displaced to lower pore 

diameters. The reason of this pore width reduction is not totally clear; assuming 

that this difference is not due to an experimental error, this reduction could be 

related to some chloride or ferric ions remaining in the microporous structure, since 

the atomic radius of chloride and ferric ions is 1.7 Å and 0.63 Å, respectively. 

Another reason for the reduction of the pore size of F400-Fe activated carbon 

could be related to some iron oxide particle anchored onto micropores. However, 

these are too large according with the particles found during the SEM analysis (see 

Figure 4.17) On the other hand the pore volume contained in micropores wider 

than 6 Å remains similar to the pristine activated carbon. 
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Figure 4.21. Pose size distribution of the virgin (solid line) and iron modified carbons (dotted line) 

synthesized at the optimal production conditions. 

 

Most of the decrement in pore volume of the F400-Fe activated carbon is 

presented in the mesopore structure. To illustrate this change, Figure 4.22A show 

the distribution of mesoporous volume of F400 and F400-Fe activated carbons. As 

can be seen, the mesopore structure of F400-Fe activated carbon has similar 

shape to the F400 activated carbon but with low pore volume, which means that 

the iron oxide particles are dispersed inside the mesopores of the activated carbon, 

without blocking pores. This assumption is supported by the particle size of the 

F400-Fe activated carbon (see Figure 4.17): the particle size ranged from 20 to 

100 Å.  

On the other hand, ACP activated carbon has a wide pore size distribution, 

containing pores with diameter that ranges from 7 Å to 100 Å (Figure 4.21). This 

pore structure is suitable to be modified with iron oxide particles, since in 

comparison with narrow distributions, this porous structure facilitates the diffusion 

of Fe ions through the pores during the hydrolysis, avoiding the blockage of pores 

and hence the diminish of the activated carbon surface area. Comparing the pore 

structure of the raw ACP activated carbon with the ACP-Fe activated carbon, it can 

seen a decrement of pore volume presented mainly in the mesoporous range. The 

total pore volume decreased from 0.488 cm3/g to 0.394 cm3/g (19.3%): the 

micropore volume decrease 10.3% of the initial micropore volume, being the pores 

with diameter superior to 10 Å the most affected. On the other hand, the mesopore 

volume decreased 29.1% of the initial volume. Similar to the reported for F400-Fe 

activated carbon, the pore structure of the pristine ACP and the modified ACP-Fe 

activated carbons is similar, which means that the iron oxide particles are 

dispersed inside the mesopores of the activated carbon, without blocking the pores 

entrance (see Figure 4.22B). These results agree with the SEM observations, 

since the diameter of the iron oxide particles ranged from 40 to 150 Å (see Figure 

4.18).  
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Figure 4.22. Pose size distribution in the mesopores range of the virgin (solid line) and iron 

modified carbons (dotted line) synthesized at the optimal production conditions. A: F400 activated 

carbon, and B: ACP activated carbon.

Finally, ACZ activated carbon has a pore size distribution similar to the F400 

activated carbon: the majority of its pore volume is concentrated in pores with 

diameters between 6 Å and 12 Å (Figure 4.18) being the micropore volume 80 % of 

the total pore volume of ACZ activated carbon. This narrow pore size distribution 

presented in ACZ activated carbon is easily blocked by the iron oxides anchored 

onto the activated carbon surface, since the particles have a diameter that ranges

from 150 to 360 Å. In this case the pore structure of the modified activated carbon 

is very different to that of the ACZ activated carbons, which means that the iron 

oxide particles are blocking pores in the modified activated carbon. This can be 

seen in Figure 4.19, where ferrihydrite agglomerates are blocking the pores

entrance. After the modification of this activated carbon with iron oxide/ hydroxide 

particles at the optimal conditions, the total pore volume decreased from 0.257 to 

0.117 cm3/g (54.5%), with a decrement of 61.6% of the microporous volume and a 

37.8% of the mesoporous volume. With these results it can be conclude that a well 

developed mesopore structure is needed in order to avoid the blockage of the 

pores by iron oxide particles.
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4.3.5.4. Adsorption isotherms

Figure 4.23 shows the As (V) adsorption isotherms of the modified materials 

generated at the optimal experimental conditions. The adsorption isotherms of the 

virgin activated carbons were also evaluated. The ACZ and ACP activated carbons 

did not exhibit affinity for arsenic, being their arsenic adsorption capacity less that 

0.01 mg As/g. In contrast F400 activated carbon exhibited a considerable arsenic 

adsorption capacity, therefore its adsorption isotherm is also reported in Figure 

4.23. The data were best fitted by the Freundlich isotherm model; the isotherm 

parameters and the main characteristics of the generated materials are reported in 

Table 4.6. F400-Fe carbon was the material that had the higher arsenic adsorption 

capacity within the entire range of arsenic concentration studied. The adsorption 

capacity of the F400 activated carbon doubled after its modification (for example at

1.5 ppm of arsenic).
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Figure 4.23. Adsorption isotherms of iron modified carbons and F400 virgin carbon. The iron 

modified activated carbons reported in this graph were produced at the optimal production 

conditions. Isotherms obtained at 25 °C and pH = 7
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Table 4.6. Main characteristics and adsorption isotherms parameters 
according with the Freundlich isotherm of the modified carbons generated 
at the optimal production conditions. 

Sample BET S.A. 

(m2/g) 

pHPZC* Iron content 

(%) 

Kf 1/n R 

F400 896 8.94 0.34 1.211 0.371 0.971 

F400-Fe 904 8.62 1.45 3.040 0.206 0.990 

ACZ-Fe 433 3.07 1.34 0.788 0.418 0.984 

ACP-Fe 902 3.59 1.65 0.638 0.352 0.971 

pHPZC: Point zero electric charge pH 

R:correlation coefficient  

n: Freundlich isotherm constant (dimensionless)  

Kf: Freundlich isotherm constant (L1/h/ mg1−1h g−1) 

From the shape of the adsorption isotherm of F400-Fe, it can be seen that this 

carbon exhibits a high affinity for arsenic at low arsenic concentrations. This is a 

desired characteristic in materials that want to be used for treatment of water 

polluted with arsenic, since most of the arsenic-contaminated areas do not exceed 

a concentration of 1.5 ppm of arsenic [45]. On the other hand the arsenic 

adsorption capacity of ACP-Fe and ACZ-Fe activated carbons, calculated at 1.5 

ppm of As at equilibrium, was 0.96 and 1.18 mg As/g C respectively. As discussed 

before, the reasons of the superior arsenic adsorption capacity of F400-Fe 

activated carbon over ACP-Fe and ACZ-Fe carbons are the availability and particle 

size of the iron oxides loaded onto this carbon. However, comparing the 

characteristics of the iron modified activated carbons we can speculate that their 

pHPZC could play an important role on the arsenic adsorption capacity. The arsenic 

adsorption experiments were carried out at pH=7. Taking into account the pHPZC of 

the modified carbons (Table 4.6), the net electric charge of ACP-Fe and ACZ-Fe at 

pH 7 is negative. In contrast, it is expected that the electric charge of F400-Fe at 
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pH 7 was slightly positive because this pH is below its pHPZC. Arsenate 

predominates as mono or divalent anion at pH 7, therefore, the oxygenated groups 

of ACZ-Fe and ACP-Fe carbons can repel these anionic species, decreasing the 

arsenic adsorption capacity. Finally, comparing our results with previously modified 

activated carbons (Table 1.4), our materials have similar and in some cases 

superior adsorption capacities than other iron modified carbons.  

4.4. CONCLUSIONS 

This study has demonstrated that thermal hydrolysis is an excellent method to 

anchor iron nanoparticles onto granular activated carbon. The production 

conditions that generate materials with high arsenic adsorption capacity depend on 

the type of carbon employed. The presence of oxygenated surface groups onto the 

carbon surface promotes the anchorage of iron oxide particles, since carbons with 

high oxygen content (ACP and ACZ carbons) have higher iron content. However, 

according with our results there is not a direct relationship between iron content 

and arsenic adsorption capacity, since factors as availability of iron to adsorb 

arsenic and the particle size of iron oxides are parameters that strongly influence 

the arsenic removal. By mean of the surface response methodology, it is possible 

to determine the optimal experimental conditions to anchorage iron oxide particles 

onto carbon materials. The optimal conditions to anchor iron particles for F400 

activated carbons are: CFe=3.05 mol Fe/L, T=96 °C and Ht=56 hours; for ACZ 

activated carbons are: CFe=1.16 mol Fe/L, T=110 °C and Ht=6.8 hours; and 

CFe=0.56 mol Fe/L. T=58 °C and Ht=6.8 hours for ACP activated carbons. The 

surface area decrease is insignificant for ACP and F400 modified carbons (less 

that 10 % of its initial surface area), however for ACZ carbon, the surface area 

decreases considerably (from 846 m2/g to 433 m2/g). The arsenic adsorption 

capacity measured at pH 7, 25°C and 1ppm of arsenic concentration at equilibrium 

is 3.25 mg As/g, 1.45 mg As/g and 1.65mg As/g for F400-Fe, ACZ-Fe and ACP-Fe 
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respectively, being this values in some cases superior to previously reported 

modified activated carbons. 
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CHAPTER5
GENERAL DISCUSSION

ctivated carbon is a versatile adsorbent that can efficiently remove several 

compounds from aqueous and gas phase. These activated carbon 

characteristics are mainly due to its extensive surface area contained in its intricate 

pore structure. In this sense, the methodologies to produce activated carbon are 

focused on the generation of pores into the precursor by means of activation

processes. According with the results exposed in chapter 2, the carbonization of 

agave bagasse perform pores all along the bagasse fiber with diameters from 3 to 

(see Figure 2.4). The in-situ characterization of the carbonization process of 

agave bagasse fibers employing an environmental scanning electron microscope 

(ESEM) demonstrated that the generation of this macroporous structure is related 

to the volatilization of the most labile structures of the agave bagasse fibers

(Appendix A). However, the surface area of the carbonized fibers did not increase 

significantly. For large the surface area of carbonized fibers, it is necessary to 

introduce pores with diameters below 50 nm. There are two strategies to achieve 

A

“The aim of a 
discussion should not be 
victory, but progress.”
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this objective: 1) carbonizing the precursor under an oxidizing atmosphere or 2) 

incorporating an activating agent in the precursor before carbonization. The first 

strategy is often used when mineral carbon (anthracite, bituminous, lignite, etc) is 

used as a precursor where most of the carbon is structured as graphite sheets. 

The oxidizing gases volatiles part of the carbon structure, developing pore 

structure. However when a lignocellulosic material is used as an activated carbon 

precursor, this strategy does not produce good results since the majority of the 

carbon is consumed during the carbonization process. The preferred strategy 

involves the incorporation of inorganic salts or acids before the carbonization 

process in order to avoid the volatilization of carbon and hence, generating a 

carbon structure. In this research two activating agents were tested: ZnCl2 and 

H3PO4. The incorporation of these chemicals modified the thermal degradation of 

the agave bagasse as can be observed in the TG-DTG diagrams (see Figure 2.1) 

where the maximum weight loss occurred at lower temperatures than the 

presented by the unimpregnated agave bagasse. Previous studies have found that 

both activating agents catalyze the dehydrating reactions that begins to degrade 

the biopolymers that compose the lignocellosic materials (see Figure 2.2 and 

Figure 2.3). Hence the carbon structure begins to consolidate, forming random 

structures. Also, during the thermal treatment a fluid phase composed by low 

molecular weight biopolymers and molten activating agent is formed. About 300 °C 

a rapid evolution of gases emerged through the molten phase, generating a new 

porous structure all along the fibers (Appendix A). Finally the obtained carbon is 

rinsed, removing the residual activating agent, generating in this way the micropore 

structure that gives to the activated carbon its extended surface area.  

According with the results included in chapter 3, it was possible to control the 

physical properties (surface area and hardness) of the activated carbon obtained 

from agave bagasse. The production conditions that controled the surface area of 

the generated activated carbons are the concentration of activating agent and the 

activation temperature. As previously mentioned, activating agents promote 
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several reactions that generate the porous structure of carbons, however the rate 

and the intensity of these reactions depend on the activation temperature.  

When ZnCl2 is employed as activating agent, activation temperatures up to 350 °C 

and moderate concentration of activating agent (up to 0.5 g ZnCl2/g bagasse) are 

needed to generate carbons with surface area similar to the one presented by 

commercial activated carbons (800 m2/g, see Figure 3.4). If the concentration of 

activating agent increases up to 1.5 g ZnCl2/g bagasse, the generated activated 

carbon can reach surface areas as high as 2000 m2/g. This mainly by the large 

number of pores formed after the removal of the activating agent. However, the 

materials generated at high impregnation ratios (R > 1.5 g ZnCl2/g bagasse) have 

poor mechanical properties. The weakening of the activated carbons produced at 

high concentration of activating agent can be attributed to the thinning of pore 

walls, caused by the high concentration of activating agent. The pores of ZnCl2 

activated carbons are mainly in the microporous range (pores with diameter below 

2 nm width). Finally, this carbon has a high oxygen content, which gives to it an 

acidic character (pHPZC from 1.8 to 3.2) in aqueous solution. According with the 

characteristics of this agave bagasse based activated carbon (high surface area 

and high oxygen content), it is expected that this material will be an excellent 

adsorbent to remove metal cations from water. 

Also, H3PO4 was successfully implemented to produce activated carbon from 

agave bagasse. Similarly to ZnCl2, H3PO4 catalyzed dehydrating reactions that 

consolidate the carbon structure. However these reactions seem to begin before 

the thermal treatment, since a considerable degradation of the agave bagasse 

fibers was observed during the impregnation of the agave bagasse with H3PO4. 

This effect is reflected on the surface area of the treated materials since generated 

carbons at low activation temperatures (230 °C) have a considerable surface area 

(388 m2/g). Chemical analyses of the generated carbons with H3PO4 showed that 

part of the remaining phosphoric acid in the carbon structure was attached by C–

O–P linkages to the carbon matrix. This phosphate bridges promote the expansion 

of the carbon structure, developing the activated carbon porosity. The activated 
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carbons obtained have good mechanical properties, because H3PO4 acts as a 

binder of carbon fragments formed during the activation process, giving attrition 

resistance to the final products. However, increasing the impregnation ratio (up to 2 

g H3PO4 / g agave bagasse) caused a decrement of the surface area and hardness 

of the activated carbon (see Figure 3.3). This observation is probably due to the 

contraction of the pore structure caused by the thermal breakdown of phosphate 

esters at high concentration of activating agent and high activation temperatures 

(up to 500 °C). The surface area of the H3PO4 activated carbons is considerably 

lower that the carbons obtained with ZnCl2. It could be related to the expansion of 

pores due to reactions between the precursor and the phosphoric acid that 

generate mesopores. Finally the presence of phosphate groups in the activated 

carbon surface could enhance the removal of metal cations from aqueous solutions 

due to the high stability of metal-phosphate complexes.  

As a second part of this research, the modification of the previously synthesized 

activated carbons with iron oxide / hydroxide nanoparticles was proposed. This 

modification had the aim to increase the arsenic adsorption capacity of these 

carbonaceous materials. The implemented methodology was based on thermal 

hydrolysis which consists in the precipitation of iron oxides / hydroxides by the 

heating of an aqueous solution that contains iron cations. This methodology has 

demonstrated to be an efficient method to synthesize iron oxide nanoparticles. Our 

results reveal that the quantity of iron anchored onto the carbon surface is highly 

influenced by the surface chemistry of the modified carbons. Under the same 

experimental conditions, the maximum quantity of iron that could be anchored onto 

the surface of an activated carbon with low oxygen content (9 %) was 2.2 %. In 

contrast, carbons with high oxygen content (from 20 to 25 %) can reach an iron 

content as high as 5.3 % (see Table 4.1). These results suggest that the 

oxygenated surface groups (hydroxyl, carbonyl, ketones, etc) can act as an initiator 

of crystals growth during the thermal hydrolysis of iron. The formation of a 

crystalline structure of iron in aqueous solution requires the hydrolysis of iron- hexa 

aquo cations [Fe(OH2)6]+3, by means of a process that can be considered as an 
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inorganic polymerization. The key factor that governs the formation of iron oxides is 

the initiation of the polymerization and the rate at which monomer or dimer iron 

species diffuse until reaching the iron particle and to being incorporated in the iron 

oxide nucleus. The polymerization is induced by the addition of a base or by 

heating the solution, which deprotonates the aquo ligands of the iron complexes. 

Once the aquo ligands are deprotonated, a dipole is formed in the iron complex, 

which leads to a nuceophilic addition with another iron complex. The subsequent 

addition of metal ions by the elimination of water molecules form the crystalline iron 

oxide structure. When the iron hydrolysis is carried out inside the pores of the 

activated carbon, the surface groups can take part in the hydrolysis reactions. 

Oxygenated surface groups have free electrons that can promote nucleophilic 

reactions, initiating the condensation of iron complexes onto the carbon surface. 

Analyzing the arsenic adsorption capacities of the iron modified carbons, it was 

found that carbons with low iron content have the highest arsenic adsorption 

capacities. This effect can be explained as follows: the arsenic removal by modified 

carbons is due to the iron oxide particles anchored onto the carbon surface and 

hence their size and availability will determine the arsenic adsorption capacity of 

these materials. According with our results, activated carbons with high iron 

content showed a considerable decrement of their surface area, which means that 

part of the iron oxide remained inside blocked pores, been inaccessible for arsenic 

adsorption. Also the particle size of the iron oxides loaded onto the carbon had a 

great influence in the arsenic adsorption capacity. The surface area of metal oxide 

nanoparticles is greater than the large particles (see Figure 4.1) which causes that 

iron oxide nanoparticles have more reactive sites and hence superior arsenic 

adsorption capacity.  

By means of the experimental design, it was possible to determine the optimal 

experimental conditions that allow anchoring iron oxide nanoparticles onto 

activated carbons. These optimal conditions are different for each carbon, because 

the pore structure and the surface chemistry influence the anchorage procedure. 
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The majority of the pore volume of ACZ activated carbons is contained in pores 

with diameter below 2 nm and because of this, these are easily blocked. To avoid 

this, a low concentration of iron in the hydrolysis process is needed. Similarly, ACP 

activated carbons require moderate impregnation conditions to avoid the 

agglomeration of iron oxide particles. Despite F400 activated carbon has the 

majority of its pore volume in pores with diameters below 2 nm, the impregnation 

conditions needed to anchor iron particles are relatively high (CFe=3 M, T=95 °C 

and Ht=56 hours). This could be related to the surface chemistry of F400 activated 

carbon, since this carbon have less oxygenated surface groups. 
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CHAPTER 6
GENERAL CONCLUSIONS

6.1 CONCLUSIONS

According with our results it is possible to use organic wastes from the mescal 

industry to produce high quality activated carbons, which is an alternative to treat 

these residues and at the same time generate a value-added product of great

demand worldwide. The resulting activated carbons are essentially microporous, 

however it is possible to increase the mesoporous pore volume in the activated 

carbons by modifying the production conditions and the quantity of activating agent 

employed.

After a statistical analysis, it was possible to identify the factors that mainly 

influence the hardness and surface area of the activated carbons produced from 

agave bagasse. The concentration of activating agent is the factor that principally 

affects both responses regardless of the activating agent employed. The response 

surfaces obtained for each experimental design can be used as a useful tool in the 

production of activated carbon from agave bagasse in order to predict the physical 

properties of the activated carbons at specific production conditions or in order to 

“Finally, in conclusion, 
let me say ….”
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establish the production conditions that meet certain quality parameters. Both 

activating agents demonstrated to be effective to produce activated carbon from 

agave bagasse, however, the developed characteristics hardly depend on the 

activating agent employed, since ZnCl2 impregnated samples develop higher 

surface area than those produced with H3PO4. Also, it was possible to determine 

the experimental conditions that yield the best of both responses. Part of the 

oxygen present on the precursor remains after the activation process and thus the 

generated carbons have a low point of zero electric charge. Also, H3PO4 

incorporates phosphorus in the activated carbons structure.  

According with the results reported by the iron modified activated carbons, the 

thermal hydrolysis is an excellent method to anchor highly dispersed iron 

nanoparticles onto granular activated carbons. The production conditions that 

generate materials with high arsenic adsorption capacity depend on the type of 

carbon employed. Oxygenated surface groups promote the anchorage of iron 

particles on the carbon surface. However, the iron oxide particles size on these 

carbons growth rapidly, generating agglomeration of iron particles that block the 

pores of the modified activated carbons. According with our results there is not a 

direct relationship between iron content and arsenic adsorption capacity, since 

such factors as availability of iron to adsorb arsenic and the particle size of iron 

oxides are parameters that strongly influence the arsenic removal. The crystalline 

structure of the iron particles loaded onto the activated carbons depends on the 

production conditions: high hydrolysis temperatures and high FeCl3 concentration 

generate hematite crystals onto the carbon surface, and low FeCl3 concentrations 

favor the generation of akaganeite iron hydroxide. Finally, activated  carbons with a 

well developed mesoporous structure are easier to modify with iron nanoparticles 

than microporous carbons. This because microporous carbons are easily blocked 

by the iron loaded onto the carbon. Also, a moderate concentration of oxygenated 

surface groups is preferred in order to control more easily the iron oxide particle 

size anchored on the surface of activated carbons. 
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6.2 FUTURE WORK  

This research contributed to establish the production conditions to produce 

activated carbon from agave bagasse by chemical activation with ZnCl2 and 

H3PO4. However there are other activation strategies that can be employed to 

produce activated carbon from agave bagasse. Because chemical activation is the 

most suitable methodology to produce activated carbons from lignocellulosic 

materials, activating agents such as alkyl oxides can be tested. 

Also the formation of monoliths with a mixture of milled agave bagasse and alkyl 

oxides could be a good possibility to produce carbons with superior surface area 

and defined particle size. 

In this research it was possible to produce activated carbons with surface area as 

high as 2000 m2/g. However, these materials exhibit low mechanical properties. An 

alternative that could be evaluated is the formation of granules from powder 

activated carbon by mixing this material with some commercial binder. This could 

generate granular materials with high surface area that can be used in packed 

column systems.  

One of the main concerns about chemical activation is the environmental 

implications of the spent activating agent. In this study, the recovery of activating 

agent was evaluated, founding a high recovery of ZnCl2. A detailed study of the 

recovery and reuse of the spent activating agent must be carried out in order to 

generate an activation process that does not generate hazardous residues. 

The activated carbons generated from agave bagasse have similar physical and 

chemical properties than commercial activated carbons. According with the 

chemical composition of the obtained materials it is expected that these will be 

excellent adsorbents of metal cations from aqueous solutions. The evaluation of 
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the removal of metal cations such as cadmium, zinc and lead can complete the 

characterization of these activated carbons. 

Thermal hydrolysis was a good methodology to anchor iron particles onto the 

carbon surface, but there are some aspects to improve. The effect of iron 

concentration, hydrolysis time and hydrolysis temperature were evaluated on this 

research, however parameters such as initial pH, relative pressure in the hydrolysis 

vessel, aging time of the iron particles (after hydrolysis), and the ionic strength of 

the iron solution are parameters that could influence the size and the crystalline 

structure of the loaded particles onto the activated carbons. 

The iron modified carbons generated at the optimal production conditions do not 

release iron to the solution in batch experiment. These could be attributed to some 

interaction between the carbon surface and the iron particles. Our results suggest 

that oxygenated groups promote the anchorage of iron particles. However the 

characterization of samples with techniques such as X-ray photoelectron 

spectroscopy, Mossbauer spectroscopy and transmission electron microscopy is 

needed in order to establish the interaction between carbon and the anchored iron 

particles. 

Analyzing the iron modified activated carbons, it was possible to detect diverse iron 

particles of different morphologies anchored to the activated carbon surface: 

spherical, peanut and acicular. A detailed microscopic and crystallographic study of 

the samples generated during this research is needed in order to determine the 

factors that influence the formation of these particles.  

According with the results reported in chapter 4 of this thesis, the pore structure 

has a great influence on the anchorage of iron oxide particles onto activated 

carbon, being the carbons with a wide pore size distribution the most suitable 

materials. In this sense it could be interesting to study the anchorage of iron oxide 

particles onto activated carbons with different surface chemistry but similar pore 

structure in order to eliminate diffusion effects in activated carbons with a narrow 

pore size distribution. 
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The evaluation of arsenic adsorption by the iron oxide modified materials was 

measured under batch experiments with synthetic water at constant pH and 

temperature at relatively high arsenic concentrations. In order to complete the 

adsorption characteristics of these modified activated carbons, experiments that 

evaluate the effect of solution pH, adsorption temperature and adsorption in the 

presence of other anions at typically founded arsenic concentration (below 1.5 

ppm) are needed. 

The evaluation of the arsenic adsorption under dynamic systems (packed columns) 

is needed in order to determine the application feasibility of these carbons in the 

treatment of arsenic polluted water. 
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APPENDIXA
IN SITU TRANSFORMATION OF AGAVE BAGASSE INTO ACTIVATED CARBON 

BY USING AN ENVIRONMENTAL SCANNING ELECTRON MICROSCOPE

he activation process of chemically treated agave bagasse was monitored and 

analyzed in detailed in real time during the production of activated carbon by 

using an environmental scanning electron microscope (ESEM). The agave 

bagasse was produced by chemical activation with ZnCl2: the effect of the 

activating agent concentration was studied. The heating rate and the activation 

temperature were controlled with a heating stage able to operate up to 1000 °C. 

Energy dispersion X-ray analysis (EDX) was also employed to distinguish the 

chemical composition of the material during the different carbonization stages. Raw 

bagasse samples exhibit a very low porosity, but at lower concentration of 

activating agent (weight ratio below 0.5 g ZnCl2 per gram of agave bagasse) under 

heating, of up to 250 ºC honey comb macroporous structure was obtained. The 

diameter of these parallel channels along the fibers is between 10 and 20 m, and 

the thickness of the walls is from 3 to 5 m. At higher temperature than 600 ºC, the 

pore structure of the activated carbon collapses due to combustion of the material. 

At weight ratio above 1.5 g ZnCl2 per gram of agave bagasse, the formation of a 

fluid phase has been observed at temperature higher than 260ºC: the images show 

T
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first the melting of the impregnated sample and later the formation of a new blister 

structure generated by the gas release from internal reactions.  

A.1 INTRODUCTION 

The activated carbon production is one of the most studied processes in carbon 

science. These studies are of great interest because the large application of this 

adsorbent material worldwide. According with the production methodology, the 

activation process has been classified as chemical or physical activation. Also the 

combination of both methodologies has been successfully applied demonstrating 

that there are a lot of possibilities to produce high quality activated carbon [1-3]. 

Although the physical and chemical activation method has been used to produce 

activated carbons form many years, the mechanism is not totally clear. Several 

studies have demonstrated that the activation step is a complex process that 

depends of the activation methodology and the nature of the precursor [4-6]. 

Particularity, in studies regarding the chemical activation of lignocelluloses 

materials have reported an unusual modification of their morphology, such as a 

“molten plastic state” formed during the activation process [7-9], but almost no 

research has been focused on their characterization. Recently, agave bagasse has 

been proposed as a new precursor to produce activated carbon [10] by chemical 

activation, using ZnCl2 or H3PO4 as activating agent: this research identified 

interesting modification of the bagasse fiber morphology, both when carbonized 

and in the activation process. In the study reported herein, the same process was 

used to produce activated carbons from agave bagasse using an environmental 

scanning electron microscope (ESEM) to examine the microstructural changes 

accompanying carbonization and/or activation of the solid material in real time. The 

varieties of electron microscopes are suitable for studying not only the 

morphologies of materials but also the changes in these materials under different 

conditions. Such experimental tests are commonly known as in situ techniques, 

which depend on the type of microscope and the space available in its analysis 
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chamber. Several types of in situ experiments can be performed such as: 

mechanical deformation tests, heating or cooling experiments, electron irradiation, 

the application of electric or magnetic fields and also the application of different 

ambient atmospheres [11]. The ESEM is a modified scanning electron microscope 

(SEM) that offers new applications and advantages over the conventional SEM. 

The ESEM is able to image uncoated and hydrated samples by means of a 

differential pumping system and gaseous secondary electron detector. These 

differential pumping systems also allows relatively high pressures of the chamber 

in comparison with conventional SEM, with a variety of gases as water vapor, inert 

gases or also oxygen [12]. All these characteristics allow to develop similar 

experiments to those conducted in laboratory and hence to get more information 

about the studied process.  

The main objective of this research was to investigate the activation process of 

both ZnCl2 impregnated and raw agave bagasse samples in an ESEM, to study the 

mechanisms of carbon activation as well as to clarify the processes that develop a 

molten phase that has been previously reported in literature.  

A.2 MATERIALS AND METHODS 

Agave bagasse fibers collected from a local distillery from San Luis Potosi, Mexico, 

were employed without any pretreatment. Selected samples were handled carefully 

to avoid the splitting of the main structure and to obtain small blocks of vertically 

aligned fibers. These blocks were weighted and mixed with the appropriate amount 

of ZnCl2 to weight ratio (R) of 0.5 and 1 (R= weight of ZnCl2 / weight of bagasse). 

To homogeneously incorporate the activating agent to the agave bagasse, enough 

deionized water was added and the mixture was equilibrated 24 hours. After that 

the mixture was heated up to 60 ºC until dryness.  

The work described in this manuscript was carried out by using a FEI Quanta 200 

Environmental SEM, equipped with a tungsten filament, a gaseous secondary 
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electron detector (GSED) and a heating stage. In all cases the accelerating voltage 

used was 15 kV, the magnification was set to 600X, and the heating rate was 10 

ºC/min. It should be noted that ESEM experiments were carried out at 190 Pa of 

total pressure rather than at atmospheric pressure, usually used in laboratory and 

in industrial practices. Micrographs were taken throughout the heating process to 

characterize the carbonaceous material.  

A.3 RESULTS AND DISCUSSION  

A.3.1 Raw agave bagasse 

The agave bagasse fiber appear as a solid fiber without any apparent pore 

structure at room temperature. After the heating started, no distinct difference in 

the structure could be appreciated until 275 ºC. The only change in structure was 

the decrease of the fiber diameter, mainly by dehydration of the fiber. At 

temperature higher than 300 ºC, a slowly formation of macropores was observed. 

This combustion performance demonstrated the heterogeneity of the agave 

bagasse fibers. Agave bagasse comes from the residual fibers remaining after 

cooked agave heads are shredded and milled with the aim of extracting the soluble 

sugars that are subsequently used to produce tequila or mescal. From a 

physiological point of view, the bagasse fibers are the rind and fibrovascular 

bundles (Figure A.1A), dispersed throughout the interior of the agave head, which 

serve to bearing and store nutrients for the plant [13]. These fibers are constituted 

primarily of axially-elongated cells formed by primary and secondary cell walls 

(Figure A.2B). Chemically, these structures are composed by three polymers: 

cellulose, hemicellulose and lignin. Lignin has been found in the middle lamella that 

connects the cell walls of the fibers in adjacent lignified tissues. The rest of the wall 

layers, including the secondary wall, have also some lignin content but these are 

mainly made up of cellulose (and hemicellulose) [14, 15]. Different studies about 

the thermal degradation of lignocellulose materials have found that lignin has the 
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highest temperature of degradation (280-500 ºC) compared with cellulose (240 –

350 ºC) and hemicellulose (200-260 ºC) [16]. These particular arrangement of the 

axial cells in the agave bagasse fibers, together with the outer part of the cell wall 

are mainly constituted by the less volatile biopolymer (lignin), which is why a 

macroporous structure is developed during the thermal treatment (Figure A.1). 

Something to remark is the temperature at which the physical change of the agave 

bagasse fiber began (275ºC) that matched with the temperature of degradation of 

the byopolimers (240 – 280 ºC).

Figure A.1. Snapshots of the carbonization process of raw agave bagasse. The heating rate was 

10 ºC/min; the chamber pressure was set to 190 Pa under air atmosphere. The temperature at 

which the micrographs were taken appears in the up right side of each image.

Even when a macroporous structure was developed, due to the gasification of the 

more volatile tissue of the agave bagasse fibers, the surface area of the 

carbonized samples consists of just few square meters per gram (about 3 m2/g). 

This indicates that during the carbonization process none microporous structure 
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was developed even at high carbonization temperatures (600 ºC). These results 

evidence the need of using activating agents to develop surface area during the 

activation process.  

  

Figure A.2. Morphological structure of the agave bagasse fiber. A: schematic composition of the 

agave bagasse fiber composed by different tissue that serves as conducting and reserve system. 

B: different structures forming the cell wall in lignocelluloses materials from Dey et al [14]).  

A.3.2 ZnCl2 Impregnated agave bagasse  

Figure A.3 shows micrographs taken at different times to follow the 

microestructural changes of ZnCl2 impregnated agave during heating at 10 ºC/min. 

At room temperature the fiber exhibits similar macroporous structure similar to the 

carbonized fiber. This effect could be attributed to the thermal treatment applied 

when evaporating water during the impregnation step. The physical change was 

minimum until 250 ºC. After this temperature a rapid change began; the agave 

bagasse fiber looked as if it had melted. These changes toke place near of the 

melting point of ZnCl2 salt, which is 290 ºC. Something to remark is that the 

experiment was carry out inside a chamber with lower pressure than atmospheric, 

which could caused a decrease of the melting temperature of ZnCl2. Different 

authors have reported the correlation between the melting point of the salt used as 

activating agent and the pore development in the carbon, founding that below the 

melting point of the salt, the surface area of the char does not increase much. The 
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latest because reactions between carbon and the activating agent that form pores 

had not yet taken place although the salt had melted and penetrated into the char 

[4, 5].

Figure A.3. Snapshots of the activation process of the agave bagasse fiber impregnated with ZnCl2
(R=1). The heating rate was 10 ºC/min; the chamber pressure was set to 190 Pa under air 

atmosphere. The temperature at which the micrographs were taken appears in the up right side of 

each image.

As it can be observed on Figure A.3D, once the salt was melted, it began to 

interact with the fiber, and promoted a complex depolymerization mechanism 

evolving dehydration, cyclization, condensation, and heterolytic cleavage reactions 
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[8]. This depolymerization promoted the formation of some light compounds that 

may be released as gas, but if the generate biopolymer chain is of a size that does 

not allow its volatilization, this will remain as a condensed phase. These 

biopolymer chains together with the melted ZnCl2 can be the components of the 

melted phase that was observed in the ESEM images (Figure A.4D and E). At high 

temperatures, a kind of blister structure was observed in the melted phase due to 

gas release, once the macropore channels were obstructed by the melted phase, 

which contains bubbles with a tiny hole (diameter around 2 m) in the center of 

these, where generated gases emerge (Figure A.4). These kind of structures not 

only appear in the transversal zone of the fiber but also all along the outer side of 

the fiber.

Figure A.4. Micrographs of an impregnated agave bagasse fiber at 380 ºC; right image shows

higher magnifications of the selected area.

The resolution of the ESEM does not allow to examine the microporous structure, 

however later observations of activated samples, after the washing step to remove 

all the remaining activating agent, demonstrated that a porous structure was 

developed inside the fiber, apparently created by both the release of gases and 
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elimination of activating agent (Figure A.5). At a temperature around 500 ºC, a 

considerable number of macropores was introduced (Figure A.3H).

Figure A.5. Micrographs of a washed agave bagasse fiber after the activation step at 350 ºC.

A.4. CONCLUSIONS

According with the ESEM images the mechanism to generate microporous

structures can be hypothized as follows: the impregnated agave bagasse fiber 

does not have any change until the melting point of ZnCl2 (290 ºC). Once the salt is 

melted, this penetrates into the biological structures of the lignocellulosic material 

and promotes different kind of reactions that dehydrate the material, degrade the 

biopolymers chains, and generate aromatic carbon rings that modify the physical 

characteristics of the biopolymer. These modifications help melting the agave 

bagasse fiber. This observation is associated with the onset of “rubbery flow” of 

biopolymers caused by slippage of the shorter chains, carrying out the formation of 

a “plastic phase” that covers the initial macroporous structure. While the 

macroporous structure is blocked the generated gases require an exit to vent, that 

causes the formation of blisters from which gases come out. The released gases 

perform a pathway that after cooling forms part of the internal pore structure,

greatly contributing to the high surface area of activated carbons. These new 

structures within the generated pores could be one of the main reasons for which 

micropores are introduced inside activated carbons during chemical activation.
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A.5. SUPPORTING INFORMATION 

Two movies that contain the evolution of the morphological changes of the raw and 

ZnCl2 impregnated agave bagasse were created. Both files are found in the 

included CD. 
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