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SUMMARY IN SWEDISH  
Sorptionsegenskaper av sexvärt krom [Cr(VI)] på benkol och biokol utvärderades 
som en funktion av pH, Cr(VI)-tillsats och mängd benkol respektive biokol. Ska-
kförsök utfördes genom användning av syntetiskt avloppsvatten. För försöken 
med sorption till benkol användes olika initiala Cr(VI)-koncentrationer i spannet 
mellan 5 mg/L och 1000 mg/L. För benkol uppnåddes störst avskiljningsgrad med 
avseende på Cr(VI) (100 %) vid pH 1 efter att 2 g benkol blandats med 50 mL 
lösning med en inledande Cr(VI)-koncentration av 10 mg/L och efter att denna 
blandning tillåtits reagera under 3 timmar. För biokol uppnåddes motsvarande 
höga avskiljningsgrad (100 %) då 4 g biokol blandats med 200 ml lösning med en 
Cr(VI) koncentration av 10 mg/L och efter 5 timmars reaktion. De initiala Cr(VI) 
koncentrationerna varierades mellan 10 mg/L och 500 mg/L när biokol användes 
som sorbent. Den maximala sorptionskapaciteten för benkol och biokol bestämdes 
till 6.46 mg Cr(VI)/g och 1.717 mg Cr(VI)/g. Parametrar för kinetik och för 
sorptionsisotermer undersöktes också. Sorptionskinetiken av Cr(VI) på benkol och 
biokol följde den andra ordningens kinetik vilket antyder att sorptionens reak-
tionshastighet beror på två olika parametrar, vilka skulle kunna vara Cr(VI) 
koncentration och dosering av sorbenten. För jämviktsreaktionen erhölls en bättre 
anpassning för Langmuir isotermen jämfört med Freundlichisotermen, vilket tyder 
på att den förra (Langmuir) beskriver reaktionen bäst. 
Nyckelord: Sorption; benkol; biokol; kinetik; sorptionsisotermer. 
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SUMMARY  
This study has been carried out to evaluate the sorption characteristics of 
hexavalent chromium [Cr(VI)]. Bone char and bio-char were applied as sorbent 
onto which the sorption of hexavalent chromium was examined. The sorption 
experiment was evaluated as a function of pH, initial Cr(VI) concentration, and 
dosages of bone char and bio-char. Batch tests were conducted to find out the 
optimum value of pH, initial Cr(VI) concentration, and dosages of bone char and 
bio-char was found for the maximum sorption of hexavalent chromium. These 
optimum parameters were used to investigate equilibrium, kinetics, and isotherms 
of the sorption process of Cr(VI) onto bone char and bio-char. 
Potassium dichromate salt was used to prepare synthetic wastewater. The bone 
char and bio-char used in this study were purchased from the company. Particle 
size of these purchased bone char and bio-char was kept in between 53 µm and 
250 µm due to increase their surface area.  
100 % Cr(VI) removal efficiency of was achieved at pH 1 when 2 g of bone char 
was used in 50 mL of solution after 3 hours of reaction time with initial Cr(VI) 
concentration of 10 mg/L. The initial Cr(VI) concentrations change between 5 and 
1000 mg/L were evaluated in case of equilibrium isotherm and kinetic studies of 
bone char.  
In case of bio-char studies, about 100 % Cr(VI) was removed at pH 2 with initial 
Cr(VI) concentrations of 10 mg/L using 4 g of bio-char in 200 mL of solution 
after 5 hours of reaction time. The initial Cr(VI) concentrations were varied 
between 10 mg/L and 500 mg/L due to equilibrium isotherm and kinetic studies 
when bio-char was used as the sorbent.  
The maximum sorption capacity was found 6.46 mg Cr(VI)/g for bone char and 
1.717 mg Cr(VI)/g for bio-char. The sorption kinetics of Cr(VI) onto bone char 
and bio-char followed the second-order kinetic model. Physically second order 
model suggests that the sorption reaction rate depends on two parameters, which 
might be the sorbate concentration and sorbent dosage. Moreover, the Langmuir 
isotherm model was the best one for the description of sorption of Cr(VI) onto 
bone char and bio-char. 
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ABSTRACT 
The sorption characteristics of hexavalent chromium [Cr(VI)] onto bone char and 
bio-char were evaluated as a function of pH, initial Cr(VI) concentration, and 
dosages of bone char and bio-char. Batch tests were conducted by using synthetic 
wastewater in this study. The effects of various initial Cr(VI) concentrations 
between 5 mg/L and 1000 mg/L were evaluated using bone char as a sorbent. A 
Cr(VI) removal efficiency of 100 % was achieved at pH 1 with 2 g of bone char in 
50 mL of solution at 3 hours of reaction time using initial Cr(VI) concentration of 
10 mg/L. About 100 % of Cr(VI) was removed at pH 2 with initial Cr(VI) 
concentrations of 10 mg/L using 4 g of bio-char in 200 mL of solution at 5 hours 
of reaction time. The initial Cr(VI) concentrations were varied between 10 mg/L 
and 500 mg/L when bio-char was used as the sorbent. The maximum sorption 
capacities of bone char and bio-char were determined to 6.46 mg Cr(VI)/g, and 
1.717 mg Cr(VI)/g, respectively. Equilibrium, kinetics, and isotherms of the 
sorption process were also investigated. The sorption kinetics of Cr(VI) onto bone 
char and bio-char followed the second order kinetic model suggesting that the 
sorption reaction rate depends on two parameters, which might be the sorbate 
concentration and sorbent dosage. The Langmuir isotherm model was the best one 
for the description of sorption of Cr(VI) onto bone char and bio-char. 
Keywords: Sorption; Bone char; Bio-char; Kinetics; Equilibrium; Isotherms. 

 

1  INTRODUCTION 
1.1 Background 
Chromium is an abundant element in the world 
with an average concentration of about 122 ppm. 
It is also considered as an abundant transition 
metal (Mohan & Pittman, 2006). Chromium con-
tamination is one of the most noteworthy envi-
ronmental problems over the last few decades. In 
the environment, the level of chromium con-
centration has increased as a consequence of 
different human activities. Chromium contamina-
tion in the environment was detected after several 
years from its primary industrial applications. In 
recent years, major chromium contamination has 
been found in many developed and developing 
countries where its industrial application is 
common. The worst chromium poisoning has 
been noted in areas where electroplating, tannery, 
automobile, pigments, paper and pulp, fertilizer, 
textile, steel, and metal finishing industries are fre-
quently located. 
Although chromium is also released into the envi-
ronment through natural degradation of its mine-
rals, the major quantity of chromium is released 
into the environment from industrial sources. 
These chromium containing industrial effluents 
eventually contaminate nearby soils and waters. 

Chromium concentrations are different in diffe-
rent industrial effluents. Generally, high concen-
tration of chromium is found in tannery, electro-
plating, pigment, and chromium ore processing 
industries. Both the major oxidation states of 
trivalent and hexavalent chromium have been 
detected in industrial effluents. In groundwater 
around chromium ore processing facilities, hexa-
valent chromium concentration of up to 91 mg/L 
has been reported (Kabata-Pendias & Mukherjee, 
2007). Hexavalent chromium concentrations have 
been found to range from 3 to 50 mg/L in elec-
troplating industries effluents (Daniel et al., 2009). 
In tannery effluents, the concentrations of triva-
lent chromium were reported to range from 1 to 
44 mg/L (Prasada et al., 1998). Elevated chro-
mium concentrations have been reported in 
surface soils around electroplating industry as high 
as 1000 mg/kg. The concentration of chromium 
in some municipal and industrial wastes was 
reported to be as high as 1993 mg/kg (Kabata-
Pendias & Mukherjee, 2007). 
International environmental standards recom-
mend that chromium concentration in wastewater 
should not exceed 5 mg/L for Cr(III) and 0.05 
mg/L for Cr(VI) (Pugh et al., 2008). The allowable 
limit of chromium concentration for humans is 
0.05 µg/L for drinking water, and 0.5 – 500 µg/m3 
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for atmospheric exposure (Barceloux & Barce-
loux, 1999). 
Chromium is one of many well-known heavy 
metals that are known to be toxic and poisonous 
even at low concentrations. Since heavy metal 
does not decay, degrade, and cannot be destroyed, 
remediation of its contamination is the only 
option. Toxicity and carcinogenicity are the two 
significant phenomena that chromium has as a 
heavy metal. Chromium toxicity depends on 
various factors, but mainly depends on pH 
(Stoecker, 2004). Carcinogenicity of chromium 
causes cancer to humans. 
The predominant chromium species include triva-
lent and hexavalent chromium. Toxic and carcino-
genic effects of hexavalent chromium compounds 
are known (Barceloux & Barceloux, 1999; Katz & 
Salem, 1992). Hexavalent chromium is known to 
be more toxic than the trivalent one. Hexavalent 
chromium has oxidizing potential and easy 
permeation through biological membranes. Water 
soluble hexavalent chromium is easily absorbed by 
human tissues, and crosses body’s cell membranes 
rapidly (Al-Jabari et al., 2012). Consequently, 
humans, animals, plants, crops, aquatic organism 
etc. are known to be highly vulnerable due to 
toxicity and carcinogenicity of hexavalent 
chromium above the allowable limit (Kabata-
Pendias & Mukherjee, 2007). 
Health effect associated with contamination and 
exposure to chromium is significant. Ingestion, 
inhalation, and dermal contact of chromium are 
the common ways through which humans can be 
exposed to chromium. The health effects of hexa-
valent chromium include gastrointestinal, derma-
tological, stomachs dysfunction, ulcers, respiratory 
problems, immune systems weakness, kidney and 
liver damage, alteration of genetic material, lung 
cancer, anemia, muscle breakdown, blood clotting 
abnormalities etc. Inhalation of hexavalent chro-
mium can result in severe effects which include 
ulceration, perforation of the mucous membranes 
of the nasal septum, eye damage, swelling, irri-
tation of the pharynx and larynx, irritation to nose, 
throat, and nosebleeds, asthmatic bronchitis, 
bronchospasms and edema. It also leads to respi-
ratory symptoms such as coughing and wheezing, 
shortness of breath, nasal itch (Al-Jabari et al., 
2012; Barceloux & Barceloux, 1999). 
Occupational exposure to chromium has adverse 
impact mainly to the people who are working in 

the plating, automobile, steel, leather, and textile 
industries. According to the World Health Orga-
nization (WHO), occupational exposure is severe, 
and the affected people generally died before the 
age of 50 (Maurice, 2001). The adverse effects of 
chromium for animals include respiratory prob-
lems, vulnerability to fight disease, birth defects, 
infertility and tumor formation. 

1.2 Problem Identification 
The presence of high levels of hexavalent chro-
mium in surface water, ground water, and soil has 
become a major concern. Health hazards due to 
hexavalent chromium have been widely reported 
around the globe. Yet, hexavalent chromium toxi-
city has no known effective treatment. Therefore, 
the most important measure needed is to prevent 
further environmental pollution of chromium, and 
develop treatment processes for contaminated 
water and soils. 
In view of the above circumstances, the develop-
ment of suitable treatment systems for hexavalent 
chromium removal from industrial wastewater 
appears to be the most promising option. The 
treatment options should be effective, reliable, and 
affordable for chromium removal from waste-
water. 
The common methods of treatment include preci-
pitation (Kurniawan et al., 2006; Juang & Shiau, 
1998; Roundhill et al., 2002; Akbal & Camcl, 2011; 
Mohan & Pittman, 2006; Mohan et al., 2011), ion 
exchange (Rengaraj et al., 2003; Martinez & Rod-
riguez, 2007; Juang & Shiau, 1998; Akbal & 
Camcl, 2011), membrane separation (i.e. ultrafiltration 
and reverse osmosis) (Kozlowski & Walkowiak, 
2002; Akbal & Camcl, 2011; Ozaki et al., 2002), 
coagulation and electrocoagulation (Parga et al., 2005; 
Akbal & Camcl, 2011), reduction and electrochemical 
reduction (Martinez & Rodriguez, 2007; Roundhill et 
al., 2002), electrolysis (Chaudhary et al., 2003), and 
electro-deionization (Feng et al., 2007; Akbal & Camcl, 
2011). 
However, most of the above mentioned treatment 
technologies have limitations which include one or 
more of the following (Martinez & Rodriguez, 
2007): 
 Generation of toxic sludge, 
 Increased overall cost of the process due to 

treatment, handling, and disposal of sludge, 
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 High operational and maintenance expendi-
ture, 

 High energy requirements, 
 Requirement of new infrastructure, 
 Too long treatment time, 
 Poor removal efficiency,  
 Negative impact on water quality parameters, 
 Requirement of additional chemical. 
Sorption processes have received significant atten-
tion due to several reasons, especially for those 
metal ions that cannot be removed efficiently by 
other techniques (Mohan et al., 2005; Mohan et al., 
2006; Siddiqui & Sharma, 1999). The significant 
benefits of sorption processes include (Mohan & 
Pittman, 2006): 
 Effective and economical contaminant remo-

val, 
 Recovery and recycling of sorbet metals from 

sorbent, 
 Less amount of sludge production, 
 Simple process, 
 High removal efficiency. 
In recent studies, various types of sorbents such as 
biomass, mineral oxides, synthetic polymer resins, 
natural and synthetic zeolites, and activated car-
bon have been investigated to remediate chro-
mium (Mohan & Pittman, 2006; Sharma et al., 
2009; Saha & Orvig, 2010). Particularly, activated 
carbon has been widely implemented as an 
effective and economical sorbent for wastewater 
treatment over the past few decades (Zhonghua et 
al., 2003; Mohan & Pittman, 2006). In addition, 
some other low cost sorbents have been reported 
for chromium removal from wastewater (Mohan et 
al., 2005; Mohan et al., 2008; Mohan & Pittman, 
2006; Al-Jabari et al., 2012). The investigated low-
cost sorbents include maple saw dust (Yu et al., 
2003), bentonite and expanded perlite (Chakir et 
al., 2003), chitin and chitosan (Mcafee et al., 2001), 
coal (Lakatos et al., 2002), nano-particles (Yuan et 
al., 2010). Important bio-sorbents to adsorb 
Cr(VI) have also been reported such as Nymphaea 
rubra (Taj et al., 2009), Pseudomonas aeruginosa and 
Bacillus subtilis (Tarangini et al., 2009), Mucor 
racemosus (Jabasingh & Pavithra, 2010), Pseudomonas 
spp (Mondaca et al., 1998), Enterobacter sp. (Wang et 

al., 1990), Escherichia coli (Shen & Wang, 1993), 
Bacillus spp. (Campos et al., 1995). 
It is clear that a wide variety of treatment techno-
logies have been implemented for removing 
Cr(VI) from wastewater. However, as a low-cost 
sorbent, bone char and bio-char have rarely been 
investigated. Thus, a significant knowledge gap 
exists for the possible use of these low-cost mate-
rials as economically viable sorbents. In this pre-
sent study, bone char generated from animal 
(cattle) bone and bio-char generated from wood 
chips were used as sorbents to evaluate their 
performances for Cr(VI) removal from waste-
water. 

1.3 Objectives of the Project 
The main goal of this study is to evaluate the 
sorption characteristics of hexavalent chromium 
[Cr(VI)] from aqueous systems using bone char 
and bio-char as sorbents. The specific research 
objectives are as follows: 
(a) Investigation of the optimum sorption beha-
vior of Cr(VI) on the indicated sorbents under 
various experimental conditions of pH, concen-
tration of sorbate, and sorbent dosages, 
(b) To derive parameters for sorption isotherms 
for the two sorbents, 
(c) Determination of the sorption kinetics on the 
two sorbents investigated, and  
(d) Identification and comparison of the best 
results for the removal of hexavalent chromium 
from aqueous systems using both bone char and 
bio-char sorbents. 

2  LITERATURE REVIEW  
2.1 General Description of Chromium 
Chromium was discovered by the French chemist 
Louis Vauquelin in 1798 (Mohan & Pittman, 
2006). It is located in Group VI in the periodic 
table. It has silver-gray color. It is malleable, and is 
free from odor and taste. It is lustrous, bright, 
brittle, and hard metal, and can be highly polished. 
It does not tarnish in the atmosphere. It has 
strong lithophilic tendencies. Formation of oxy-
anions is another property of chromium. It coor-
dinates weakly with some other ligands such as Cl– 
or OH– (Kabata-Pendias & Mukherjee, 2007). It 
forms green chromic oxide when it is heated. 
Chromium has industrial application due to its 
high resistance to corrosion, heat and hardness. 
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Chromium is unstable in oxygen gas. It forms a 
thin impermeable oxide layer over the metal in 
oxygen gas. As a result, chromium is used in 
stainless steel to increase resistant to corrosion 
and discoloration. 

2.2 Chromium Species 
Chromium is considered as polyvalent because of 
its several distinct oxidation states. The several 
oxidation states or valance states include -1, -2, 
+1, +2, +3 +4, +5, and +6. Among them, the +3 
valance state (chromic) and the +6 valance state 
(chromate) are predominant in the naturally occur-
ring principal chromium compounds. Besides, 
these two valance states are the major industrial 
contamination sources. Chromium speciation, 
mobility, and solubility are dependent on redox 
potential (oxidation/reduction potential, Eh) and 
pH. Chromium exhibits bimodal redox behavior 
in terrestrial and aquatic environments. At Eh of 
about 500 mV, Cr(III) is predominant at pH < 5, 
and Cr (VI) is observed at pH > 7 as CrO42- as 
well as Cr(OH)3 is formed at pH range from 5 to 
7 (Kabata-Pendias & Mukherjee, 2007). 
The formation of the different Cr(VI) species 
depends on the pH and the chromium concentra-
tion. The pH effect is shown (Fig. 1). Hexavalent 
chromium compounds such as chromate and 
dichromate behave as strong oxidants at low pH. 
Cr(VI) has complicated hydrolysis and it can form 
only neutral and anionic species. According to 
figure 1, Cr(VI) exists primarily as salts of chromic 
acid (H2CrO4), hydrogen chromate ion (HCrO4−), 
and chromate ion (CrO42−) (Mohan et al., 2005; 
Mohan et al., 2006). In the pH range from 1 to 6.5 
and chromium concentrations above 1 g/L, dichr-
omate ions (Cr2O72−) predominate. H2CrO4 pred-
ominates at pH below 1.0, HCrO4− at pH between 
1.0 and 6.0, and CrO42− at pH above 6.0 (Fig. 1). 

2.3 Sources of Chromium 
Chromium is present in air, water and soil in 
varying concentrations. Chromium is found in the 
environment mainly because of some natural 
processes and human activities. The concen-
trations of chromium are generally low when it 
occurs naturally, but its concentrations tend to be 
rather high in the contaminated areas around 
industries where chromium and its compounds 
are used. Industrial effluents containing chromium 
can directly contaminate the surrounding water 
resources. Combustion of coal that contains trace 
levels of chromium leads to chromium air pollu-
tion, and chromium containing solid waste ends 
up as soil contaminants that result in increased 
chromium concentration in air and soil respec-
tively. 

2.3.1 Natural Sources 
Natural sources refer to the activities that take 
place in the formation of chromium compounds 
naturally. Natural activities involve the natural 
interaction, reaction, and degradation of naturally 
occurring chromium minerals, ores and rocks. The 
natural rocks include igneous rocks, ultramafic 
rocks, sedimentary rocks, and felsic rocks 
(granites). In addition, chromium mineral such as 
chromite is another natural source of chromium. 
Chromium also occurs in a variety of spinel type 
minerals (Kabata-Pendias & Mukherjee, 2007). 
The naturally occurring principal chromium ore is 
ferric chromite (FeCr2O4) which is abundant in 
South Africa (about 96% of the world’s reserves), 
Russia, Zimbabwe, Finland, India, Kazakhstan 
and the Philippines. However, less common sour-
ces are crocoites (PbCrO4), and chrome ochre 
(Cr2O3) (Mohan & Pittman, 2006). Several million 
tons of chromite ore is produced every year in the 
world. On the contrary, the global discharge of 
chromium in water, air, and soil is 142, 30, and 
896 thousand metric tons per year respectively 
(Mohan & Pittman, 2006). Cr(III) is found in 
ferrochrome ores whereas Cr(VI) is found in 
chromate and dichromate-oxyanions. Chromium 
is present in higher amounts in silty and loamy soil 
than in sandy soil (Kabata-Pendias & Mukherjee, 
2007). Chromium is geochemcally well associated 
with ferrous and manganese minerals. 

2.3.2 Anthropogenic Sources 
Anthropogenic sources involve the man-made 
activities that are taken into consideration in the Fig. 1. Diagram showing speciation of Cr(VI) 

on various pH (Mohan et al., 2005). 
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formation of chromium compounds. The level of 
chromium concentration in anthropogenic sources 
is much higher compared to natural sources. Thus 
chromium contamination in the environment is 
mainly due to anthropogenic sources. 
Cr(VI) is found in industrial effluents such as 
metallurgical refractory, chemical, and pigment 
industry whereas tannery, textile, and plating 
industry effluent exhibits Cr(III) affluence in 
wastewater (Kotas & Stasicka, 2000). Some other 
prominent sources of chromium include the 
chromite-ore processing industry, automobile, 
paper and pulp, fertilizer, textile, steel, metal 
finishing, magnetic tapes, leather tanning, wood 
protection, petroleum refining, brass, electrical 
and electronic equipment etc. (Mohan & Pittman, 
2006; Kabata-Pendias & Mukherjee, 2007). They 
generate huge quantities of chromium containing 
effluents which can end up contaminating surface 
and ground water resources. Other significant 
man-made sources of chromium include muni-
cipal wastes, and sludge generated from the 
municipal waste. Sewage treatment plants from 
industrial and residential sources also discharge 
substantial amounts of chromium in waste stream. 

2.4 Overview of Chromium Removal 
Technologies 

Chromium contamination is common all over the 
world. For water resources, the impact of this 
contamination is severe. Consequently, it is desi-
rable to remove chromium from the contaminated 
water. Many treatment processes have been deve-
loped to remove chromium from wastewater as 
have been mentioned in the introduction chapter 
of this report. A brief description of common 
remediation technologies is found below. 

2.4.1 Chemical Precipitation 
Chemical precipitation is the method, in which 
dissolved and suspended metal ions are trans-
formed to the insoluble solid through a chemical 
reaction. Usually a precipitating agent accelerates 
this conversion from metal ions into insoluble 
solid. The commonly used precipitation agents are 
lime and magnesia (Mahmood et al., 2008). This 
technique has been proven as an effective way to 
remediate heavy metals including chromium from 
wastewater (Ismaeili et al., 2005; Kurniawan et al., 
2006; Paterson, 1975; Juang & Shiau, 1998). This 
technique has some advantages. It is a simple, 
inexpensive, convenient, and safe method. How-

ever, this technique requires large amounts of che-
micals, and excessive toxic sludge is produced. 
Sludge filtration and disposal increase the overall 
cost of the process. Sometimes metal precipitation 
is slow, and aggregation of metal precipitates take 
place (Kurniawan et al., 2006; Akbal & Camcl, 
2011; Mohan & Pittman, 2006; Mohan et al, 2011). 

2.4.2 Reduction 
Reduction is a treatment process in which the 
higher valance state of metal ion is converted or 
reduced to the lower valance state (Martinez & 
Rodriguez, 2007). In case of chromium removal, a 
step involves to convert hexavalent chromium ion 
into the trivalent ion. Reduction process alone 
does not remove total chromium from solution 
except the reduction from hexavalent to trivalent. 
Thus in case of chromium removal reduction pro-
cess must be coupled to a removal process such as 
coagulation, sorption, or ion exchange. Reduction 
treatment method can be done in various ways 
such as through chemical reduction, electroche-
mical reduction, and electro-catalytic reduction 
(Martinez & Rodriguez, 2007; Salimi et al., 2006). 
Chemical reduction involves a reduction reaction 
that takes place to transform Cr(VI) to Cr(III) 
with the assistance of reducing agents. There are 
several reducing agents that are widely used to 
reduce Cr(VI), including iron, hydrogen peroxide, 
hydrogen sulfide and thiols (Salimi et al., 2006). In 
addition, iron-reducing bacteria (Wielinga et al., 
2001), and sol-gel materials prepared from orga-
nically modified silanes (Deshpande et al., 2005) 
have also been studied in the reduction process of 
Cr(VI). Most of these reducing agents have draw-
backs. 
An alternative to the chemical reduction technique 
of Cr(VI) could be electrochemical reduction. An 
electric current is applied to assist chemical reduc-
tion; that is why this technique is called electro-
chemical reduction. This technique offers several 
advantages such as recovery of metals from conta-
minated wastewaters, recycle of treated water, and 
short treatment times (Hatfield et al., 1996; 
Rajeshwar et al., 1994). However, the disadvan-
tages include additional chemicals requirement, 
and hazardous sludge formation. It is also, quite 
expensive, and it often requires new infrastructure 
to be constructed (Martinez & Rodriguez, 2007). 
Different electrode materials have been used in 
the electrochemical process for Cr(VI) reduction 
(Martinez & Rodriguez, 2007). Martinez has 
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reported that carbon steel is known as low cost 
electrode material which can increase efficiency of 
the electrochemical process. They reported that 
this process can treat wastewater with Cr(VI) 
concentration of 1000 mg dm-3 at pH 1 within 
38.5 minutes of residence time. 
Furthermore, electro-catalytic reduction has also 
been explored for Cr(VI) treatment (Wang et al., 
1997; Yang & Huang, 2001; Salimi et al., 2006). 
This process offers high electron transfer effici-
ency and low cost. But the production of chemical 
sludge is a concern (Salimi et al., 2006). 

2.4.3 Ion Exchange 
Ion exchange is a suitable technique to remove 
heavy metal from the wastewater and this tech-
nique has also been applied as a remediation 
measure for Cr(VI) (Rivero et al., 2004). Various 
ion exchange resins are commercially available 
which can effectively remove Cr(VI) below the 
standard limit of Cr(VI) (0.05 mg/L) in waste-
water. This process reduces the amount of waste 
for disposal and the cost of operation is generally 
lower. However, limitation of this method is that 
efficiency dependent on the pH of water. 
One recent study found that efficiency of cation 
exchange resins such as 1200H, 1500H and 
IRN97H were sufficient to remove Cr(VI) from 
wastewaters. Sorption capacity was reported as 
200 mg/g with wastewater containing 0.1 mg/L 
chromium using 10 mg/100 mL of dosage of each 
resin at a solution pH of 5.8 (Rengaraj et al., 2003). 

2.4.4 Sorption 
Sorption is a process in which substances dis-
solved in fluid phase are accumulated onto the 
surface of a solid through the chemical or physical 
forces (Mohan et al., 2008). Generally, vander 
Waals forces between molecules are responsible 
for the accumulation. The sorption technique has 
several benefits and drawbacks (Mohan et al., 
2008). It is effective and economical. It can 
remove the contaminating metals as well as reco-
very and recycle of sorbet metals from sorbent. It 
has evolved as the suitable alternative for those 
metal ions that cannot be removed easily by other 
techniques. The removal efficiency is excellent for 
this process. However, the removal efficiency 
depends on pH, influent concentration, and 
sorbent dosages. 

The solid material onto which accumulation of the 
pollutant or contaminant takes place is called the 
sorbent. Depending on the sorbent materials, the 
sorption efficiency varies. All sorbents tend to 
have the following properties: 
 A large internal surface areas (250–1500 m2/g) 
 A large pore volume (0.1–1.0 cm3/g) 
 A low bed density (0.3–0.6 g/cm3) 
 A sorption capacity up to 0.2 g of sorbate per 

gram of sorbent 
There are various types of sorbent available onto 
which chromium can be sorbed. The common 
sorbents include (Mohan & Pittman, 2006): 
 Synthetic polymeric sorbents such as resins. 
 Natural and synthetic zeolites such as porous 

aluminosilicates. 
 Fiber and Lignite. 
 Industrial waste/by-products such as fly ash, 

waste sludge. 
 Agricultural by-products such as straw, husk, 

wheat bran, rice bran and hulls. 
 Bio-sorbents such as algae, fungi, bacteria. 
 Activated carbon such as coconut shells, 

wood char, lignin, bone char, and bio-char. 
 Clay minerals and oxides such as kaolinite, 

and bauxite. 

2.5 Activated Carbon as Sorbent 
Active carbon is widely known as an effective and 
inexpensive sorbent in removing heavy metals 
such as chromium from wastewater (Sarin & Pant, 
2006; Acharya et al., 2009). The carbonaceous ma-
terials that are commonly used to produce activa-
ted carbon include coal, palm kernel, wood, petro-
leum coke, coconut shell, peat, etc. Khezami & 
Capart, (2005) observed that more than 90 % 
removal was achieved on wastewater containing 
200 mg/L of Cr(VI) with dosage of 400 mg/L of 
activated carbon. The maximum chromium uptake 
was 300 mg/g at pH of 3. They also examined 
that the removal of Cr(VI) was found to increase 
with the increase of temperature. Because the 
diffusion rate of the sorbate molecules across the 
external boundary layer and within the pores of 
the sorbent is increased at an elevated tempera-
ture. 
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2.6 Bone char and Bio-char as Sorbent 
Bone char and bio-char are also promising sor-
bents for the removal of heavy metals. However, 
these two chars have rarely been studied as 
sorbents to remove chromium (Chojnacka, 2005; 
Wilson et al., 2001; Dahbi et al., 1999; Dahbi et al., 
2002). The sorption of Cr(III) from aqueous 
solutions using animal bones has also been inves-
tigated by Chojnacka, (2005). This bone char 
demonstrated the maximum experimental sorp-
tion capacity in the range of 29-194 mg.g-1 at 500C 
with pH of 5. The pseudo second-order rate 
equation was the best fitted kinetic process and 
the best fitted isotherm was to be the Langmuir 
model. Moreover, Dahbi et al., (1999) found that 
the sorption of Cr(VI) onto bone char showed 
removal efficiency of over 90 % with initial 
chromium concentration of 10 mg.L-1 after 30 
minutes of reaction time. 2 g bone char with an 
average particle diameter between 0.05 mm and 
0.8 mm was needed at a working pH of 1. In 
addition, the ability of bone charcoal to remove 
Cr(III) with a concentration of 500 mg/L from 
tannery effluents was investigated (Dahbi et al., 
2002). About 60 g/L bone charcoal dosage was 
necessary to perform a Cr(III) removal of more 
than 90 % at a working pH of 3.5 after 30 minutes 
of stirring time.  
However, Dong et al., (2011) performed a batch 
sorption test to adsorb Cr(VI) from aqueous 
solutions using bio-char produced from sugar beet 
tailing. The maximum sorption capacity of bio- 
char was 123 mg/g and the maximum removal of 
Cr(VI) was 98 % at pH 2. This sorption process 
was followed the pseudo-second order kinetic 
equation and the Langmuir isotherm model. On 
the basis of research that have previously been 
done, the reported performances for chromium 
removal using bone char and bio-char have been 
summarized (Table 1). 

2.7 Sorption Mechanism of Bone char 
Animal bones are composed of inorganic and org-
anic substances. Inorganic matter is about 65 % to 
70 % and the remaining portion is organic matter. 
Inorganic matter mainly includes hydroxylapatite 
[Ca10(PO4)6(OH)2] and organic matter is mainly 
fibrous protein collagen (Samuel et al., 1985). The 
usual ingredients in bone include phosphorus, car-
bon, oxygen, calcium, magnesium, and sodium. 
In the sorption process of chromium onto bone 
char, governing mechanisms could be ion ex-
change. In the ion exchange process, hydroxyl-
apatite releases Ca2+ ions which are exchanged 
with Cr3+ or Cr6+ ions (Al-Asheh et al., 1999). The 
cationic ion exchange reaction of the metal ions 
with animal bone is shown as follows: 
Ca30((PO4)6(OH)2)3 + 20Cr3+ ≈ 
Cr20((PO4)6(OH)2)3 + 30Ca2+ 
Three steps are involved in the ion exchange pro-
cess to bind metal ions to hydroxyapatite (Deydier 
et al., 2003). The steps are as follows: 
 Surface complexation of metal ions 
 Dissolution of Ca10(PO4)6(OH)2 followed by 

precipitation of Cr20((PO4)6(OH)2)3 
 Slow Ca diffusion. 
The Ca2+ ions that are present in the solution do 
not have harmful effects, but it increases the hard-
ness of water. Other researchers indicated that in 
the acidic medium, bone char have the ability to 
reduce some of the Cr(VI) and then the resultant 
Cr(III) was sorbet by bone char (Wilson et al., 
2001; Dahbi et al., 1999). 

2.8 Sorption Mechanism of Bio-char 
Bio-char has the capability to sorb heavy metal 
such as chromium. In the previous investigation, it 
has been proven that the removal mechanism of 
Cr(VI) mainly involves the reduction of Cr(VI) in 
an acid medium (Dong et al., 2011). In addition 

Table 1. The use of bone char and bio-char for chromium removal. 
Adsorbents Results Optimum conditions References 

Bone char 90 % removal efficiency of 
Cr(VI) 

pH 1, bone char 2 g, reaction time 30 min, solution 
volume 50 mL, Cr concentration 10 mg/L 

Dahbi, et al., 1999 

Bone char 90 % removal efficiency of Cr(III) pH 3.5, bone char 3 g, reaction time 30 min, Cr 
concentration 500 mg/L 

Dahbi, et al., 2002 

Bone char 29-194 mg of Cr(III) adsorbed/g 
bone char 

pH 5, 50oC, Cr concentration 100-300 mg/kg Chojnacka, 2005 

Bio-char 123 mg of Cr(VI) adsorbed/g 
bio-char 

pH 2, bio-char 0.2-8 g/L, Cr concentration 100 mg/L Dong et al., 2011 

Bio-char 4.93 & 7.43 mg of Cr(VI) 
adsorbed/g bio-char 

pH 2, bio-char 10 g/L, reaction time 48 hr, Cr 
concentration 10 mg/L 

Mohan et al, 2011 
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the sorption of Cr(VI) and Cr(III) is governed by 
the four consecutive steps (Mohan & Pittman, 
2006): 
1) Transport of Cr(VI) in the bulk solution; 
2) Diffusion across the liquid film boundary 

surrounding the sorbent particles; 
3) Intraparticle diffusion in the liquid contained 

in the pores and in the sorbate along the pore 
walls; 

4) Sorption and desorption within the particle 
and on the external surface. 

One of the above steps or a combination of these 
steps is responsible for the sorption. Sorption 
mechanism of bio-char is controlled by different 
experimental parameters such as initial concen-
tration, particle size of sorbent, temperature and 
volume of solution, pH, agitation time, kinetic 
orders, and pore or solid phase diffusion. 

2.9 Sorption Mechanisms of Chromium 
The sorption mechanism of hexavalent chromium 
can be described by the four different ways which 
are as follows (Bidyut & Chris, 2010): 
1) Anionic sorption, 
2) Sorption-coupled reduction, 
3) Anionic and cationic sorption and 
4) Reduction and anionic sorption. 
In anionic sorption, negatively charged chromium 
species (CrO42−, Cr2O72−) bind to positively charg-
ed functional groups on the surface of sorbents. 
Electrostatic attraction and/or surface complexa-
tion provide the binding phenomenon between 
the opposite charges. In the surface complexation 
reaction, a surface functional group [SOH] binds 
the chromate ions which can be expressed as 
follows (Hamadi et al., 2001): 




  2
42

2
42 2)( CrOSOHCrOHSOH  

In the anionic sorption mechanism, the sorption 
of Cr(VI) is increased at low pH whereas at high 
pH Cr(VI) sorption decreases. At low pH func-
tional groups of the sorbent become protonated, 
and easily attract negatively charged chromate 
ions. On the other hand, at high pH deprotona-
tion takes place because functional groups of the 
sorbent become negatively charged and do not 
attract negatively charged chromium compounds 
(Hamadi et al., 2001; Demirbas et al., 2004; Guo et 
al., 2003). 
Sorption-coupled reduction is the mechanism that 
deals with the reduction of Cr(VI) to Cr(III) using 
a sorbent in an acidic medium (Park et al., 2005; 
Mohan & Pittman, 2006). Then the resultant 
Cr(III) is sorbed from the solution (Fig. 2). 
In the anionic and cationic sorption mechanism, 
part of the Cr(VI) is reduced to Cr(III), and then 
both the chromium species are sorbed to the sur-
face of sorbents. 
According to the reduction and anionic sorption 
mechanism, a part of the Cr(VI) is reduced to 
Cr(III); afterward Cr(VI) is mainly sorbed by the 
sorbent while Cr(III) remains in the solution 
(Bidyut & Chris, 2010; Rengaraj et al., 2003). 

Table 2. Summary of chemicals and reagents used.  
Chemicals Properties/ Concentration Purpose 

Potassium dichromate (K2Cr2O7) Solid Preparation of Cr(VI) stock solution 
Standard Cr solution 1000 mg/L Calibration of GF-AAS 

Nitric acid (HNO3) 15.8 Molar pH adjustment to get acidic solution and preservation of 
samples 

Sodium hydroxide (NaOH) 1 Molar pH adjustment to get basic solution. 
Deionized water Resistivity: 9.83 MΩ-cm Preparation of batch test solution, cleaning of glass wares 

and other stuffs used in the experiment 
Bone char Prepared from Cattle bone As a sorbent 
Bio-char Prepared from wood chips As a sorbent 

Fig. 2. Adsorption-coupled reduction model 
(Park et al., 2005). 
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3  MATERIALS AND METHODS  
The purpose of this section is to mention the 
methodology followed and instruments used to 
achieve the objectives of this study. 

3.1 Chemicals and Reagents 
All chemicals used in this study were analytical 
reagent grade. The chemicals and reagents used in 
the experiment are summarized (Table 2). 

3.2 Experimental Apparatus and Equip-
ment 

In this experiment the following materials were 
required to set up the batch test and to analyze the 
samples: 
1) Erlenmeyer, beaker, volumetric flasks, gradua-

ted cylinder, funnel, tube, pipettes, plastic and 
glass bottles, glass stirrer, plastic bucket, and 
aluminum foil paper 

2) Disposable syringe, and syringe filter 

3) Deionizer 
4) Drying oven 
5) Analytical Balance 
6) pH meter (HANNA instrument, model: HI 

2210) 
7) Platform shaker (New Brunswick Scientific, 

model: innova 2300) 
8) Graphite Furnace Atomic Absorption Spec-

trophotometer (GF-AAS) (Buck Scientific, 
model: 210VGP) 

9) NOVA 1200 surface area analyzer (Quanta-
chrome Instruments, version 2.0, Boynton 
Beach, FL) 

3.3 Experimental Processes of Batch Test 
In the batch test the required amount of sorbate 
solution was added in the 250 mL Erlenmeyer 
flask (or beaker). The pH of the sorbate solution 
was adjusted to the desire value by adding either 
HNO3 or NaOH solution and measured by a pH 
meter. Before adding sorbent into the sorbate 
solution, a sample was collected to measure the 
initial Cr(VI) concentration. Then the required 
amount of sorbent was mixed with the sorbate 
solution in the Erlenmeyer flask. After that, the 
Erlenmeyer flask was placed in the shaker for 
mixing the solution properly for required period 
of time. The mixing of sorbate and sorbent in 
shaker is shown (Fig. 3). The samples of this mix-
ture at different time intervals were collected, 
filtered, and stored in the glass bottles. These sto-
red samples were analyzed to identify the Cr(VI) 
concentration by using GF-AAS. The Cr(VI) con-
centration measurement using GF-AAS is shown 
(Fig. 4). All the batch tests were conducted in the 
laboratory using the similar manner described 
above. 

3.4 Sorbents and Their Properties 
3.4.1 Bone char 
Bone char (charcoal) is a granular solid material 
black in color produced by pyrolysis of animal 
(bovine) bones at extremely high temperatures in 
the absence of air. Bone char that was used as a 
sorbent in this study was purchased from the 
Anthracite Filter Media (AFM), Culver City, Cali-
fornia, USA (Fig. 5). It is prepared by calcining 
cattle bones at 4500C. The detailed specifications 
of this bone char such as components, pore vol-
ume, particle size, and BET (Brunauer Emmett 

Fig. 3. The mixture of sorbate and sorbent in 
shaker. 

Fig. 4. The Cr(VI) concentration measurement 
using GF-AAS. 
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Teller) surface area were provided by the company 
and are shown (Table 3). The purchased bone 
char was crushed using a hand grinder to reduce 
the particle size and was sieved to get the particle 
size between greater than 53 µm and lower than 
250 µm. The surface area and pore volume of the 
reduced particle size of bone char were deter-
mined by the BET analyzer. The reduced particle 
size of bone char possessed more surface areas as 
compared to bigger particle size which was 
observed from BET analysis. Pore volume of the 
reduced particle size was also decreased. 

3.4.2 Bio-char 
Bio-char that was used as a sorbent in this study 
was purchased from Phoenix Energy, San Fran-
cisco, California, USA (Fig. 6). This manufacturer 
produces bio-char as a bi-product when wood 
chips are used to fuel their power plant. Another 
name of charcoal is bio-char, which is a black 
granular solid material prepared by pyrolysis of 
wood chips at 7000C. The detailed specifications 
of bio-char such as textural and surface morpho-
logy were provided by the company and are 
summarized (Table 4). The purchased bio-char 
was crushed using a hand grinder to reduce the 
particle size and was sieved to get the particle size 
between greater than 53 µm and less than 250 µm. 

The surface area and pore volume of the reduced 
particle size of bio-char were determined by the 
BET analyzer. From the BET analysis, it was 
observed that, the reduced particle size of bio-char 
possessed more surface areas as compared to 
bigger particle size. 

3.5 Sorption Procedure 
In this study, batch sorption process was emp-
loyed to find out the optimum experimental para-
meters including pH, sorbent dosage, and initial 
Cr(VI) concentration. The optimum parameters 
were then used to analyze sorption capacity, sorp-
tion reaction kinetic rates, and the appropriate 
equilibrium isotherm. The detailed description of 
the procedure of batch tests is as follows: 

3.5.1 Preparation and Dilution of Cr(VI) Stock 
Solution 

The stock solution of 1000 mg/L of Cr(VI) was 
prepared by dissolving 2.8269 g of potassium di-
chromate (K2Cr2O7) salt in deionized water 
(Appendix 1). Potassium dichromate was mixed 
properly with deionized water in a volumetric 
flask just after 2-3 minutes of shaking by hand. 
The solution color turned yellowish. The 
potassium dichromate salt was purchased from 
Sigma-Aldrich LTD, USA (product code no 
101064403). The stock solution of Cr(VI) was 

Table 3. General analytical specifications of 
the bone char used. 

Properties Amount 
Hydroxyapatite 70 – 76 % 
Carbon content 9 – 11 % 

Calcium Carbonate 7 – 9 % 
Calcium Sulphate 0.1 – 0.2 % 
Total surface area 100  m2/g 

Pore volume 0.225 cm3/g 
Particle size 250 - 480 µm 

Table 4. General analytical specifications of 
the bio-char used. 

Carbon content 90.8 % 
Hydrogen 0.8 % 
Nitrogen 1 % 
Oxygen 3.4 % 

Ash 3.9 % 
Bulk density 0.11 g/cm3 (Dry wt.) 

Total surface area 186 m2/g 
Particle size 19-150 mm 

Fig. 5. The bone char purchased from com-
pany (left) and after reducing particle size 
(right). 

Fig. 6. The bio-char purchased from com-
pany (left) and after reducing particle size 
(right). 



Sorption Characteristics of Hexavalent Chromium [Cr(VI)] onto Bone Char and Bio-char
 

11 

subsequently diluted to the required working 
concentration prior to use in batch tests based on 
the calculation shown in appendix (Appendix 2). 
The prepared stock solution of Cr(VI) with a con-
centration of 1000 mg/L was diluted to the requ-
ired initial Cr(VI) concentration to perform the 
batch tests (calculation in Appendix 2). In the 
batch experiments, an initial concentration of 
Cr(VI) of 10 mg/L was used randomly for both 
the sorbents to determine the optimum pH, and 
sorbent dosage. The reason behind using this 
initial Cr(VI) concentration was that at low initial 
concentration the sorbent has the ability to exert 
high removal efficiency within a shorter period of 
equilibrium time. Dahbi et al., (1999) recom-
mended that initial chromium concentration of 
10 mg/L and solution volume of 50 mL are 
promising conditions to sorb chromium onto 
bone char. In order to perform the sorption 
isotherm and kinetic study, the initial concen-
trations of Cr(VI) were varied from 5 mg/L to 
1000 mg/L for bone char and from 10 mg/L to 
500 mg/L for bio-char. The stock solution of 
Cr(VI) was diluted to the required concentrations 
(5-1000 mg/L) (calculations in Appendix 2). The 
volume of the batch solutions were chosen ran-
domly, and maintained a fixed value of 50 mL for 
all the batch tests of bone char and 200 mL for all 
the batch tests of bio-char. 

3.5.2 Determination of Optimum pH 
In order to find out the optimum pH for Cr(VI) 
sorption onto the bone char, six batch tests were 
performed with different initial pH of 1, 2, 3, 5, 7, 
and 9. The pH variation was conducted by adding 
either 15.8M HNO3 or 1M NaOH in the Cr(VI) 
solution and mixing for 2-3 minutes using a mag-
netic stirrer. The initial pH of the solution for 
each batch test was measured by a pH meter 
(HANNA instrument, model: HI 2210). For each 
batch test initial Cr(VI) concentration was chosen 
as 10 mg/L using bone char amount of 2 g in 
50 mL solution. Before adding bone char to the 
Cr(VI) solution, 2 mL of sample for each batch 
test (at zero minute) was collected in order to 
confirm the initial Cr(VI) concentration used. 
Then, typically 2 g of bone char was added in the 
Cr(VI) solution. The mixture was placed in the 
shaker at 150 rpm for 2 hours to perform the 
batch experiment at room temperature. At 30 
minute time intervals, about 2 mL samples were 
collected at 30, 60, 90, and 120 minutes, and then 

filtered and stored in glass bottles. The stored 
samples were then analyzed using GF-AAS to 
determine the Cr(VI) concentration change with 
time. All six batch tests were conducted in a simi-
lar way as described above, and the only exception 
was to maintain a different initial pH value for 
each batch test. The optimum pH was then deter-
mined as the pH at which the highest amount of 
Cr(VI) removal was obtained. 
The above procedure was also employed to iden-
tify the optimum pH for sorption of Cr(VI) onto 
bio-char. Six batch tests were performed for six 
different initial pH with 2 g of bio-char, and initial 
Cr(VI) concentration of 10 mg/L. The volume of 
the solution was 200 mL for all batch tests in the 
case of bio-char studies. About 4 mL samples 
were collected at 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 
24 hours. 

3.5.3 Determination of Optimum Sorbent 
Dosage 

In order to find out the optimum sorbent dosage, 
four additional batch tests were performed with 
different amounts of bone char: 0.5 g, 1 g, 2 g, and 
3 g. These different amounts of bone char were 
measured by an analytical balance. In the four 
batch tests, the initial concentration of Cr(VI) was 
taken as 10 mg/L and the volume of solution was 
fixed at 50 mL. The pH of the solution was 
maintained at the optimum pH of 1 using 15.8M 
HNO3 and mixed properly for 2-3 minutes using a 
magnetic stirrer. Before adding bone char to the 
Cr(VI) solution, 2 mL of sample was collected in 
order to measure the initial Cr(VI) concentration 
used. Then, the bone char was added to the 
10 mg/L of Cr(VI) solution with a volume of 
50 mL. The mixture was placed in the shaker at 
150 rpm for 2 hours at room temperature to 
perform the batch experiment. About 2 mL sam-
ples were collected at 30, 60, 90, and 120 minutes, 
and then filtered and stored in glass bottles. These 
stored samples were then analyzed using GF-AAS 
to know the concentration change of Cr(VI) with 
time. Four batch tests were performed by follow-
ing the same procedure described above except 
changing the amount of bone char dosage for 
each test. The optimum dosage of bone char was 
the lowest amount of bone char at which the 
highest percentage of Cr(VI) was removed. 
The procedure described above for bone char was 
also followed to find out the optimum sorbent 
dosage for Cr(VI) sorption onto bio-char. In case 
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of bio-char study, five batch tests were performed 
for five different bio-char dosages (1 g, 2 g, 3 g, 
4 g, and 5 g), with optimum initial solution pH of 
2 at 10 mg/L of initial concentration of Cr(VI). 
Other differences compare to the bone char batch 
tests were that the volume of the solution was 
200 mL, and about 4 mL samples were collected 
at 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 24 hours. 

3.5.4 Determination of Optimum Initial Cr(VI) 
Concentration 

The influence of initial Cr(VI) concentration on 
the sorption process of Cr(VI) onto the bone char 
was also evaluated by performing six batch tests 
with changing initial Cr(VI) concentration from 
5 mg/L to 100 mg/L. The stock solution of 
Cr(VI) was diluted to the required initial concen-
trations. Other experimental parameters such as a 
pH of 1, bone char of 2 g, and 50 mL of solution 
volume were kept constant for all the six batch 
tests. Before adding bone char to the Cr(VI) solu-
tion, 2 mL of sample for each batch test (at zero 
minute) was collected for initial Cr(VI) concen-
tration measurement. Then, 2 g bone char in the 
Cr(VI) solution was added. The bone char and 
Cr(VI) mixture was placed in the shaker at 
150 rpm for 2 hours maintaining room tempe-
rature to perform the batch experiment. About 
2 mL samples were collected at 30 minutes time 
interval up to 120 minutes, and filtered and stored 
in glass bottles. The samples were then analyzed 
to determine the concentration of Cr(VI) using 
GF-AAS. All six batch tests were conducted in a 
similar manner as described above, and the only 
exception was to maintain a different initial Cr(VI) 
concentration such as 5, 10, 20, 50, 70, and 
100 mg/L for each test. The optimum initial 
Cr(VI) concentration was then determined as the 
concentration value at which the highest per-
centage of Cr(VI) removal was visible. 
The optimum initial Cr(VI) concentration for 
sorption of Cr(VI) onto bio-char was also 
identified by carrying out the same process des-
cribed above for bone char. While studying bio-
char, five batch tests were performed for five 
different initial Cr(VI) concentration such as 10, 
50, 100, 300, and 500 mg/L with optimum bio-
char dosage of 4 g, and optimum pH of 2. The 
volume of the solution was 200 mL for all batch 
tests. The batch samples of about 4 mL were 
collected at different times such as at 0, 0.5, 1, 2, 
3, 4, 5, 6, 7, 8, and 24 hours for analysis. 

3.5.5 Determination of Cr(VI) Concentrations at 
Equilibrium and at Any Particular Time 

After determining the optimum sorption parame-
ters, Cr(VI) concentrations at equilibrium (Ce) and 
at any particular time (Ct) were evaluated for diffe-
rent initial Cr(VI) concentrations (C0) of 5, 10, 20, 
50, 70, 100, 300, 400, and 1000 mg/L by perfor-
ming additional batch tests using bone char as sor-
bent. The concentrations of Cr(VI) at initial (C0), 
at equilibrium (Ce), and at any particular time (Ct) 
were applied to calculate the sorption capacity of 
bone char at equilibrium (qe), and at a particular 
time (qt). Afterward, these sorption capacities (qe 
and qt) were used to draw the plots of Cr(VI) 
sorption isotherms and kinetics. Except 1000 
mg/L, these different initial concentrations of 
Cr(VI) were obtained by diluting the Cr(VI) stock 
solution (calculation in Appendix 2). For all nine 
batch tests, the initial concentrations of Cr(VI) 
were varied but pH, bone char dosage, and 
volume of solution were maintained constant at 
the optimum values that were determined pre-
viously. Before adding bone char to the Cr(VI) 
solution, 2 mL of sample was collected to measure 
initial Cr(VI) concentration. Then, 2 g bone char 
was added to the 5 mg/L of Cr(VI) solution. At 
room temperature, the mixture was then placed in 
the shaker at 150 rpm for 6 days. About 2 mL 
samples were collected at 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 
and 24 hours. From day 1 to day 6, around 2 mL 
sample per day was collected. All these collected 
samples were filtered and stored in glass bottles. 
The stored samples were then analyzed using GF-
AAS to determine the concentration change of 
Cr(VI). All nine batch tests were conducted by 
following the same procedure as described above 
except that the initial concentration of Cr(VI) was 
different. The equilibrium concentration was 
determined when the solution concentration 
remained constant during the sorption of Cr(VI) 
onto the bone char for an initial Cr(VI) con-
centration after a certain period of time. For 
different initial concentrations of Cr(VI), the 
equilibrium concentrations and concentrations at 
any particular times were different. 
A similar procedure was followed to identify the 
Cr(VI) concentrations at equilibrium (Ce) and at 
any particular time (Ct) to evaluate the sorption of 
Cr(VI) onto the bio-char as sorbent. Five batch 
tests were performed for different initial Cr(VI) 
concentrations of 10, 50, 100, 300, and 500 mg/L 



Sorption Characteristics of Hexavalent Chromium [Cr(VI)] onto Bone Char and Bio-char
 

13 

with optimum pH and sorbent dosage. The 
volume of the solution was maintained at 200 mL 
for five batch tests. About 4 mL samples were 
collected at the same time (from 0.5 hours to 6 
days) as stated above in case of bone char study. 

3.5.6 Determination of Sorption Capacity of 
Sorbent 

In this study two types of sorption capacities were 
determined: (1) sorption capacity of sorbent at a 
particular time (qt), and (2) equilibrium sorption 
capacity of sorbent (qe). The (qt) values were used 
to draw the plot of Cr(VI) sorption kinetic model 
onto the sorbents, and the (qe) values were applied 
to draw the plot of Cr(VI) sorption isotherms 
onto the sorbents. 
The optimum sorbent dosage, volume of solution, 
and concentration change of Cr(VI), were used to 
find out the sorption capacity of sorbent at a parti-
cular time (qt) in mg/g using Equation 1. The 
detailed calculations are shown (Appendix 3). 

)1(....................0 V
m

CCq t
t 






 

  

where C0 is the initial concentration of Cr(VI) in 
the solution in mg/L, Ct is the concentration of 
Cr(VI) at any particular time in the solution in 
mg/L, V is the volume of the solution in L, and m 
is the dry mass of sorbent in gram. 
The equilibrium sorption capacity of the sorbent 
(qe) in mg/g was also determined by using the 
optimum sorbent dosage, volume of solution, and 
Cr(VI) concentration change according to 
Equation 2. The equilibrium sorption capacity of 
sorbent (qe) was found in another way by using 
the values of sorption capacity of sorbent at a 
particular time (qt) for different initial Cr(VI) 
concentrations. When qt value became constant 
after a certain period of time, which constant 
value of qt was termed as equilibrium sorption 
capacity (qe). Detailed calculations are presented 
(Appendix 3). 
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where C0 is the initial concentration of Cr(VI) in 
the solution in mg/L, Ce is the equilibrium con-
centration of Cr(VI) in mg/L, V is the volume of 
the solution in L, and m is the dry mass of sorbent 
in gram. 

The equilibrium sorption capacity (qe), and sorp-
tion capacity at a particular time (qt) of bone char 
were found for initial Cr(VI) concentrations of 5, 
10, 20, 50, 70, 100, 300, 400, and 1000 mg/L. The 
bone char dosage of 2 g in 50 mL solution was 
fixed in the batch tests for all these different initial 
Cr(VI) concentrations. 
A similar procedure was followed to find the 
sorption capacity of bio-char for initial Cr(VI) 
concentrations of 10, 50, 100, 300, and 500 mg/L. 
The bio-char dosage of 4 g in 200 mL solution 
remained constant in the batch tests for all these 
different initial Cr(VI) concentrations. The cal-
culations are shown (Appendix 3). 

3.5.7 Determination of Sorption Isotherm 
(Langmuir and Freundlich) 

The sorption isotherms of Cr(VI) onto the sor-
bents were evaluated by plotting the equilibrium 
sorption data using the Langmuir and Freundlich 
models (Langmuir, 1916; Freundlich, 1906). The 
assumptions of the Langmuir model are that sorp-
tion of sorbate occurs in monolayer on a homo-
geneous sorbent surface, and sorbate species do 
not interact with each other. However, the 
Freundlich isotherm model works based on the 
assumption that the sorption of sorbate occurs in 
multilayer on heterogeneous sorbent surfaces 
since the active sites of sorbent have heteroge-
neous surface energy. In this study, physically the 
Langmuir model represents that sorption of 
monolayer Cr(VI) take place on the homogeneous 
surface of sorbents (bone char and bio-char), and 
Cr(VI) species do not interact with each other 
during the sorption process. On the other hand, 
the Freundlich, model expresses that multilayer 
Cr(VI) sorption occurs on heterogeneous surfaces 
of sorbents (bone char and bio-char). The Lang-
muir and Freundlich models are expressed linearly 
in Equations 3 and 5, respectively. 
Langmuir Model: 
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Equation 3 yields Equation 4 as follows; 
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Freundlich Model: 

)5......(............................... /1 n
eFe CKq   

Equation 5 yields Equation 6 on taking logari-
thms; 

)6.().........()(1)( Fee KLogCLog
n

qLog   

where Ce is the equilibrium concentration of 
Cr(VI) in mg/L, qe is the equilibrium sorption 
capacity of sorbent in (mg/g), qm is the maximum 
sorbet amount of Cr(VI) per mass of sorbent for 
complete monolayer coverage (mg/g), KL is the 
Langmuir equilibrium sorption constant related to 
the affinity of sorption (L/mg), KF is the 
Freundlich coefficient related to the sorption 
capacity [(mg/g)(L/mg)1/n], and 1/n is the sorp-
tion intensity factor (unit less). 
To effectively evaluate the Langmuir isotherm, the 
values of 1/qe were plotted against 1/Ce.  Using 
this 1/qe versus 1/Ce plot and Equation 4, the 
value of KL and qm were calculated using the slope 
and intercept of the best fit line, respectively. 
Detailed calculations are shown (Appendix 4). The 
maximum sorption capacity (qm) values were 
found from the experimental result and Langmuir 
model. The deviation of qm value obtained from 
the experiment to Langmuir model was deter-
mined. Furthermore, another plot was made by 
using the values of log qe in the y axis and the 
values of log Ce in the abscissa to evaluate the 
Freundlich isotherm. From this Freundlich model 
plot and Equation 6, the slope and intercept of the 
best fit line were used to estimate 1/n and KF 

respectively. Detailed calculations are shown 
(Appendix 4). The Langmuir and Freundlich iso-
therms were evaluated based on the square of 
their respective regression coefficients (R2). The 
isotherm that had R2 value nearest to 1.0 was 
selected for modeling of the sorption of Cr(VI) 
onto the sorbent being considered. 

3.5.8 Determination of Sorption Reaction 
Kinetics (First and Second Order) 

The kinetics of liquid-solid phase sorption such as 
sorption of Cr(VI) from aqueous solution onto 
bone char as presented by Lagergren (1898) can 
be described by a pseudo-first-order kinetic equa-
tion. Recently, first-order kinetics has been widely 
used to describe the sorption of contaminants 
from wastewater, (Hameed & El-Khaiary, 2008a; 
2008b; Tan et al., 2008). Physically the first-order 

kinetic model expresses that sorption reaction rate 
depends on one parameter such as the sorbate 
concentration or the sorbent dosage. The mathe-
matical representation of the first-order kinetic 
model is as follows in Equations 7. 
First order sorption reaction kinetic model: 

)7...(..........).........(1 te
t qqK

dt
dq

  

where qe (mg/g) is the sorption capacity at equi-
librium, qt (mg/g) is the sorption capacity at time t 
(hr), and K1 (hr−1) is the first-order rate constant 
for the kinetic model. Integrating Equation 7 with 
the boundary conditions of qt = 0 at t = 0 and qt = 
qt at t = t, yields the following equation (Ho, 
2004): 
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This Equation 8 can be rearranged as follows, 
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303.2

)log( 1
ete LogqtKqq   

A plot was made following the first-order kinetic 
model (Equation 9) by using the value of log(qe-qt) 
(mg/g) in the y axis and the values of time, t (hr) 
in the abscissa which has shown later in the results 
section. The plot was used to determine the first 
order rate constant (K1), equilibrium sorption cap-
acity (qe), and regression coefficient (R2). Detailed 
calculations are shown (Appendix 5). Conven-
tionally, if the R2 value is very close to 1.0, the 
sorption of Cr(VI) onto the sorbent follows the 
first-order rate equation. Because the linearized 
first-order model has regression coefficient (R2) 
value equal to 1. If R2 value is not close to 1.0, the 
sorption system is assumed not to follow the first 
order reaction rate. In this case, higher-order rate 
equations would be applied and tested for their 
applicability. For different initial concentrations of 
Cr(VI), sorption capacity at a particular time (qt) 
and equilibrium sorption capacity (qe) were found 
to be different. 
However, in the second-order kinetic model, the 
kinetics of the sorption reaction depends upon the 
amount of metal ions (sorbate amount) present on 
the surface of sorbent at time t, and the amount of 
sorbate species sorbet at equilibrium. This means 
that the sorption reaction rate is directly propor-
tional to the number of active sites on the surface 
of sorbent (Ho & McKay, 1998). In other words, 
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physically a second-order kinetic model means 
that the sorption reaction rate depends on two 
parameters such as sorbate concentration and 
sorbent dosage. The equation of the second-order 
kinetic model can be written as follows which has 
shown in Equations 10. 
Second order reaction kinetic model: 

)10....(..........][)( 2
02 t

t PPK
dt
Pd

  

where P0 denote the amount of equilibrium sites 
available on the sorbent, Pt denote the amount of 
active sites occupied on the sorbent at time t, and 
k2 is the second order sorption rate constant in 
g.mg-1.h-1 (Ho & McKay, 1998). 
The value of (qe−qt) as defined previously is 
directly proportional to the available fraction of 
active sites (Po–Pt), and substitution in the second 
order rate Equation 10 yields the following 
equation: 
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The expression in Equation 11 can be rearranged 
as follows: 

)12......(...........
)( 22 dtK

qq
dq

te

t 


 

Integrating Equation 12 with the boundary condi-
tions of qt = 0 at t = 0 and qt = qt at t = t, yields 
the following equation: 
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Equation 13 can be rearranged as follows: 
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Where qe (mg/g) is the sorption capacity at equ-
ilibrium, qt (mg/g) is the sorption capacity at a 
time t (hr), and K2 is the second order sorption 
rate constant in g.mg-1.h-1. 
To determine the second-order kinetic model 
(Equation 14) parameters, the values of t/qt are 
plotted against time t, where, the values of t/qt 
and t were placed in the vertical axis and abscissa 
respectively, as shown in the results section. The 
second order rate constant (K2), equilibrium sorp-
tion capacity (qe), and regression coefficient (R2) 
were calculated from the plot. Detailed calcu-
lations are shown (Appendix 5). When the R2 

value is found to be closer to 1.0, then the 
sorption of Cr(VI) onto the sorbent system is 
believed to follow the second-order rate equation. 
The theoretical values of equilibrium sorption 
capacity (qe) found from the first and second-
order kinetic model were compared with the 
experimental qe values, and deviation of these qe 

values in percentage units were calculated to 
suggest whether the sorption system of Cr(VI) 
onto sorbent follows the first-order or second-
order reaction kinetic model. 

3.6 Comparison of Cr(VI) Removal Effi-
ciencies of Bone char and Bio-char 
with Activated Carbon 

The removal efficiencies of Cr(VI) onto bone char 
and bio-char were compared to the removal 
efficiency of Cr(VI) onto activated carbon by 
performing additional two batch tests for Cr(VI) 
sorption to activated carbon. Since activated 
carbon is a promising sorbent for Cr(VI) removal, 
by performing this comparison, it could be easy to 
recommend whether bone char and bio char used 
in this study are more efficient or activated 
carbon. In the first batch test, Cr(VI) was sorbed 
to activated carbon keeping all the experimental 
parameters such as pH, initial Cr(VI) concentra-
tion, and amount of bone char the same as the 
optimum values found for Cr(VI) and bone char 
sorption. In the second batch test, sorption of 
Cr(VI) onto activated carbon was performed by 
maintaining the optimum sorption parameters 
such as pH, initial Cr(VI) concentration, and bio-
char dosage observed for the sorption of Cr(VI) 
onto bio-char. By these two batch tests the sorp-
tion efficiency of bone char and bio-char were 
compared with the sorption efficiency of activated 
carbon. 

3.7 Sample Collection, Filtration, and 
Preservation 

In the batch tests, all the samples were collected 
by using a disposable syringe and then filtered 
through 0.45 µm pore syringe filter in order to 
separate the sorbent from the Cr(VI) batch solu-
tion. These filtered samples were stored in glass 
bottles. When preservation of these filtered 
samples was needed, pH of the samples were 
reduced to below 2 using 15.8M HNO3 to avoid 
the degradation of Cr(VI) concentration. Then the 
acidic samples were preserved in the refrigerator at 
a temperature of 4°C. 
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3.8 Analysis of Samples in GF-AAS 
The samples were analyzed to measure the con-
centrations of Cr(VI) by using a graphite furnace 
equipped atomic absorption spectrophotometer 
(GF-AAS) with an air-acetylene flame and chro-
mium hollow cathode lamp at a slit of 2 nm and 
wavelength of 357.9 nm. Prior to analysis in the 
GF-AAS, a calibration curve of GF-AAS instru-
ment was prepared using standard Cr(VI) solu-
tions by plotting the Cr(VI) concentration in the 
X-axis and the absorbance in the Y-axis. Five 
different concentrations of 5, 10, 15, 20, and 
25 mg/L of standard Cr(VI) solutions were used 
to establish the calibration curve. The samples, 
which were collected during the batch tests, were 
diluted to concentration ranges between 0.3 mg/L 
and 30 mg/L according to the calculation shown 
(Appendix 4) prior to analysis in the GF-AAS. 
The dilution range used was based on the mea-
suring range of the GF-AAS, which were from 0.3 
to 30 mg/L. The detection limit of the GF-AAS 
instrument was 0.04 mg/L. 

3.9 Quality Control and Assurance 
In order to control the quality of the experiments, 
all the batch tests were replicated twice and 
experimental blanks were run in parallel. All the 
samples were collected, preserved, and analyzed 
with carefulness, patience, and accuracy. Much of 
the instrumental operating errors were eliminated 
as they were operated very carefully according to 
instructions given on their manual, and the cali-
bration was checked regularly. Glass wares and 
syringes used in the tests were presoaked in 5% 
HNO3 solution overnight. They were then washed 
properly with tap water. Then, they were rinsed 
three times with deionized water and dried in air. 
In this way of quality control, the results obtained 
in this study were well established based on assu-
rance, accuracy, reliability, and reproducibility. 

4  RESULTS  AND  DISCU-
SSIONS 

4.1 Sorption of Cr(VI) onto Bone char: 
Evaluation of Textural Properties of 
Bone char 

The textural characteristics of bone char used in 
this research were obtained by the BET analyzer. 
The results of these properties are shown 
(Table 5). The particle size, surface area, and pore 
volume of the purchased bone char were 250 to 

480 µm, 100 m2/g, and 0.225 cm3/g, respectively 
(Table 3). However, the results obtained from the 
BET analysis for the hand-ground bone char 
sample show that the surface area increased to 
105 m2/g, and the pore volume decreased to 
0.05253 cm3/g after reducing the particle size of 
bone char to a range of between 53 and 250 µm. 
Thus, the reduced particle size possesses more 
surface areas compared to that of the bigger as-
received (purchased) sample particle size. The 
reason for the lower pore volume of the smaller 
sized bone char was that the smaller particles 
contained smaller number of pores per unit 
weight. Thus, the volume of pores per g of smaller 
size of bone char was lower than the bigger size of 
bone char. 

4.2 Evaluation of the Effects of Different 
Parameters for Sorption of Cr(VI) 
onto Bone char 

4.2.1 Effects of pH on Sorption of Cr(VI) onto 
Bone char 

The removal efficiencies of Cr(VI) with time in 
various pH ranges are shown (Fig. 7). It was 
observed that the Cr(VI) removal efficiency was 

Table 5. Physical properties of bone char after 
reducing particle size. 

Properties Amount 
Surface area (BET) 105 m2/g 

Pore volume 0.05253 cm3/g 
Average pore diameter 1.999 nm 

Particle size 53-250 µm 

Fig. 7. Removal efficiencies of Cr(VI) at 
various times with different pH values using 
bone char as a sorbent.  Solution volume: 50 
mL; initial Cr(VI) concentration: 10 mg/L; 
amount of bone char: 2 g. 
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found to be around 85 % after 30 min of reaction 
time at pH of 1.0, and the removal increased to 
98 % after 120 min at the same pH. This was the 
highest removal efficiency obtained as compared 
to the efficiencies obtained at other pH values. At 
pH 2, the removal efficiency was below 60 % after 
30 min, around 62 % after 60 min, and then rema-
ined relatively constant up to 120 min. At pH 3, 5, 
7, and 9, the removal efficiencies were around 
45 %, 43%, 35 %, and 32 %, respectively during 
the batch tests from 30 min to 120 min. The low-
est removal efficiency was obtained at pH 9. With 
an increase of pH from 1 to 9, Cr(VI) removal 
efficiencies decreased. This may be interpreted in 
the following way: at low pH, protonation of 
Cr2O72- could take place in the batch solution. 

Therefore, the optimum pH was considered as 1.0 
for the highest removal of Cr(VI). Another study 
has also recommended the same optimum pH 
value for Cr(VI) removal (Dahbi et al., 1999). On 
the other hand, the removal efficiencies were 
improved slowly with time for each pH. 

4.2.2 Effects of Sorbent Dosages on Sorption of 
Cr(VI) onto Bone char 

The results indicate that the increase in bone char 
dosage from 0.5 g to 3 g leads to sharp increases 
in removal efficiencies as expected (Fig. 8). 
Increase of bone char dosage leads to a larger 
surface area and a larger concentration of active 
sites that could bring about an increase of removal 
efficiency. The highest percentage of Cr(VI) 
removal was achieved for the highest studied bone 
char dosage of 3 g. At this dosage, 95 % Cr(VI) 
removal was observed after 30 min, and the 
removal improved to 100 % after 90 min. The 
removal efficiencies were in the range of 57% to 
66 % for a bone char dosage of 1 g, and from 
43 % to 60 % for a bone char dosage of 0.5 g. 
Since the removal efficiencies were similar for 
bone char dosages of 2 g and 3 g after 120 min, 
2 g of bone char per 50 mL of solution was con-
sidered as the optimum value. Another study has 
also recommended the same optimum dosage 
value (Dahbi et al., 1999). 

4.2.3 Effects of Initial Cr(VI) Concentration on 
Sorption of Cr(VI) onto Bone char 

The removal efficiency of Cr(VI) with time at 
various initial Cr(VI)concentrations is shown 
(Fig. 9). The highest percentage of Cr(VI) removal 
efficiency (100 %) was achieved after 120 min 
when the initial Cr(VI) concentration was 5 mg/L. 
However, the lowest Cr(VI) removal efficiency 
(72 %) was found for the highest studied initial 
Cr(VI) concentration of 100 mg/L. In case of 
other initial Cr(VI) concentrations between 5 and 
100 mg/L, the Cr(VI) removal efficiencies were 
deteriorated continuously with rising initial Cr(VI) 
concentrations. This decreased removal could be 
explained by the blocking of surface sites by 
previously sorbed Cr(VI). On the other hand, 
there was slight increase of removal efficiencies 
for each initial Cr(VI) concentration studied from 
30 min to 120 min. The removal efficiencies were 
almost 100 % for both initial Cr(VI) concentration 
of 5 mg/L and 10 mg/L at time 120 min. 
Therefore, 10 mg/L of Cr(VI) was considered as 
the optimum initial concentration to allow 

Fig. 8. Removal efficiencies of Cr(VI) with 
various times for different dosages of bone 
char as a sorbent. pH: 1; solution volume: 
50 mL; initial Cr(VI) concentration: 10 mg/L. 

Fig. 9. Removal efficiencies of Cr(VI) with 
time at various initial Cr(VI) concentrations 
using bone char as a sorbent. pH: 1; solution 
volume: 50 mL; amount of bone char: 2 g. 
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efficient removal of Cr(VI) from the wastewater 
using bone char. Another study has also recom-
mended the same optimum value (Dahbi et al., 
1999). 

4.3 Evaluation of the time required to 
reach equilibrium with respect to the 
Cr(VI) Concentrations: Bone char 

The effect of initial Cr(VI) concentrations (C0) on 
the time required to achieve their corresponding 
equilibrium concentrations (Ce), and the concen-
trations at any particular time (Ct) during the batch 
tests of Cr(VI) sorption onto bone char are shown 
(Table 6). The equilibrium concentrations are 
shown in Italic bold numbers. With an increase 
of initial Cr(VI) concentration from 5 mg/L to 
400 mg/L, the time required to achieve equili-
brium increased from 3 hours to 2 days. By con-

trast, the equilibrium time decreased significantly 
to only 5 hours when the initial Cr(VI) concentra-
tion was increased to 1000 mg/L. For Cr(VI) con-
centrations ranging from 5 mg/L to 100 mg/L, 
the removal efficiencies were 100 %, and there-
fore the corresponding equilibrium concentrations 
were zero. The equilibrium concentrations were 
achieved after 3 hours for initial Cr(VI) concen-
tration of 5 mg/L and 10 mg/L. About 8 hours 
were needed to obtain the equilibrium concen-
trations for the initial Cr(VI) concentrations of 
20 mg/L and 50 mg/L. The results showed equi-
librium values after 9 hours and 24 hours for 
initial Cr(VI) concentrations of 70 and 100 mg/L, 
respectively. With a further increase of initial 
Cr(VI) concentrations to 300 and 400 mg/L, the 
Cr(VI) removal efficiencies decreased, and the 
equilibrium concentrations were found as 75.60 
and 172.5 mg/L, respectively after 2 days of 
reaction time. However, for the initial Cr(VI) 
concentration of 1000 mg/L, the equilibrium 
concentration was 934.80 mg/L after 5 hours of 
reaction time. This can be interpreted that when 
initial Cr(VI) concentration was low, bone char 
could sorb all the Cr(VI) ions due to a higher 
availability of the active sites, and with the 
increase of initial Cr(VI) concentration, the sorp-
tion efficiency decreases as bone char might be 
saturated with Cr(VI). Furthermore, the values of 
Cr(VI) concentration at any particular time (Ct) 
were decreased for each initial Cr(VI) concen-
tration until reached at their equilibrium con-
centrations level. 

Table 6. Initial Cr(VI) concentrations (C0), and their corresponding concentrations at equilibrium 
(Ce) and at any particular time (Ct) [Values of Ce are shown in Italic Bold numbers]. 

Initial 
Cr(VI) 

concen-
tration  
(C0) 

(mg/L) 

Concentrations (mg/L) change with time for various initial Cr(VI) concentration 

0.5 
hr 

1 
hr 

2 
hr 

3 
hr 

4 
hr 

5 
hr 

6 
hr 

7 
hr 

8 
hr 

9 
hr 

1 
day 

2 
day 

6 
day 

5 0.4 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
10 1.0 0.7 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20 1.6 0.7 0.4 0.2 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 
50 17.6 10.5 6.2 3.3 1.9 1.4 0.5 0.2 0.0 0.0 0.0 0.0 0.0 
70 32.0 24.4 18.0 15.0 9.2 7.8 4.4 2.7 1.8 0.0 0.0 0.0 0.0 
100 49.6 42.2 38.0 30.3 25.5 20.4 17.0 13.1 9.4 6.7 0.0 0.0 0.0 
300 236.3 235.2 232.1 224.7 219.5 216.3 213.2 210.0 203.7 198.5 90.3 75.6 75.6 
400 319.5 318.1 313.8 311.0 309.6 301.1 299.7 295.5 292.6 291.2 179.5 172.5 172.5 
1000 976.6 952.3 946.2 940.1 938.6 934.8 934.8 934.8 934.8 934.8 934.8 934.8 934.8 

Fig. 10. Sorption capacities of bone char at 
any particular time for different initial Cr(VI) 
concentrations. pH: 1; solution volume: 
50 mL; amount of bone char: 2 g. 
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4.4 Evaluation of the Sorption Capacities 
(qt and qe) of Bone char for Cr(VI) 
Sorption 

4.4.1 Evaluation of the Sorption Capacity of 
Bone char at Any Particular Time (qt) 

The sorption capacities of bone char after diffe-
rent reaction times with various initial con-
centrations of Cr(VI) ranging from 5 mg/L to 
1000 mg/L are shown (Fig. 10). With an increase 
of initial Cr(VI) concentrations, the sorption 
capacities of the bone char (qt) improved with 
time. For every particular initial Cr(VI) concen-
tration (from 5 mg/L to 1000 mg/L), the sorption 
capacity increased up to a certain period and then 
tended to remain at a constant level. These 
constant sorption capacities are interpreted as the 
equilibrium sorption capacity (qe). The lowest 
sorption capacity of 0.148 mg/g was found after 
3 hours for the lowest studied initial Cr(VI) 
concentration of 5 mg/L but the highest sorption 
capacity of 6.46 mg/g was obtained after 5 hours 
for the highest studied initial Cr(VI) concentration 
of 1000 mg/L. A sorption capacity of 0.264 mg/g 
was obtained within 3 hours for an initial Cr(VI) 
concentration of 10 mg/L. However, the sorption 
capacities reached constant (equilibrium) values at 
0.466 mg/g and 1.389 mg/g after 8 hours for 
initial Cr(VI) concentrations of 20 mg/L, and 
50 mg/L, respectively. In addition, the sorption 
capacities were 1.905 mg/g for initial Cr(VI) 
concentration of 70 mg/L after 9 hours of 
reaction, and 2.508 mg/g after 24 hours for an 
initial Cr(VI) concentration of 100 mg/L. For 
initial Cr(VI) concentrations of 300 mg/L and 
400 mg/L, the sorption capacities of 5.801 mg/g 
and 6.057 mg/g were observed after 24 hours. 
When the initial Cr(VI) concentration was low, the 
sorption capacity (qt) was low and became cons-
tant quickly. With an increase of initial Cr(VI) 
concentrations, sorption capacities (qt) increased 
and the time required to achieve the highest 
sorption capacity was also increased except 
1000 mg/L. This might be due to the presence of 
sufficient Cr(VI) ions for sorption by the active 
sites of bone char for the increasing initial Cr(VI) 
concentrations. 

4.4.2 Evaluation of the Effects of Initial Cr(VI) 
Concentration on Equilibrium Sorption 
Capacity (qe) of Bone char 

The equilibrium sorption capacities with respect 
to different initial Cr(VI) concentrations studied 
are shown (Fig. 11). The equilibrium sorption 
capacity was observed to be 0.14 mg/g for an 
initial concentration of 5 mg/L and then increased 
sharply to 5.8 mg/g for 300 mg/L. The equi-
librium sorption capacity remained almost the 
same (6 mg/g) when initial Cr(VI) concentrations 
varied between 300 mg/L and 400 mg/L. With a 

Fig. 11. Equilibrium sorption capacities of 
bone char for increasing initial Cr(VI) con-
centrations. pH: 1; solution volume: 50 mL; 
amount of bone char: 2 g. 

Fig. 12. Langmuir sorption isotherm plot of 
Cr(VI) onto the bone char. pH: 1; solution 
volume: 50 mL; amount of bone char: 2 g. 
The solid line was obtained based on the 
experimental data and dash line represented 
the linearized Langmuir model. 
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further increase of initial Cr(VI) concentrations, 
the equilibrium sorption capacity improved sligh-
tly. The equilibrium sorption capacity reached the 
highest value of 6.46 mg/g for an initial Cr(VI) 
concentration of 1000 mg/L. The results showed 
that bone char might be saturated with Cr(VI) 
ions above an initial Cr(VI) concentration of 
300 mg/L. 

4.5 Evaluation of the Isotherm of Cr(VI) 
Sorption onto Bone char 

4.5.1 Evaluation of the Langmuir Sorption 
Isotherm 

In this section, the equilibrium sorption data for 
Cr(VI) sorption onto bone char was evaluated 
using the Langmuir model. The Langmuir model 
plot is shown (Fig. 12) which demonstrates a 
linear correlation between 1/qe and 1/Ce with R2 
of 0.9947 (close to 1). 
It clearly indicates that the sorption of Cr(VI) 
onto bone char likely follows the Langmuir model. 
The values of the Langmuir equilibrium sorption 
constant (KL), the maximum sorbed amount of 
Cr(VI) per mass of bone char for complete mono-
layer coverage (qm), and the regression coefficient 
(R2) were estimated to be 0.0130 L/mg, 7.93mg/g, 
and 0.9947, respectively (detailed calculations are 
shown in Appendix 4). The values found in this 
study are quite similar to the values obtained in 
the previous studies (Chojnacka, 2005; Dong et al., 
2011; Mohan et al, 2011; Wilson et al., 2001). 

The maximum sorption capacity (qm) found in the 
experimental result as 6.46 mg/g and the one 
predicted using Langmuir model as 7.93 mg/g. 
The deviation of qm value obtained from the expe-
riment to Langmuir model was 22.7 %. 

4.5.2 Evaluation of the Freundlich Sorption 
Isotherm. 

The Freundlich model was used to evaluate the 
sorption isotherm of Cr(VI) onto the bone char. 
The plot of Freundlich model between log qe and 
log Ce is presented (Fig. 13), and it represents not 
so linear correlation with R2 = 0.9556, that is 
much lower than what was observed in the 
Langmuir plot (Fig. 12). 
The values of the Freundlich sorption capacity 
parameter (KF), the sorption intensity factor (1/n), 
and the regression coefficient (R2) were estimated 
as 0.0512 (mg/g)(L/mg)1/n, 0.7852, and 0.9556, 
respectively. Detailed calculations are shown 
(Appendix 4). The sorption isotherm analysis indi-
cated that the sorption of Cr(VI) onto bone char 
followed the Langmuir model as R2 value is more 
closer to 1. Thus, the results implied that sorption 
of Cr(VI) took place on homogeneous monolayer 
surface of bone char, and Cr(VI) species did not 
interact with each other during the sorption pro-
cess. The results found in present study were 
comparable to those found in other studies (Dong 
et al., 2011; Mohan et al., 2011). 

Fig. 13. Freundlich sorption isotherm of 
Cr(VI) onto bone char. pH: 1; solution 
volume: 50 mL; amount of bone char: 2 g. 
The solid line was drawn based on the 
experimental data and dash line was the 
linearized Freundlich model. 

Fig. 14. First order kinetic model for Cr(VI) 
sorption onto the bone char at optimum 
initial concentration. pH: 1; solution volume: 
50 mL; bone char: 2 g. The solid line 
represented the experimental results and 
dash line was the linearized first order 
model. 
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4.6 Evaluation of the Kinetic Model on 
Cr(VI) Sorption onto Bone char 

4.6.1 Evaluation of the First Order Kinetic 
Model 

The first-order kinetic model plot for Cr(VI) 
sorption onto the bone char is presented (Fig. 14). 
In order to draw this plot, the log (qe - qt) values 
were taken for the initial Cr(VI) concentration of 
10 mg/L, because it was chosen as the optimum 
concentration. The best fit line of the plot of 
log(qe-qt) versus t was not very linear, and showed 
a negative slope as expected from the governing 
kinetic equation. 
According to the data from the plot, the values of 
the first order rate constant (K1), the equilibrium 
sorption capacity (qe), and the regression coeffi-
cient (R2) were 1.829 (hr-1), 0.1355 (mg/g), and 
0.9163, respectively. Detailed calculations of these 
parameters are shown (Appendix 5). 

4.6.2 Evaluation of the Second Order Kinetic 
Model 

The second-order kinetic model plot for the 
experimental data is presented (Fig. 15). The plot 
clearly exhibits a linear correlation between the 
values of t/qt and t with a positive slope as expec-
ted from the second order equation. This plot was 
drawn based on the data found for the initial 
Cr(VI) concentration of 10 mg/L, since this was 
the optimum concentration. The values of the 
second-order rate constant (K2) was estimated as 
3.39 (g.mg-1.h-1), the equilibrium sorption capacity 
(qe) was 0.2638 mg/g, and the regression coeffi-
cient (R2) was a perfect 1.0. Detailed calculations 
of these parameters are shown (Appendix 5). 
The deviations of the equilibrium sorption capa-
city (qe) obtained from the experimental value to 
the first order kinetic model value and to the 
second-order kinetic model value are shown 
(Table 7). A deviation of about 48.7% was 
observed between the first order derived equili-
brium sorption and the experimental data. 
However, for the second-order kinetic model, no 
deviation was observed because the experimental 

value of the equilibrium sorption capacity (qe) was 
as same as the value calculated from the second 
order kinetic model. 
Although the results observed for the initial 
Cr(VI) concentration of 10 mg/L perfectly fit to 
second-order kinetics model, the same second-
order kinetic model was evaluated for the other 
initial Cr(VI) concentrations used in this study in 
order to verify whether the second order model fit 
like observed above or not. The linear progressive 
correlation with positive slopes were found for all 
initial Cr(VI) concentrations ranging from 5 to 
1000 mg/L (Fig. 16). It was found that regression 
coefficient (R2) values were 1.0 for all these 
various concentrations. These regression coeffi-
cients (R2) values indicate a strong support for the 
second order kinetic model for the sorption of 
Cr(VI) onto the bone char at all initial con-
centrations studied. This can be interpreted that 
the kinetics of the Cr(VI) sorption reaction onto 
bone char depends upon the concentration of 
Cr(VI) in the batch solution, and the amount of 
bone char needed to sorb Cr(VI) ions from the 
batch solution at equilibrium. 

Table 7. Deviation of qe values for the first and second order kinetic model for sorption of Cr(VI) 
onto the bone char. 

 qe (mg/g) 
Adsorbent Experimental First order Deviation (%) Second order Deviation (%) 
Bone char 0.264 0.1355 48.7 0.2638 0 

Fig. 15. Second order kinetic model for 
sorption of Cr(VI) onto the bone char at 
optimum initial concentration. pH: 1; solution 
volume: 50 mL; amount of bone char: 2 g. The 
solid line was drawn based on the 
experimental results and dash line was the 
linearized second order model. 
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4.7 Sorption of Cr(VI) onto Bio-char: 
Evaluation of Textural Properties of 
Bio-char 

The textural characteristics of bio-char used in this 
study were analyzed using the BET analyzer. The 
results of these characteristics, including surface 
area, pore volume, and average pore diameter are 
shown (Table 8). The particle size, surface area, 
and bulk density of the as-supplied (purchased) 
bio-char were 19-150 mm, 186 m2/g, and 
0.11 g/cm3, respectively which are show (Table 4). 
The results obtained from the BET analysis 
showed that after reducing the size of the bio-char 

between 53 and 250 µm, the surface area increased 
to 285 m2/g. Thus, the reduced particle size of 
bio-char possesses higher surface area compared 
to that of the bigger sample particle size. 

4.8 Evaluation of the Effects of Different 
Parameters for Sorption of Cr(VI) 
onto Bio-char 

4.8.1 Effects of pH on Sorption of Cr(VI) onto 
Bio-char 

The removal efficiencies of Cr(VI) with the varia-
tion in pH are shown (Fig. 17). It was observed 
that at pH 2 the Cr(VI) removal efficiency was 
around 80 % after 30 minutes of sorption reaction 
and this increased to 98 % after 24 hours which 
was the highest Cr(VI) removal efficiency as com-
pared to the efficiencies found at other pH values. 
For example, at pH 1, the removal efficiency 
varied from 20 % at 30 min to below 30 % at 24 
hours. At pH 3, the removal efficiencies remained 
constant around 20 % from 30 minutes to 
5 hours, and then increased slowly to 24 % after 
24 hours. For pH 5 and 7, the removal efficiencies 
varied in a similar pattern between 10 % and 20 % 
during the whole period of the experiment. The 
lowest removal efficiency was found at pH 9, 
which was 5 % after 30 min and 11 % after 
24 hours. It was clear from the data that the 
removal efficiencies decreased below 30 % with 
the increase of pH from 1 to 9, except for pH of 2 
that showed excellent sorption efficiency of 98 % 
after 24 hours. Therefore, the optimum pH was 
taken as 2 for the highest removal of Cr(VI) from 
solution. Other studies also recommended similar 
optimum pH values (Mohan et al., 2005; Mohan et 
al., 2008). However, there was a slight increase in 
the removal efficiencies with time for each pH. 

4.8.2 Effects of Sorbent Dosages on Sorption of 
Cr(VI) onto Bio-char 

The removal efficiencies of Cr(VI) followed a sim-
ilar increasing pattern for bio-char dosages of 1 g 
and 2 g (Fig. 18). Removal efficiencies of 70 % 
and 90 % were found after 30 minutes and 24 
hours for bio-char dosages of 1 g. A removal 
efficiency of around 80 %was observed after 30 
minutes and 97 % after 24 hours when using 2 g 
of bio-char. For a bio-char dosage of 3 g, the 
removal efficiency was below 90 % after 30 min, 
and then increased continuously until 5 hours, and 
finally reached a value of 100 %. The removal 
efficiencies were found in the ranges from 97 % 

Fig. 17. Removal efficiencies of Cr(VI) at 
various times with different pH values 
using bio-char as a sorbent. Solution 
volume: 200 mL; initial Cr(VI) concen-
tration: 10 mg/L; amount of bio-char: 2 g. 

Fig. 16. Second order kinetic model for 
Cr(VI) sorption onto the bone char at 
different initial concentrations. pH: 1; 
solution volume: 50 mL; amount of bone 
char: 2 g. 
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to 99 % for a bio-char dosage of 4 g from 30 
minutes to 3 hours. For 5 g of bio-char dosage, 
the removal efficiencies were about 100 % during 
the experimental period. Since the removal effici-
encies were almost the same as 100 % for bio-char 
dosages of 4 and 5 g at 3 hours, 4 g of bio-char 
was considered as the optimum dosage. Other 
reports have also recommended similar optimum 
value for bio-char sorption (Mohan et al., 2005; 
Mohan et al., 2008). The increase in bio-char 
dosages leads to sharp increases in removal effici-
encies. Increase of bio-char dosages possessed 
more surface areas and active sites that might 
cause an increase in removal efficiency. 

4.8.3 Effects of Initial Cr(VI) Concentration on 
Sorption of Cr(VI) onto Bio-char 

The removal efficiencies of Cr(VI) for various ini-
tial concentration of Cr(VI) are shown (Fig. 19). 
For all initial concentrations studied, the removal 
efficiencies increased until it reached a maximum 
and then gradually decrease with time until an 
equilibrium value was achieved after 2 to 6 days. 
The decrease of the removal efficiencies after 
reaching a peak may possibly be attributed to the 
solution induced destabilization of some weakly 
sorbed Cr(VI) on low surface energy sites. This 
phenomenon deserves additional investigation 
beyond the scope of this thesis work. For an initial 
Cr(VI) concentration of 10 mg/L, the Cr(VI) 
removal efficiency was around 80 % after 30 min, 
and increased to 100 % at 5 hours, and then 
started to gradually decrease with time as dis-

cussed above. For an initial Cr(VI) concentration 
of 50 mg/L, the removal efficiency was 20 % after 
30 min and increased up to 56 % after 6 hours. 
The removal efficiencies reached the peak at 
around 41 %, 20 %, and 14 % for initial Cr(VI) 
concentrations of 100 mg/L after 6 hours, 
300 mg/L after 5 hours, and 500 mg/L after 5 
hours, respectively. Again as for bone char, this 
decrease in removal efficiencies with rising initial 
Cr(VI) could be due to blocking of surface sites 
caused by previously sorbed Cr(VI). Therefore, 
10 mg/L of Cr(VI) was chosen as the optimum 
initial concentration to allow the highest removal 
efficiency of Cr(VI) from the wastewater using 
bio-char. Other studies have also recommended 
similar optimum values (Mohan et al., 2005; 
Mohan et al., 2008). 

4.9 Evaluation of the time required to 
reach equilibrium with respect to the 
Cr(VI) Concentrations: Bio-char 

The effects of initial Cr(VI) concentrations (C0) 
on the time required to obtain the equilibrium 
concentration (Ce), and the concentrations at any 
particular time (Ct) are shown (Table 9). The 

Table 8. Physical properties of bio-char after 
reducing the particle size. 

Properties Amount 
Surface area (BET) 285 m2/g 

Pore volume 0.1507 cm3/g 
Average pore diameter 2.117 nm 

Particle size 53 – 250 µm 

Fig. 18. Removal efficiencies of Cr(VI) at 
various times with different dosages of bio-
char as a sorbent. pH: 2; solution volume: 
200 mL; initial Cr(VI) concentration: 
10 mg/L. 

Fig. 19. Removal efficiencies of Cr(VI) at 
various times with different initial Cr(VI) 
concentration using bio-char as a sorbent. 
pH: 2; solution volume: 200 mL; amount of 
bio-char: 4 g. 



A. H. M. Golam Hyder   TRITA-LWR Degree Project 13:09 

 

24 

equilibrium concentrations are shown in Italic 
bold numbers. For all the initial Cr(VI) concen-
trations (10-500 mg/L), the Cr(VI) concentrations 
of the solution decreased to the lowest value and 
then increased again with the increase of time as 
desorption of Cr(VI) took place in the acidic 
medium as discussed above. These lowest con-
centrations were considered as the equilibrium 
concentrations. For an initial Cr(VI) concentration 
of 10 mg/L, 100 % of Cr(VI) was removed after 5 
hours with solution concentration of 0 (zero) 
mg/L and then the concentration started to 
increase from 0 mg/L with the increase of time 
until reached 3.2 mg/L after 6 days. Therefore, 
the lowest concentration (0 mg/L) after 5 hours 
was considered as the equilibrium concentration 
for initial Cr(VI) concentration of 10 mg/L, and 
then the solution concentration started to 
increase, because the desorption of weakly sorbed 
Cr(VI) took place. The equilibrium concentrations 
of 23.384 mg/L and 64.40 mg/L were achieved 
after 6 hours for initial Cr(VI) concentrations of 
50 mg/L and 100 mg/L, respectively. Moreover, 
the equilibrium concentrations were 249.9 mg/L 
and 425.7 mg/L for initial Cr(VI) concentrations 
of 300 mg/L and 500 mg/L, respectively and the 
corresponding equilibrium time was 5 hours for 
both initial Cr(VI) concentrations. This can be 
interpreted that when initial Cr(VI) concentration 
was low, bio-char could sorb all the Cr(VI) ions 
due to availability of the active sites, and with an 
increase of initial Cr(VI) concentration the sorp-
tion efficiency decreased as bio-char might be 
saturated with Cr(VI). Furthermore, the values of 
Cr(VI) concentration at any particular time (Ct) 
were decreased for each initial Cr(VI) concen-

tration until reached at their equilibrium con-
centrations level. 

4.10 Evaluation of the Sorption Capacities 
(qt and qe) of Bio-char for Cr(VI) 
Sorption 

4.10.1 Evaluation of the Sorption Capacities of 
Bio-char at Any Particular Time (qt) 

The sorption capacities of bio-char at different 
reaction times using various initial concentrations 
of Cr(VI) ranging from 10 mg/L to 500 mg/L are 
shown (Fig. 20). The sorption capacities (qt) 
improved with an increase in the initial Cr(VI) 
concentrations until they reached sorption peaks 
and then started to decrease due to desorption of 
chromium from the bio-char in acidic medium as 
mentioned earlier. The lowest sorption capacity of 
0.248 mg/g was found after 5 hours for the lowest 
studied initial Cr(VI) concentration of 10 mg/L. 
However, the highest sorption capacity of 
1.717 mg/g was obtained after 5 hours for the 
highest studied initial Cr(VI) concentration of 
500 mg/L. Sorption capacities at stable values of 
0.738 mg/g and 1.150 mg/g were reached for 
initial Cr(VI) concentration of 50 mg/L and 
100 mg/L, respectively after 6 hours. For an initial 
Cr(VI) concentration of 300 mg/L, the sorption 
capacity was 1.470 mg/g after 5 hours. When the 
initial Cr(VI) concentration was low, the sorption 
capacity (qt) was low and became constant quickly. 
With an increase of initial Cr(VI) concentrations, 
the sorption capacities (qt) increased and the time 
required to achieve the highest sorption capacity 
was also increased. The reason might be the 
presence of sufficient Cr(VI) ions for sorption by 
the active sites of bio-char for the increasing initial 
Cr(VI) concentrations. 

Table 9. Initial Cr(VI) concentrations (C0), and their corresponding concentrations at equilibrium 
(Ce) and at any particular time (Ct) [Values of Ce are shown in Italic Bold numbers]. 

Initial 
Cr(VI) 

concen-
tration 
(C0). 

(mg/L) 

Concentrations (mg/L) change with time for various initial Cr(VI) concentration 

0 
hr 

0.5 
hr 

1 
hr 

4 
hr 

5 
hr 

6 
hr 

7 
hr 

8 
hr 

1 
day 

2 
day 

4 
day 

6 
day 

10 9.9 2.1 0.3 0.1 0.0 0.4 0.5 0.5 1.2 2.3 2.8 3.2 
50 52.9 43.3 42.0 24.9 24.5 23.4 27.1 28.0 30.2 34.1 40.6 45.9 

100 110.4 79.7 76.7 66.7 65.2 64.4 72.8 73.6 80.5 92.0 105.8 115.0 
300 308.7 289.8 281.4 264.6 249.9 262.5 262.5 264.6 270.9 289.8 308.7 344.4 
500 494.4 477.2 473.8 436.0 425.7 429.2 432.6 436.0 442.9 463.5 569.9 594.0 
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4.10.2 Evaluation of the Effects of Initial Cr(VI) 
Concentration on Equilibrium Sorption 
Capacity (qe) of Bio-char 

The equilibrium sorption capacities of bio-char 
with variation of initial Cr(VI) concentrations 
were illustrated (Fig. 21). The equilibrium sorption 
capacities of Cr(VI) increased sharply up to the 
initial Cr(VI) concentration of 100 mg/L, and 
further increased slowly with the increase of 
Cr(VI) concentrations between 100 mg/L and 500 
mg/L. The equilibrium sorption capacities varied 
from 0.248 mg/g to 1.15 mg/g with increase of 
initial Cr(VI) concentrations from 10 mg/L to 
100 mg/L. However, the equilibrium sorption 
capacities were 1.470 mg/g and 1.717 mg/g for 

initial Cr(VI) concentrations of 300 mg/L and 500 
mg/L, respectively. Therefore, the highest equili-
brium sorption capacity of 1.717 mg/g was 
obtained at 500 mg/L of initial Cr(VI) con-
centration. The results demonstrated that bio-char 
might be saturated with Cr(VI) ions above the 
certain limit of initial Cr(VI) concentration. 

4.11 Evaluation of the Isotherm on Cr(VI) 
Sorption onto Bio-char 

4.11.1 Evaluation of the Langmuir Sorption 
Isotherm 

The sorption isotherm of Cr(VI) onto the bio-
char was evaluated using the Langmuir model. 
The Langmuir model represented a linear corre-
lation between 1/qe and 1/Ce (R2 = 0.9984) 
(Fig. 22). 
The values of the Langmuir equilibrium sorption 
constant [KL (L/mg)], the maximum amount of 
Cr(VI) sorbed per mass of bio-char for complete 
monolayer coverage [qm (mg/g)], and regression 
[R2] were 0.0160 L/mg, 1.717 mg/g, and 0.9984, 
respectively (detailed calculations are shown in 
Appendix 4). Similar values were reported by 
other researchers (Bhattacharyya & Gupta, 2006; 
Chojnacka, 2005; Dong et al., 2011; Mohan et al, 
2011; Wilson et al., 2001). 
The maximum sorption capacity (qm) values 
obtained from the experimental result and 
Langmuir model was same as 1.717 mg/g. Thus, 
there was no deviation for the qm values found 
from the experimental result in comparison to the 
Langmuir model value. 

4.11.2 Evaluation of the Freundlich Sorption 
Isotherm 

In order to evaluate the sorption isotherm of 
Cr(VI) onto the bio-char the Freundlich model 
was also used (Fig. 23) which represents not a 
linear correlation (R2 = 0.9468) between log qe and 
log Ce which was used to evaluate the Freundlich 
model. The values of the Freundlich sorption 
capacity parameter (KF), the sorption intensity 
factor (1/n), and regression coefficient (R2) were 
0.095 (mg/g)(L/mg)1/n, 0.4897, and 0.9468, res-
pectively. Detailed calculations are shown 
(Appendix 4). Based on the regression coefficient 
results of the Langmuir and Freundlich model 
plots, it is indicated that the sorption data of 
Cr(VI) onto bio-char follows the Langmuir model 
as R2 value close to 1. This can be interpreted that 

Fig. 20. Sorption capacities of bio-char with 
the variation of time for different initial 
Cr(VI) concentrations. pH: 2; solution 
volume: 200 mL; amount of bio-char: 4 g. 

Fig. 21. Equilibrium sorption capacities of 
bio-char for increasing initial Cr(VI) con-
centrations. pH: 2; solution volume: 200 mL; 
amount of bio-char: 4 g. 
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sorption of Cr(VI) took place on a homogeneous 
monolayer surface of bio-char and that Cr(VI) 
species did not interact with each other during the 
sorption process. The results found in the present 
study were comparable to those found in other 
studies (Bhattacharyya & Gupta, 2006; Dong et al., 
2011; Mohan et al., 2011; Wilson et al., 2001). 

4.12 Evaluation of the Kinetic Model on 
Cr(VI) Sorption onto Bio-char 

4.12.1 Evaluation of the First Order Kinetic 
Model 

The first order kinetic model for Cr(VI) sorption 
onto the bio-char is shown (Fig. 24). This plot was 
drawn based on the log (qe - qt) values taken for 
the initial Cr(VI) concentration of 10 mg/L, since 
this was chosen as the optimum concentration. 
The best fit line of the plot of log(qe-qt) versus t 
data was not very linear, but had negative slope as 
expected. 
According to the graph, the values of the first 
order rate constant (K1), equilibrium sorption 
capacity (qe), and regression coefficient (R2) were 
0.3517 (hr-1), 0.1013 (mg/g), and 0.7465, respec-
tively. The regression coefficient of 0.7465 did not 
indicate that the data followed first-order kinetics. 
Detailed calculations of these parameters are 
shown (Appendix 5). 

4.12.2 Evaluation of the Second Order Kinetic 
Model 

The second-order kinetic model plot is shown 
(Fig. 25). It shows a good linear correlation 
between the values of t/qt and t with a positive 
slope. In order to plot this figure the experimental 
data used were found for the initial Cr(VI) con-
centration of 10 mg/L, as it was the optimum 
concentration. The second order rate constant 
(K2) was estimated as 12.9 (g.mg-1.h-1), equilibrium 
sorption capacity (qe) as 0.1708 mg/g, and reg-
ression coefficient (R2) as 0.9979. Note that this 
regression coefficient approximates closely to 1.0, 
and hence the kinetics of the sorption of Cr(VI) 
onto bio-char can be said to follow a second order 
kinetics. Detailed calculations of these parameters 
are shown (Appendix 5). These results were 
comparable to the values found in other studies 
(Bhattacharyya & Gupta, 2006; Dong et al., 2011; 
Mohan et al., 2011; Wilson et al., 2001). 
The deviations of the equilibrium sorption capa-
city (qe) obtained from the experimental value to 
the first order kinetic model value and to the 
second order kinetic model value are shown 
(Table 10). The equilibrium sorption capacity (qe) 
deviated around 59.15 % for the experimental 
value compared to the value obtained from the 
first order kinetic model (Table 10). For the sec-
ond order kinetic model, the experimental value of 
the equilibrium sorption capacity (qe) deviated by 

Fig. 22. Langmuir sorption isotherm of 
Cr(VI) onto bio-char. pH: 2; solution 
volume: 200 mL; amount of bio-char: 4 g. 
The solid line was drawn based on the 
experimental data and dash line was the 
linearized Langmuir model. 

Fig. 23. Freundlich sorption isotherm of 
Cr(VI) onto bio-char. pH: 2, solution 
volume: 200 mL, amount of bio-char: 4 g. 
The solid line represented the experimental 
data and dash line showed the linearized 
Freundlich model. 
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31.13 % from the value calculated by the second 
order kinetic model. 
Based on the sorption reaction kinetic model 
results of the first and second order, it is indicated 
that the sorption of Cr(VI) onto bio-char is likely 
to follow the second order kinetic model. The 
suitability of second order kinetic model represent 
that the sorption reaction kinetic process of 
Cr(VI) onto bio-char depends upon the concen-
tration of Cr(VI) in the batch solution, and the 
amount of bio-char needed to sorb the maximum 
Cr(VI) ions from the batch solution at equili-
brium. 

4.13 Comparison of Cr(VI) Removal Effi-
ciency of Bone char and Bio-char 
with Activated Carbon 

The Cr(VI) removal efficiency of activated carbon 
was compared to the Cr(VI) removal efficiency of 
bone char. All the experimental parameters were 
kept the same as the optimum values obtained for 
Cr(VI) sorption on the bone char (Table 11). At 
pH 1, bone char had a Cr(VI) removal efficiency 
of 100 % with an initial Cr(VI) concentration of 
10 mg/L using a bone char dosage of 40 g/L just 

after 3 hours of reaction times, whereas activated 
carbon had a removal efficiency of about 28 %. 
Therefore, it can be suggested that at pH of 1, 
activated carbon is not an efficient sorbent for 
Cr(VI) when compared to bone char. 
The comparison of the results of the removal 
efficiency of Cr(VI) using bio char and activated 
carbon are also summarized (Table 11). The 
Cr(VI) removal efficiency of the bio-char was 
99 % at pH 2 for the initial Cr(VI) concentration 
of 10 mg/L using bio-char dosage of 20 g/L after 
3 hours of reaction time which were considered as 
optimum values. About 96 % of Cr(VI) was rem-
oved by activated carbon while maintaining all the 
experimental parameters similar to the optimum 
values obtained for Cr(VI)sorption on the bio-
char. 
At an initial Cr(VI) concentration of 10 mg/L, 
both bone char and bio-char exhibited higher 
Cr(VI) removal efficiencies than activated carbon. 
However, bone char and bio-char can be com-
pared depending on their removal efficiencies in 
term of their dosages needed. The amount of bio 

Table 10. Deviation of qe values for the first and second order kinetic model for sorption of Cr(VI) 
onto the bio-char. 

 qe (mg/g) 
Adsorbent Experimental First order Deviation (%) Second order Deviation (%) 
Bio-char 0.248 0.1013 59.15 0.1708 31.13 

Fig. 24. First order kinetic model for Cr(VI) 
sorption onto bio-char at optimum initial 
concentration. pH: 2; solution volume: 
200 mL; amount of bio-char: 4 g. The solid 
line represented the experimental results and 
dash line was the linearized first order model. 

Fig. 25. Second order kinetic model for 
Cr(VI) sorption onto bio-char at optimum 
initial concentration. pH: 2; solution volume: 
200 mL; amount of bio-char: 4 g. The solid 
line was drawn based on the experimental 
results and dash line was the linearized 
second order model. 
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char (i.e. 20 g/L) needed was half compared to the 
dosage of bone char (i.e. 40 g/L) for the similar 
removal efficiencies of about 100 % using an ini-
tial Cr(VI) concentration of 10 mg/L after 3 hours 
of reaction time. Hence, it can be suggested that 
bio-char was more effective to remove Cr(VI) 
from the aqueous solution compared to bone char 
in term of their amount needed. 

4.14 Mechanism of Cr(VI) Removal 
The sorption of Cr(VI) onto bone char and bio-
char was observed. However, the sorption mecha-
nism was still unknown since it was beyond the 
scope of the work due to time constrains. There-
fore, it is not possible to mention the types of 
sorption mechanism (i.e. whether reduction, or 
precipitation, or complexation etc.), chemical 
bond, and functional group which were involved 
in the removal process. Further research is needed 
to investigate the sorption mechanism of Cr(VI) 
onto bone char and bio-char. 

4.15 Economic Feasibility of the Sorption 
Process 

The study of economic feasibility of the Cr(VI) 
sorption process onto the bone char and bio-char 
was also beyond the scope of this research due to 
time limitation. 

5  CONCLUSIONS AND 
RECOMMENDATIONS  

5.1 Conclusions 
Based on the results obtained from the experi-
ments and models, the following conclusions can 
be drawn: 

1) The surface areas of bone char and bio-char 
were 105 m2/g and 285 m2/g, respectively after 
reducing the particle size of the sorbents 
between 53 µm and 250 µm. Furthermore, the 
pore volumes were found to be 0.05253 and 
0.1507 cm3/g, for bone char and bio-char, 

respectively. Therefore, after reducing particle 
size of sorbents, surface areas were increased 
whereas pore volumes were decreased compared 
to the data given by the manufacturer for bigger 
sized sorbents. For the same size of sorbents 
(53-250 µm), bio-char possessed surface areas 
and pore volumes compared to that of the bone 
char. 

2) For bone char, the optimum pH for Cr(VI) 
removal was found to be 1.0. Under these 
conditions, the highest removal of Cr(VI) was 
98 % after 120 min. For bio-char, the opti-
mum pH was 2 for the highest sorption of 
Cr(VI) onto the bio-char and the correspond- 
ding removal efficiency was 98 % at 24 hours. 

3) The Cr(VI) removal efficiency was about 
100 % for bone char dosages of 2 g in 50 mL 
solution after 120 min. However, for a bio-
char dosage of 4 g in 200 mL solution and 
after 5 hours of sorption time the removal 
efficiency was 100 %. Therefore, the optimum 
bone char and bio-char dosages were 40 g/L 
and 20 g/L for the 100 % removal of Cr(VI) 
from the aqueous solution. 

4) The Cr(VI) removal efficiency was 99 % after 
2 hours for an initial Cr(VI) concentration of 
10 mg/L using bone char as an sorbent. For 
initial Cr(VI) concentration of 10 mg/L, 
100 % removal was achieved after 5 hours 
using bio-char as an sorbent. Therefore, 
10 mg/L was considered as the optimum 
initial Cr(VI) concentration for both the bone 
char and bio-char. 

5) Since the highest percentages of Cr(VI) rem-
oval were achieved at 50 mL and 200 mL of 
solution volumes for the bone char and bio-
char, respectively, these solution volumes 
were considered as the optimum volumes. 

6) The Cr(VI) concentration of the solution 
reached equilibrium after 3 hours for initial 
Cr(VI) concentration of 10 mg/L using bone 

Table 11. Comparison of Cr(VI) Removal Efficiency of Bone char and Bio-char with Activated 
Carbon. 

Sorbents Cr(VI) removal 
efficiency (%) 

Initial Cr(VI) 
concentration 

(mg/L) 

pH of the 
solution 

Volume of 
solution (mL) 

Sorbent dosage 
(g/L) 

Reaction 
time (hr) 

Bone char 100 10 1 50 40 (2g/50mL) 3 
Activated carbon 28.0 10 1 50 40 (2g/50mL) 3 

Bio char 99 10 2 200 20 (4g/200mL) 3 
Activated carbon 96 10 2 200 20 (4g/200mL) 3 
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char. On the contrary, the equilibrium con-
centration was obtained after 5 hours for an 
initial Cr(VI) concentration of 10 mg/L when 
bio-char was used as an sorbent. 

7) For bone char, the highest sorption capacity 
of 6.46 mg/g was obtained after 5 hours for 
an initial Cr(VI) concentration of 1000 mg/L. 
However, the highest sorption capacity of 
1.717 mg/g was found after 5 hours for an 
initial Cr(VI) concentration of 500 mg/L for 
bio-char. 

8) In the case of the isotherm study, both the 
Langmuir and Freundlich model worked 
successfully for bone char and bio-char. 
However, the Langmuir model provided the 
best fit for the Cr(VI) sorption on bone char 
with the regression coefficient (R2) value of 
0.9947. Similarly, the Langmuir model pro-
vided the best fit for Cr(VI) sorption onto 
bio-char (R2=0.9948). The successful use of 
the Langmuir model suggested that the sorp-
tion of Cr(VI) on the sorbents was monolayer 
coverage. 

9) The rate of Cr(VI) sorption on the sorbents 
was explained by the first and second-order 
kinetic models. The second-order kinetic 
models provided the best fit for the Cr(VI) 
sorption rate onto bone char and bio-char 
with the regression coefficient (R2) values of 1 
and 0.9979, respectively, suggesting that sorp-
tion rate of Cr(VI) on the sorbents depends 
on sorbate concentration and sorbent dosage. 

10) Bio-char was more effective to remove Cr(VI) 
from the aqueous solution compared to bone 
char. 

5.2 Recommendations 
The following recommendations are suggested for 
future research: 
1) The highest removal of Cr(VI) was obtained 

in an acidic medium (pH of 1 and 2) for both 
the sorbents. 15.8 M HNO3 solution was used 
to adjust these acidic media. In future work, a 
stronger acid could be used due to reduce the 
amount of acid applied in the solution. In this 
way the overall cost for the treatment of 
Cr(VI) from the wastewater in the bigger scale 
could be reduced. 

2) The samples were collected during the batch 
tests for the GF-AAS analysis at different 

time intervals. For the equilibrium, isotherm, 
and kinetic studies, the samples were not 
collected between 9 hours and 24 hours. In 
addition, only one sample per day was collec-
ted from day 1 to day 6. In order to identify 
more accurate and precise results, more 
samples need to be collected between the 
indicated times. 

3) The sorbents (bone char and bio-char) used in 
this study were untreated. These sorbents 
could be treated in the acidic medium prior to 
use in the sorption process. 

4) In the sorption process of Cr(VI) onto the 
sorbents, interferences from other organic 
and inorganic substances could be evaluated 
by adding these substances into the sorption 
process. 

5) FTIR analysis of sorbent samples collected 
after the batch tests could be performed to 
find out the functional groups on the sorbents 
before and after Cr(VI) sorption. 

6) The sorption chemistry of Cr(VI) onto the 
sorbents should be evaluated in detail to 
investigate whether reduction, or precipita-
tion, or complexation take place in the 
sorption process. 

7) In this study synthetic wastewater was used to 
evaluate the sorption processes. However, in 
the future, use of real wastewater collected 
from the industries could be the promising 
option of research as synthetic wastewater 
does not contain other substances such as 
other metal ions, micro-organism, and humic 
acid. 

8) The bio-char used in this study, which was 
made of wood chips, was a by-product in the 
electric power plant. As this bio-char was a 
by-product, it contained a very small amount 
of chromium. As a result, this chromium 
started to desorb in the acidic medium during 
the batch tests, and increased the chromium 
concentration in the solution. Therefore, in 
future research, it is recommended that the 
sorbent should be free from chromium conta-
mination. 

9) Further studies are needed to recycle and 
regenerate the exhausted sorbents in order to 
reuse it. 
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7  APPENDICES 
Appendix 1: Calculation of Potassium Dichromate Requirement to Prepare 1000 mg/L of Cr(VI) 
Stock Solution 
We have to calculate how much K2Cr2O7 is required to get concentration of Cr(VI) stock solution of 1000 
mg/L [1000 mg/L of Cr(VI) stock solution means, 1 g in 1 L solution]. 
Potassium dichromate (K2Cr2O7) has molecular weight = 2*39 + 2*52 + 7*16 = 78 + 104 + 112  
= 294 g/mol 
104 g Cr(VI) is available in = 294 g of K2Cr2O7  
1 g Cr(VI) is available in = (294/104)*1 = 2.8269 g of K2Cr2O7 
Appendix 2: Dilution of Cr(VI) Stock Solution from 1000 mg/L to the Required Working Concen-
trations 
Let assume, 
Initial concentration of stock solution of Cr(VI), C1 = 1000 mg/L 
Initial volume of stock solution of Cr(VI), V1 = ?? [have to find out] 
Required diluted concentration of Cr(VI), C2 = 5 mg/L [can vary: 5-1000 mg/L] 
Required diluted solution volume of Cr(VI), V2 = 50 mL [can vary to required volume] 
According to the mass balance equation, we know: 
Mass of stock solution = Mass of diluted solution  
C1 * V1 = C2 * V2………………………………(15) 
Or, V1 = (C2 * V2) / C1 
Or, V1 = (5 mg/L * 50 mL) / 1000 mg/L = 0.25 mL [250 µL] 
Required deionized water = Total volume of solution – Initial Volume of Cr(VI) 
= 50 – 0.25 = 49.75 mL 
Then, V1 = 0.25 mL [250 µL] of Cr(VI) stock solution was taken from the Cr(VI) stock solution and was 
measured by a micro pipette. This V1 amount of Cr(VI) stock solution was taken in a 50 mL volumetric flux 
and then filled up the remaining portion (up to 50 mL marks) of the volumetric flux with deionized water 
[49.75 mL]. 
For Cr(VI) sorption onto bone char, all the batch tests were performed with solution volume of 50 mL. 
Similar calculations described above were followed for dilution of Cr(VI) stock solution into the required 
working concentrations from 10 to 1000 mg/L. According to Equation 15 Cr(VI) stock solution was diluted 
to required working concentrations which is as follows: 
For required working concentration of Cr(VI), C2 = 10 mg/L; Calculated V1 = 0.5 mL 
For required working concentration of Cr(VI), C2 = 20 mg/L; Calculated V1 = 1 mL 
For required working concentration of Cr(VI), C2 = 50 mg/L; Calculated V1 = 2.5 mL 
For required working concentration of Cr(VI), C2 = 70 mg/L; Calculated V1 = 3.5 mL 
For required working concentration of Cr(VI), C2 = 100 mg/L; Calculated V1 = 5 mL 
For required working concentration of Cr(VI), C2 = 300 mg/L; Calculated V1 = 15 mL 
For required working concentration of Cr(VI), C2 = 400 mg/L; Calculated V1 = 20 mL 
For required working concentration of Cr(VI), C2 = 1000 mg/L; Calculated V1 = 50 mL 
However, for Cr(VI) sorption onto bio-char, all the batch tests were performed with solution volume of 
200 mL. Similar calculations described above were followed for dilution of Cr(VI) stock solution into the 
required working concentrations from 10 to 500 mg/L. According to Equation 15, Cr(VI) stock solution was 
diluted to required working concentrations which is as follows: 
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For required working concentration of Cr(VI), C2 = 10 mg/L; Calculated V1 = 2 mL 
For required working concentration of Cr(VI), C2 = 50 mg/L; Calculated V1 = 10 mL 
For required working concentration of Cr(VI), C2 = 100 mg/L; Calculated V1 = 20 mL 
For required working concentration of Cr(VI), C2 = 300 mg/L; Calculated V1 = 60 mL 
For required working concentration of Cr(VI), C2 = 500 mg/L; Calculated V1 = 100 mL 
Appendix 3: Calculation of Sorption Capacity for Cr(VI) Sorption onto the Sorbents 
According to Equation 1 we can find sorption capacity at a particular time (qt) in mg/g as follows: 
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tq  = 0.12 mg/g 

Where, 
C0 = initial concentration of Cr(VI) in the solution = 5 mg/L [From Table 6] 
Ct = concentration of Cr(VI) at a particular time (t) in the solution = 0.4 mg/L [From Table 6 at t = 0.5 hr] 
V = volume of the solution = 50 mL = 0.05 L [50 mL for Cr(VI) and bone char sorption; 200 mL for Cr(VI) 
and bio-char sorption] 
m = dry mass of sorbent = 2 g for bone char [4 g for bio-char] 
Similar procedure was followed for other calculation. The values of Co and Ct can be found for different 
initial Cr(VI) concentrations with the variation of time using the bone char and bio-char as sorbent (Table 6 
and Table 9), respectively. 
According to Equation 2 we can determine the equilibrium sorption capacity (qe) in mg/g as follows: 
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eq  = 0.13 mg/g 

Where, 
C0 = initial concentration of Cr(VI) in the solution = 5 mg/L [From Table 6] 
Ce = equilibrium concentration of Cr(VI) = 0 mg/L [From Table 6, at t = 3 hours] 
V = volume of the solution = 50 mL = 0.05 L [50 mL for Cr(VI) and bone char sorption; 200 mL for Cr(VI) 
and bio-char sorption] 
m = dry mass of sorbent = 2 g for bone char [4 g for bio-char] 
Other calculation of sorption capacity was performed following the similar manner. The values of Co and Ce 
can be found for different initial Cr(VI) concentrations with the variation of time using the bone char and 
bio-char as sorbent (Table 6 and Table 9), respectively. 
Appendix 4: Calculation of Langmuir and Freundlich Sorption Isotherm Parameters for Cr(VI) 
Sorption onto the Sorbents 
Calculation of the Langmuir Isotherm Parameters (KL and qm): 
According to figure 12, the equation of the linearized Langmuir model was as follows: 
y = 9.174x + 0.1261 ……………………(16) 
According to Equation 4, the Langmuir model was expressed linearly as follows: 
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If we compare Equation 16 and 4, we can get 
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Therefore, 
qm = the maximum sorbet amount of Cr(VI) per mass of bone char = 7.93 mg/g 
KL = the Langmuir equilibrium sorption constant = 0.0130 L/mg 
For bio-char similar procedure were followed and results were as follows: 
qm = the maximum sorbet amount of Cr(VI) per mass of bio-char = 1.717 mg/g 
KL = the Langmuir equilibrium sorption constant = 0.0160 L/mg  
Calculation of the Freundlich Isotherm Parameters (KF and 1/n): 
According to figure 13, the equation of the linearized Langmuir model was as follows: 
y = 0.7852x – 1.2907 …………………(17) 
According to Equation 6, the Freundlich model was expressed linearly as 

follows: )6(....................).........()(1)( Fee KLogCLog
n

qLog 
 

If we compare Equation 17 and 6, we can get 

7852.01


n
 

and Log(KF) = -1.2907; or, KF = 0.0512 
Therefore, 
KF = the Freundlich constant related to the sorption capacity = 0.0512 (mg/g)(L/mg)1/n 

1/n = the sorption intensity factor = 0.7852 (unit less) 
For bio-char similar procedure were followed and results were as follows: 
KF = the Freundlich constant related to the sorption capacity = 0.095 (mg/g)(L/mg)1/n 

1/n = the sorption intensity factor = 0.4897 (unit less) 
Appendix 5: Calculation of the Parameters for First and Second-Order Kinetic model for Cr(VI) 
Sorption onto the Sorbents 
Calculation of the First Order Kinetic Model Parameters (K1 and qe): 
According to figure 14, the equation of the linearized first order kinetic model was as follows: 
y = -0.794x – 0.8682 ……………………(18) 
According to Equation 9, the first order kinetic model was expressed linearly as follows: 
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If we compare Equation 18 and 9, we can get 
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794.0
303.2

1 
K ; or, K1 = 1.829 hr-1 

and Log qe = -0.8682; or, qe = 0.1355 mg/g 
Therefore, 
K1 = the first order rate constant = 1.829 hr-1 
qe=equilibrium sorption capacity = 0.1355 mg/g 
For the bio-char, similar procedures were followed and results were as follows: 
K1 = the first order rate constant = 0.3517 hr-1 
qe=equilibrium sorption capacity = 0.1013 mg/g 
Calculation of the Second Order Kinetic Model Parameters (K2 and qe): 
According to figure 15, the equation of the linearized second order kinetic model was as follows: 
y = 3.7907x + 4.2397.…………………(19) 
According to Equation 14, the second order kinetic model was expressed linearly as follows: 
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If we compare Equation 19 and 14, we can get 
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Therefore, 
K2 = the second order rate constant = 3.39 g.mg-1.h-1 

qe=equilibrium sorption capacity = 0.2638 mg/g 
For the bio-char, similar procedures were followed and results were as follows: 
K2 = the second order rate constant = 12.9 g.mg-1.h-1 

qe=equilibrium sorption capacity = 0.1708 mg/g 


