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Abstract 

 

  The existence of chromium (VI) in water causes significant environmental problems. In the 

present study, the performance of natural bituminous coal (NBC), which is locally available 

in Ethiopia, was evaluated for the removal of Cr (VI) from aqueous solutions. Batch and 

column adsorption experiments were performed in order to examine the removal process 

under various parameters. The parameters optimized at batch scale include contact time, pH, 

initial concentration, adsorbent dose and temperature. The Cr (VI) ion uptake was pH 

dependent and reached optimum at pH 3.0. The adsorbents were characterized using FTIR 

and XRF. The capacity of NBC at equilibrium calculated to be 1.54 mg/g. The isotherm 

study revealed that Freundlich isotherms explain the adsorption process better than 

Langmuir. It was determined that removal of Cr (VI) was well-fitted by second-order 

reaction kinetic over Pseudo-first order. Thermodynamic of the adsorption of Cr (VI) onto 

the adsorbent were also investigated and ΔH  and ΔS found negative indicating exothermic 

adsorption. Results of column experiments indicated that NBC could be suitable to treat low 

concentration of Cr (VI) contaminated water at slow flow rate 1.25 mL/min. Therefore, the 

batch and column studies showed that NBC are favorable adsorbent for removal of Cr (VI) 

from aqueous solution. 

 

Key words: Chromium (VI), Natural bituminous coal, Adsorption efficiency, Adsorption 

isotherms, Batch, Column. 
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1. Introduction 

1.1. Background of the Study 

 

  Chromium is 21st most abundant element in earth’s crust and the sixth most abundant 

transition metal [1]. Chromium in water bodies typically comes from industrial pollution 

sources, including leather tanning factories, steel fabrication, photographic material, 

corrosive painting, cement, wood preservation, and artificial fertilizers, from anthropogenic 

sources chromium is commonly released as liquid or solid wastes which may contain 

combination of Cr (III) or Cr (VI) with various solubility [2]. 

 

It's one of the major heavy metal pollutants in the environment and it is widely known that 

the toxicity and biological activity of the element not only depends on the total amount, but 

also on its chemical form [3]. Chromium has been considered as one of the top 16th toxic 

pollutants and because of its carcinogenic and teratogenic characteristics on the public. It 

has become a serious health concern, due to large use of chemical agents and produce in 

electroplating, chromate preparation and the tanning industries [4, 5]. 

 

 Chromium species exist mainly in two different oxidation states in environmental water Cr 

(VI) and Cr (III), the toxicity of those species differs significantly, the oxidation state of the 

chromium has a significant effect on the transport and fate of chromium and on the type 

and cost of treatment required to reduce chromium concentrations less than regulatory 

health-based standards. Cr (VI) is far more mobile than Cr (III) and more difficult to 

remove from water [6], the most common Cr (VI) forms are chromate (CrO4
2–), and 

hydrogen chromate (HCrO4
–) also called bichromate (Cr2O7

2–) can occur. The relative 

amount of these two species depends on pH, The equilibrium concentration of dissolved Cr 

(III) in natural water is small compared to Cr (VI) concentration [6, 7]. Therefore, Cr (VI) 

have different  physiological effects in human due to its toxicity while Cr (III) is considered 

as an essential trace element for the maintenance of an effective glucose, lipid, and protein 

metabolism in mammals, in addition to insulin, which is accountable for reducing blood 

glucose levels, its control certain cases of diabetes, It has also been found to reduce blood 
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cholesterol levels by diminishing the concentration of low density lipoproteins“LDLs” in 

the blood [1, 5, 8]. 

 

  General use of chromium results in large quantities of chromium containing effluents 

which need difficult treatment. The permissible limit of chromium for drinking water is 0.1 

mg/L (as total chromium) in EPA standard [5]. Cr (VI) is of particular concern because of 

its toxicity; the recommended limit of Cr (VI) in potable water is only 0.05 mg/L [9] The 

Cr (III) and Cr (VI) are commonly in ground water contaminants at industrial and military 

installations. Chromium was classified by the IARC to be a powerful carcinogenic agent 

that modifies the DNA transcription process causing important chromosome aberrations [5, 

8]. Thus, Increasing levels of heavy metals in the environment cause serious threats to 

water quality, human health and living organisms, In epidemiological studies, an 

association has been found between exposure to Cr (VI) by the inhalation and lung cancer, 

the  IARC, NIOSH and WHO has classified Cr (VI) in Group 1 ( toxic to animal and 

human ) [9-11]. Chromium contamination of soil and water is a major environmental 

problem. The toxicity of chromium varies greatly among a wide variety of chromium 

compounds, its oxidation state and its solubility in water [11, 12]. Therefore, very sensitive 

techniques are used for the determination of chromium in water samples WHO has 

considered, chromium, to be of most immediate concern [13].  

 

  In Ethiopia according to literatures reported the presence of Cr (VI) in surface waters such 

as streams and rivers around leather industries, in the water bodies of Ethiopian rift-valley 

lakes, in six rivers ( their inflows ), and in effluents from two factories chromium Cr (VI) 

was reported to be in ranges between 0.104 and 0.121 mg/L[14], Whereas Cr (VI) level 

was reported to be  0.092 mg/L in Firewoini and 0.158 mg/L in Mekelle, which are all 

above the WHO standard limit of chromium  in drinking water ( 0.05 mg/L) [15]. However, 

the less toxic Cr (III) can easily be oxidized to chromium Cr (VI) in the presence of 

oxidizing impurities. The concentration of chromium in discharged effluents depend mainly 

on the amount and state of chromium compounds utilized in the industrial process, pH, and 

the presence of other organic and inorganic processing wastes [16].  
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  Adsorption is an efficient and cost-effective method of chromium removal from water and 

wastewater. Recently, the use of low-cost adsorbents has been considered to reduce 

chromium concentration from industrial waste effluents [17]. 

 

  In this study the natural bituminous coal was investigated for the removal of Cr (VI) by 

NBC, Bituminous coal is the type of coal created by long time natural process and it's  a 

form of carbon that has been processed to make it extremely porous and thus to have a very 

large surface area available for adsorption or chemical reactions. However; there is no 

literature report on the chromium Cr (VI) removal using locally materials such as natural 

bituminous coal in Ethiopia, NBC considered as environmentally friend. The objective of 

the present investigation was to find out the optimum conditions for removing the chromium 

Cr (VI) ions from aqueous solutions by adsorption on natural bituminous coal and evaluate 

the effects of different parameters including contact time, adsorbent doses, pH, temperature 

and initial concentration of Cr (VI), and therefore examine its potential to be used in 

wastewater treatment systems. 

1.2. Statement of the Problem 

 

 Chromium is one of the major focuses in worldwide due to their toxicity causing lung 

cancer, liver and kidney damage [18]. Chromium contamination of water bodies is the 

questions that continue to arise regarding the safety of the drinking water supply, In some 

areas in Ethiopia, researchers investigated the presence of Cr (VI) in surface waters such as 

streams and rivers around leather industries which indicated  that  the level of chromium in 

water above permissible limit [14-15]. The presence of chromium at different concentration 

levels in water have direct or indirect impact, As a result, continuous investigation of 

different adsorbent is very important in order to solve problems of chromium contaminated 

water. Therefore, there is a need for the development of simple and available local 

materials such as natural bituminous coal, which could be used to eliminate Cr (VI) from 

water bodies. Moreover, understanding these methods is very essential to reduce chromium 

concentrations in environment and avoid water pollution, this hence, the development of 

simple, rapid, and effect adsorbents. Thus in this study the removal of Cr (VI) from 

aqueous solutions using natural bituminous coal has been investigated.  
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1.3. Objectives of the Study 

1.3.1. General Objective 

 

To evaluate Cr (VI) removal from aqueous solutions using natural bituminous coals as 

adsorbent.   

1.3.2. Specific Objectives 

 To optimize parameters such as pH, mass of adsorbents, initial concentration, contact 

time and temperature on the adsorption efficiencies of adsorbents. 

 To describe the responsible adsorption isotherm models. 

 To assess the kinetics and thermodynamic of the adsorption of Cr (VI) onto the 

adsorbent. 

 To determine the adsorption efficiencies of natural bituminous coal for the removal of Cr 

(VI) ion from aqueous solutions. 

 To investigate the efficiency of packed column method for adsorption of Cr (VI) ion from 

aqueous solutions. 

1.3.3. Significance of the Study 

 

  It is known that chromium used in many industries, such as leather tanning factories, steel 

works, wood preservation and artificial fertilizers. However, an intensive and uncontrolled 

uses of these result in the contamination of the water. Therefore, development of efficient and 

effective method for the removal of Cr (VI) is crucial. In general, the findings of this study will 

have the following significances:    

  The obtained results could be used as background information regarding the removal 

techniques for Cr (VI) from aqueous solutions. 

 The investigated method provides data to explore low-cost technology and the use of local 

material to solve problem related to chromium removal from various water sources. 

 The finding could also serve as resource materials to carry out future research on similar 

method. 
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2. Literature Review 

2.1. Occurrence of Chromium 

 

  The principal chromium ore is ferric chromite, FeCr2O4, found mainly in South Africa 

(with 96% of the world’s reserves), Russia and the Philippines. Less common sources 

include crocoite, PbCrO4, and chrome ochre, Cr2O3 [1]. In rocks and soil, Cr (III) is a 

common trace mineral, found as amorphous Fe (III), Cr (III) hydroxides, eskolaite 

(CrO3(s)), and chromite (FeCr2O4(s)), all Cr (III) forms. There are a wide natural variation 

in chromium concentrations in soils and rocks. River materials and soils with fine grain 

sizes have the highest concentrations, whereas granite carbonates, and large grained (sandy) 

sediments have the lowest concentrations [6-7].  In acidic media Cr (VI) exists in the form 

of oxyanions such as HCrO4
−, CrO4 

−
, Cr2O7 

2−, Cr3O10 
2−).  At pH 1, the chromium ions 

exist in the form of H2CrO4, while in the pH range of 1–6 different forms of chromium ions 

such as Cr2O7 
2–, HCrO4

–, Cr3O10
2–, Cr4O13 

2– coexist, of which HCrO4
– predominates. As 

pH increases this form shifts to CrO4
2– and Cr2O7

2– .Chromium exists in different oxidation 

states and the stability of these forms depends upon the pH of the system [19].  

2.2. Applications of Chromium 

 

  Chromium is used in many industrial; including leather tanning factories, steel works, 

cement, artificial fertilizers, metal finishing and chromate preparation [2- 4]. Cr (VI) is used 

extensively in industrial processes such as electroplating, textile dyeing, corrosion 

inhibition and wood treatment, all of which produce discharge of chromium-containing 

waste matter [20].  

2.3. Effect of Chromium to Human Health 

 

  Chromium has both beneficial and harmful properties for human being; Cr (III) is an 

essential trace element in mammalian metabolism. It is responsible for reducing blood 

glucose levels, and is used to control certain cases of diabetes; it also reduces blood 

cholesterol levels. Furthermore, Cr (VI) is hazardous by all exposure method [1] their 

effects on human health are summarized in Table (1).  
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Table: 1 Effect of Cr (VI) on human health 

Level of Cr(VI) in 

different  sources 

        Effect on  human health References 

In water in general (<1 

mg/L 

 Cause carcinogenic and teratogenic  

         (Fetal malformations) 

[5,6] 

In soil 5 to 100 mg/ kg Mutagenic and carcinogenic effects on biological 

organisms 

[20] 

In water < 0.1 mg/L  

and Cohort workers  

Nasal septum , skin lesions, asthma, dermatitis and 

other allergic reactions 

[20] 

Worker exposures  Lungs cancer, kidney , liver damage and even death  [18] 

In drinking water  

< 0.1 mg/L 

Nose irritates, intestinal, stomach upsets and ulcers. [20] 

In animal lab < 0.1 mg/L Sperm and male reproductive system  [21] 

 

2.4. Adsorption 

  

  Adsorption is usually used as an effective physical method of separation in order to 

eliminate or lower the concentration of wide range of dissolved pollutant both organic and 

inorganic in the effluent [22]. The important of adsorption is seen in the requirements for 

choosing an effective adsorbent for adsorption or purification needs due to high effluents 

waste water disposed to environments; therefore determination of adsorption capacity is 

necessary advantage for selection of adsorbent [23]. 

2.4.1. Principles of Adsorption 

 

  Adsorption” is a well established and powerful technique for treating domestic and 

industrial effluents. In water treatment, the most widely method is “adsorption” onto the 

surface of activated carbon. The basic principle of operation for carbon adsorption is the 

mass transfer and adsorption of a molecule from a liquid or gas into solid surface. 

Activated carbon is manufactured in such a way as to produce extremely porous carbon 
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particles whose internal surface area is very large. This porous structure attracts and holds 

organic molecules as well as certain metal and inorganic molecules [6]. 

2.4.2. Types of Adsorption 

 

  On the basis of type of forces of attraction existing between adsorbate and adsorbent, 

adsorption can be classified into two types: physical adsorption or chemical adsorption. 

Physisorption: is the adsorption in which the forces involved are intermolecular (i.e., van 

der Waals, hydrogen bonding) of the same kind as those responsible for the non-ideality of 

real gases and the condensation of vapours and which do not involve a significant change in 

the electronic orbital patterns of the species involved. Chemisorption: is a chemical process 

in which a reacting molecule forms a definite chemical bond with an unsaturated atom, or a 

group of atoms (an active centre) on a catalyst surface, and electron transfer is involved [6]. 

2.5. Chromium Removal Technologies 

 

  Removal of toxic metal ion from waste water is an important and widely studied in 

research area. This reduces the problem of sludge disposal and renders the system 

economically viable, especially when the adsorbents used are also of low cost. Adsorption 

process is used in a variety of important industrial applications and now it is increasingly 

used on large scale as an economical and efficient separation technique for metal ion 

removal from wastewater [24].   

 

  Several treatment technologies have been  developed for the effective removal of  

chromium and others heavy metals from solutions using natural adsorbents which are 

economically practicable such as agricultural wastes including sunflower stalks, Eucalyptus 

bark, maize bran, coconut shell, rice straw , tree leaves , saw dust, sand, clay mineral, 

charcoal, and various agricultural by products like peanut shell, wheat husk, sugarcane 

bagasse, biosorption, magnetic beads, carbon nanotubes, Sinorhizobium meliloti 1021 

exopolysaccharide, polyacrylic acid, ionic polyamino acid block copolymers, albumins 

synthetic polyacrylamide, etc [9,17], These methods were been examined and practiced by 

many scientists for their chromium removal efficiencies in different parts of the world. In 

addition to that there are different reports on the use of natural zeolite utilization in metal 
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effluent treatment, Zeolites, modified by ion exchange [25], natural zeolite and nanozeolite 

from natural clinoptilolite and aluminum sulfate were also reported [26, 27], and Chitosan 

coated carbon [28]. In general, a wide range of adsorption methods  have been reported in 

literature to eliminate the Cr (VI) from water and wastes include chemical precipitation, ion 

exchange, membrane separation, elctrocoagulation, solvent extraction, sedimentation, 

reverse osmosis, dialysis, electrodialysis, cementation, air stripping, steam stripping, and 

flocculation [4,29-31].Therefore due to their limitations  of these methods  alternative 

adsorbents have been proposed for removing Cr (VI), in order to save money and/or recycle 

waste material. Some of disadvantages of chemical precipitation are not major removal 

mechanism and less practices, ion exchange it's selective only toward aromatics solutes, 

sensitive and expensive whereas the membrane separation and reverse osmosis depends on 

high pressure and their difficulty be regenerated [6]. Carbon and activated carbon is usually 

derived from charcoal is used as excellent low cost adsorbent for removal of toxic metal 

ions from industrial waste water. Due to its high level of micro porosity, a surface area in 

excess of 500 m2/g, sufficient activation for useful applications may come exclusively from 

the high surface area, though further chemical treatment often enhances the adsorbing 

properties of the material [28]. 

2.5.1. Granular Activated Carbon (GAC) 

 

  Granular Activated Carbon (GAC) is a well-established technology for removing organics 

from water supplies and has been demonstrated to remove heavy metals as well, including 

(Cr) [6], GAC has an extremely high internal surface area, on the order of 1000 m2/g. Cr 

(VI) is removed by two different mechanisms electrostatic adsorption to GAC surfaces and 

reduction to Cr (III) [6]. While the activated carbon is the most effective adsorbent which 

have, very high surface areas, porous sorbent, great capacity to absorb a wide range of 

pollutants, high capacity and high rate of adsorption used, but it is expensive and the higher 

quality, the greater the cost their performance dependent on the type of carbon [1]. 
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2.5.2.  Ion Exchange 

 

  Ion exchange is a physical process in which an ion with a high affinity for the resin 

material of the ion exchange column replaces an ion with a lower affinity that was 

previously bound to the column resin. As water flows through, dissolved Cr (VI) ions bind 

to the resin and displace the previously bound ions (usually Cl– or OH– ions). The resins 

used for chromium sequestration are typically either a naturally occurring inorganic zeolite 

or a synthetic weak base or strong base anion exchanger resin. Ion exchange resins are 

capable of reducing Cr (VI) concentrations to less than the detection limit [6]. Ion exchange 

characterized in wide range of pore structure and physicochemical characterization, good 

surface area, effective sorbent and excellent selectivity towards aromatic solutes, but 

expensive and sensitive to particle, its performance dependent on the type of resin used [1]. 

2.5.3. Membrane Filtration 

 

  Semi permeable membrane filters are used in water treatment to filter soluble compound 

anions and cations from water, including HCrO4
 – and CrO4

2–. The flux of water through 

the membrane is proportional to the pressure that is applied. The flux of solute chromium 

can be related to the flux of water, the concentration of Cr and other empirically derived 

membrane parameters. Membrane filtration systems are categorized by pore size. From 

largest to smallest pore size, these include microfiltration, ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO). Although RO membranes can achieve the 

highest effluent water purity, they must operate at higher pressure. For this reason, 

nanofiltration has attracted increasing attention [6].  

2.5.4. Starch-Based Material 

 

  This type of adsorbents has the following advantages: good removal of wide range of 

pollutants, important selectivity for different concentrations, fast kinetics, amphiphilic cross 

linked adsorbent and applicable to a wide variety of process an easy regeneration if 

required [1]. 
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2.5.5. Other Adsorptive Materials 

 

  These include, activated alumina; activated carbons; other natural and synthetic adsorbents 

they are greater accessibility, low cost, simple operation, availability of wide range of 

adsorbents but high efficiency often demand adjustment and readjustment of pH  [32], 

Some other alternative sorbents have been proposed for removing Cr (VI), in order to save 

money and/or recycle waste material. Researchers have tested living and dead biosorbents, 

including bacteria, yeasts, milled peat, microalgae, fungi and seaweed. Natural materials 

tested include clays, peat moss, and plant litter low cost sorbents are not regenerated, but 

are disposed off as soon as significant breakthrough occurs [33]. The use of fired clay soils 

to remove Cr (VI) from aqueous solution was investigated in Jimma zone. It's showed that 

the removal efficiencies ranging 64 to 97% and adsorption capacity ranging 0.67 to 0.83 

mg/g were achieved for a 1 % increase in clay content and maximums calculated by 

Langmuir was at range of 4.74, 4.81 and 8.77 mg/g respectively [34]. Various biomasses 

adsorbents prepared  from avocado kernel seeds (AKS), Juniperus procera sawdust (JPS) 

and papaya peels (PP) were reported which shows  as good  adsorbents for the removal of 

Cr (VI), their capacities were found to be  16.03, 10.08 and 7.16 (mg/ g) respectively [35]. 

 

  Several literature survey use of different biomass for removal of Cr (VI) in aqueous 

solutions as well in wastewater sample, with their good adsorption capacity such as neem 

leaves powder  with 0.85 mg/g [36], The adsorption capacity for the GAC strongly depends 

on pH of solution and salinity, with maximum values around 7.0 mg/g at neutral pH and 

low salinity [37], The use of waste material like  cooked waste tea as adsorbent was applied 

for chromium removal which was reported with high  capacity of 30.39 mg/g and  potato 

peel waste (8.012 mg/g) [38,39], formaldehyde treated sunflower (7.85 mg/g) [40] , Bael 

fruit (Aegle marmelos correa) shell (17.27 mg/g) [41], The Rice bran a, b their capacities 

range were 0.069 and 12.341 mg/g respectively [42,43]. Whereas the application of ash and 

others waste material such as Pre-boiled sunflower stem was reported to be 4.9 mg/g [44], 

Adsorption isotherms of chromium ions in aqueous solution on Char of South African coal 

(CSAC) shows a smaller adsorption capacity, about 0.3 mg/g, which slightly decreases by 

increasing pH [45], Sawdust a, Sawdust b (20.70, 15.823) mg/g [46,47] and different 

Turkish brown coals with variation in their adsorption capacity of 11.2 mg/g for Ilgın 



11 
 

(BC1), 12.4 mg/g for Beys_ehir (BC2) and  7.4 mg/g for Ermenek (BC3) respectively [48]. 

Chemically modified Chitosan (CTS 205 mg/g) [8], Olive stones (OS-S) and commercial 

active carbon (CAC-S) by sulfuric acid were been reported for chromium uptake where 

(OS-S) show a very abundant agricultural by-product with good adsorptive properties and 

hardness. At initial pH 1.5 for a 50 mg/L Cr (VI) solution (OS-S) with maximum capacity 

of 71 mg/g and (CAC-S) 25.5 mg/g respectively [49]. 
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3. Materials and Methods 
 

3.1. Chemicals and Materials 

 

   All chemicals and reagents that were used in this study were analytical reagent grade, 

(K2Cr2O7 99.5 % Riedel-deHaen, Germany) purchased from a commercial technical grade 

solid (Sigma-Aldrich). HNO3 69 % LOBA, chem. india (NaOH) 99.0 % and (HCl) 37 %, 

were purchased from BDH Chemicals Ltd, both reagents were used throughout the work to 

adjust the pH of the solutions. 1, 5 diphenylcarbazide DPC (BDH laboratory supplies, 

poole, England), H2SO4 97% and acetone  from (BDH Chemicals Ltd)  filters paper (0.125 

mm) from machinery –NAGEL-Germany)  were used for filtration. 

  

  Equipments which used in this study comprise; sampling containers, funnel, pH (353 ATC 

pH METER.UK), digital analytical balance type Kern ABS Germany, thermostatic water 

bath shaker (Grant GLS 400, Germany), sieve (ASTME ELE international laboratory test 

sieve), Oven (Model N50 C, GENLAB WIDNES, England), stirrers and classical glass 

wares. 

3.2.  Instrumentations 

 

  FTIR spectrophotometer type (Shimadzu 8201 PC) spectrophotometer using KBr) was 

used for determination of functional groups by KBr disc method; Elemental analysis for 

NBC was evaluated using X-ray Fluorescence (Philips PW 1390). Temperature controlled 

shaking water bath type (Grant GLS 400, Germany), digit balance type Kern ABS 

Germany, JENWAY 6031 colorimetric, and pH meter 353 ATC pH METER were used 

throughout this work. The amount of chromium in the effluent solutions after adsorption 

was determination by colorimetric method of detection of Cr (VI). Three replicate 

determinations were carried out on each sample and the mean was used for further data 

analysis.  
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3.3. Collection of Adsorbents and Characterization  

 

  In this study, coal as adsorbents sample was collected from Delbi, Ethiopia. The Delbi 

coal mine is located in Oromia regional state, Jimma Zone, Dedo Wereda, Southwest of 

Ethiopia which is 400 Km from Ethiopia’s capital, Addis Ababa while its mining 

concession covers a 39.2 square kilometer lot with an estimated coal deposit of 11.4 billion 

tonnes. Delbi Coal Mining is set to extract 30,000 tonnes of coal in Ethiopia [50]. Physical 

and chemical compositions of the adsorbent natural bituminous coal were studied through 

FTIR and XRF. 

3.4. Preparation of Adsorbent 

 

  In this study, natural bituminous coal adsorbent sample which was taken from Delbi coal 

mining site, Ethiopia was washed several times with distilled water to remove fine 

impurities and dried in air. Then, after drying the adsorbent was washed with warm 

distilled water and dried at 105 0C for 24 hours in an oven. Finally, the adsorbents sample 

were crushed with a mortar and pestle to fine powder and sieved to the mesh size of < 250 

μm and the grinded product were stored in a plastic container for further use. The 

physicochemical analysis of coals was carried out [51]. 

3.5. Preparation of Stock Solutions 

 

  Stock of (1000 mg/L) Cr (VI) was prepared by dissolving 2.829 g potassium dichromate 

(K2Cr2O7) in 1000 mL volumetric flasks and filled to the marked with distilled water. The 

working solution was prepared by diluting the stock solution with distilled water to give the 

appropriate concentration (3 mg/L) of the solution. The pH of the test solution was adjusted 

by 0.1 M hydrochloric acid and/or 0.1 M sodium hydroxide and measured using a pH 

meter. A 1,5 diphenylcarbazide (DPC) was prepared by dissolving 0.25 g of DPC in 50 mL 

of acetone, and stored in brown bottle according to literatures [52-54].  

 

 

 



14 
 

3.6. Construction of Standard Calibration Curve 

 

  Calibration standards of the desired concentrations were prepared by serial dilution of the 

stock solution. Cr (VI) of different concentrations 0.05, 0.1, 0.2, 0.4, 0.8 and 1.6 mg/L were 

prepared in 100 mL volumetric flask from working solution. The pH of the solution 

adjusted to 2.0 ± 0.5 by 0.5 M H2SO4. Then, 2 mL of the diphenylcarbazide solution was 

added to standard and the mixture was allowed to stand for 10 minutes to obtain full color 

development and then colorimetric was set to zero absorbance with the reference solution 

(Distilled water) and their absorbance were recorded by colorimetric [54].The data and 

calibration curve are shown in annex, Cr (VI) react with color reagent DPC based on the 

following reaction mechanism in equation (1) the reaction consists of the simultaneous 

oxidation of diphenylcarbazide to diphenylcarbazone, reduction of Cr (VI) to Cr (III), and 

the chelation of Cr (III) by diphenylcarbazone. The actual structure of the chelate is not 

known [55].  

O8HLHCr)Cr(III)(HL8HL3H2CrO 22

3

24

2

4                                   (1) 

Where H4L=Diphenylcarbozide and H2L is diphenylcarbazone  

 

3.7 Experimental Procedures 

3.7.1. Study of pH of Adsorbents 

 

  1.0 g of natural bituminous coal was weighed and transferred into a 250 mL beaker and 

then 100 mL of distilled water was added and stir for 1 hr using magnetic stirrer. The 

mixed was allowed to stabilize and then the pH was measured [51]. 

3.7.2. Determination of Bulk Density  

 

  The bulk density of the adsorbent coal was determined using Archimedes‘s principle by 

weighing a 25 cm3 measuring cylinder before and after filling with the samples. The 

measuring cylinder was then dried and the sample was packed inside the measuring 

cylinder, leveled and weighed. The weight of the sample packed in the measuring cylinder 

was determined from the difference in weight of the filled and empty measuring cylinder. 

The volume of water in the container was determined by taking the difference in weight of 
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the empty and water filled measuring cylinder. The bulk density was determined using the 

equation (2) [56]. 

       Bulk density 
V

ww 12                                                                        (2)                                                  

W1 = Weight of empty measuring cylinder W2 = Weight of cylinder filled with sample,  

 V = Volume of cylinder  

3.7.3. Determination the Moisture Content.  

 

  This was done by weighing 5g of natural bituminous coal into a crucible, Then NBC 

placed in the oven and heated for 24 hours at constant temperature of 105°C. The sample 

was then removed and re-weighed. The difference in the mass constitutes the amount of 

moisture content of the adsorbent was measured [16].  

100
)w(w

)w(w
Moisture

12

32 



                                                                          (3)                                    

W1 = Weight of crucible, W2 = Initial weight of crucible with sample, W3 = Final weight of 

crucible with sample. 

3.7.4. FTIR Spectral Analysis Procedure 

 

   0.125 g of the solid coal sample was taken by a micro-spatula and 0.25-0.50 teaspoons of 

KBr. Then mixed thoroughly in a mortar while grinding with the pestle, enough samples 

were placed on spl. to cover bottom in pellet die. The sample was placed in press and press 

at 5000-10000 psi. Afterward the sample removed from press sample die and placed in the 

FTIR sample holder. The FTIR spectrums of the magnetite powder were recorded using 

FTIR instrument in the region 400-4000 cm-1 with a spectral resolution of 2 cm-1, using a 

pressed KBr pellet technique.  
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3.8. Batch Adsorption Experiments 

3.8.1. Effect of Contact Time 

 

  The adsorption of Cr (VI) ions by the adsorbents were studied at various adsorption 

periods as follows, (30, 60, 90, 120, 150 and 180 min). This was done by weighing 0.25 g 

of each of the adsorbents bituminous coal into an acid washed polyethylene 150 mL plastic 

flasks containing 25 mL of 3 mg/ L of Cr (VI) ion solutions at the optimized pH 3 and the 

flasks were shaken in thermostatic water bath shaker at 200 rpm (25 °C) for various periods 

of time. Then, solution was filtrated at each interval time through a filter paper with a 

diameter of 0.125 mm. The pH of the filtered sample solutions was adjusted to 2.0 ± 0.5 

using 0.5 M sulfuric acid. Then 1 mL of the diphenylcarbazide solution was added to each 

sample and the mixture was allowed to stand for 10 min until red violet full color 

developed. The filtrates were analyzed using colorimetric instrument at a wavelength of 

540 nm and the absorbance was recorded [52-54]. 

3.8.2. Effect of pH 

 

  The study of pH on the adsorption of the metal ion was conducted by adjusting the pH 

from 2-9. The pH of each solution was adjusted to the desire values by drop wise addition 

of 0.1 M HCl and/or 0.1 M NaOH, and after 0.25 g was added to 25 mL of working 

solution. The flasks containing the mixture were left in a thermostatic water bath shaker at 

200 rpm and 25 °C for 180 min. The adsorbents were removed from the solution by 

filtration. Then after equilibrium time of each the pH of solution was adjusted to 2.0 ± 0.5 

using 0.5 M sulfuric acid. Then 1 mL of the DPC solution was added and the mixture was 

allowed to stand for 10 min until red violet full color developed. The residual metal ion 

concentration left in the solutions was analyzed followed colorimetric methods. Then the 

optimum pH was determined as the pH with the highest adsorption efficiency of Cr (VI) 

ion. 
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3.8.3. Effect of Adsorbent Dose 

 

  The adsorption of Cr (VI) ion was investigated using the following adsorbent doses: 10- 

80 g/L by keeping other variables constant (at optimal pH of 3, shaker speed 200 rpm, 

contact time 180 min and temperature 25 °C). After adsorption time was completed the 

adsorbents were removed from the solution by filtration and the concentrations of residual 

metal ion in each solution were determined. 

3.8.4. Effect of Initial Chromium (VI) Concentrations 

 

  Batch adsorption study was made to determine the effect of initial Cr (VI) concentration 

on the adsorption efficiency. Various chromium concentrations (3, 5, 25, 50, 75, 100, 125 

and 150 mg/L) were studied at the optimum conditions: pH of 3, adsorbent dose 80 g/L, 

shaking speed (200 rpm), contact time (180 min) and temperature (25 °C). After adsorption 

equilibrium was completed, the adsorbents were removed from the solution by filtrations 

and the concentration of residual metal ion in each solution was quantified using DPC 

which form red violet complex whose intensity was read at a wavelength of 540 nm, proper 

dilution was made and dilution factor used in the calculation for concentrations of 50, 75, 

100, 125 and 150 mg/L. 

3.8.5. Effect of Temperature  

 

  The batch adsorption process was investigated at different temperatures (20, 25, 30, 35, 40 

and 45 °C) by keeping other parameters constant (pH of  3, adsorbent doses 10 g/L and 3 

mg/ L of Cr (VI) ion at 200 rpm for 180 min ). Then after equilibrium time of each the pH 

of solution was adjusted to 2.0 ± 0.5 using 0.5 M sulfuric acid. Then 1 mL of the DPC 

solution was added to each sample and the mixture was allowed to stand for 10 min until 

red violet full color developed. The filtrates were analyzed using colorimetric at a 

wavelength of 540 nm and the absorbance was measured. 
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3.8.6. Determination of Adsorption Removal Efficiency 

 

  The adsorption efficiency studies were carried out after adjusting the pH values before and 

after adding a measured mass of the adsorbent of interest into 25 mL of the metal ion 

solution and shaken in thermostatic water bath shaker at the speed of 200 rpm. Depending 

on the parameters under study, the pH was adjusted by pH meter with diluted 0.1 M HCl 

and/or 0.1 M NaOH solution, adsorbent dose, initial metal ion concentration, contact time 

or temperature was varied to study the adsorption efficiencies. The residue was filtered 

after the equilibrium time of adsorption had been completed. The final concentration of 

chromium left in the filtrates was analyzed [52-54]. Then the adsorption efficiency (%), the 

amounts of Cr (VI) adsorbed at equilibrium, qe (mg/g) and at time t (min), qt (mg/g), were 

calculated according to the equations 4-5 [4, 22]. 

 100
C

)C(C
%Removal

0

e0 


                                                                    (4)  

                    V
m

)C(C
q eo

e 


                                                                        (5) 

   

Where qe is the amount of Cr (VI) removed from solution (mg/g); Co is initial concentration 

of Cr (VI) (mg/L) in solution before mixing with adsorbent (mg/L); Ce is the equilibrium 

concentration of Cr (VI) left in the solution after the experiment (mg/L); V is the solution 

volume (L), and m is adsorbent dosage (g). 

3.9. Adsorption Isotherm 

 

  The study of isotherms was carried out by varying the concentration of metal ion solution 

(3,5,25,50,75,100,125 and 150 mg/L) but keeping the volume (25 mL), adsorbent dose 2 g, 

pH (3), time interval (180 min), and temperature (25 °C) of the Cr (VI) solution constant. 

The adsorption equilibrium data were analyzed in terms of the Freundlich and Langmuir 

isotherm models, The Langmuir isotherm equation could be written as; 
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                                                                            (6)  

The constants in the Langmuir isotherm can be determined by plotting (1/qe) versus (1/ Ce) 

and making use of above equation rewritten as: 

 

eLmme C

1

Kq

1

q

1

q

1
                                                                   (7) 

Where 
eq the equilibrium concentration on adsorbent (mg/g) is, 

eC is equilibrium 

concentration in solution (mg/L), 
mq is maximum adsorption capacity (mg/g), and LK  is 

adsorption equilibrium constant (mg/L) [11, 17]. 

 

  The Langmuir isotherm is based on the assumption that the forces of interaction between 

adsorbed molecules are negligible and once a molecule occupies a site no further 

adsorption takes place [9]. The Freundlich equation could be described by assuming a 

heterogeneous surface with adsorption on each class of sites. Although this expression is 

empirical, 1/n reflects the curvature in the isotherm and may represent the energy 

distribution of adsorption sites. The linearized form of Freundlich adsorption isotherm [4, 

22] is: 

 

   
n

1

eFe CKq                                                                                  (8)                

 

By plotting ln qe versus ln Ce, KF and n can be determined if a straight line is obtained. 

eFe lnC
n

1
lnKlnq                                                                               (9) 

Where qe is the equilibrium concentration on adsorbent (mg/g), Ce is equilibrium 

concentration in solution (mg/L), KF is adsorption capacity, and n is reaction energy. 

The essential characteristics of the Langmuir equation can be expressed in terms of a 

dimensionless factor, RL which is given as: 



20 
 

0L

L
CK1

1
R


                                                                                            (10) 

Where KL is Langmuir constant and Co is the highest initial Cr (VI) ion concentration (mg/ 

L). The value of RL provides information as whether the adsorption is irreversible (RL=0), 

favorable (0< RL < 1), linear (RL = 1) or unfavorable (RL > 1) [57].  

3.10. Kinetic Experiments 

 

  Batch studies were carried out to determine the time profiles of Cr (VI) adsorption onto 

natural bituminous coal. The samples were collected from the polyethylene bottle after 30, 

60, 90, 120, 150, and 180 minutes and filtered, the filtered, were analyzed for chromium 

concentrations followed the colorimetric methods [52-54]. The pseudo-first order and 

pseudo-second order models are the most popular kinetic models to study the adsorption 

equilibrium: The pseudo-first order model is described as equation 11 [58]:  

)q(qk
dt

dq
te1

t                                                                                      (11) 

Where, qe and qt are the amounts of adsorbent (mg/g) at equilibrium and time (min), 

respectively. K1 is the constancy of the adsorption rate (1/min). Integration of equation (10) 

at the boundary of qt = 0 at t = 0 and qt = qt at t = t leads to equation (12): 

2.302t

k
)

q

q
log(1 1

e

t                                                                                  (12) 

The pseudo-second order model is written as equation 13 [58]: 

 

 
2

te2
t )q(qK

dt

dq
                                                                                      (13) 

Where K2 is the constancy rate (mg/g).The linear form of equation (13) at the boundary of 

qt = 0 at t = 0 and qt = qt at t = t can be described as equation (14): 

tq

1

qK

1

q

dq

e

2

22t

t                                                                          (14) 
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3.11.Thermodynamics Study  

 

  In order to study the thermodynamics of sorption of the metal ion on adsorbent, three 

basic thermodynamic parameters, free energy change (ΔG0), enthalpy change (ΔH0), and 

entropy change (ΔS0) of sorption were calculated using the following equations [60, 61]. 

 

c
logK RT 2.303oΔG                                                                                    (15) 

e

e
c

C

q
K                                                                                                             (16) 

Also, 
000 STHG                                                                                 (17) 

RT

ΔH

R

ΔS
lnK

00

c                                                                                             (18) 

 

Where R is universal gas constant (8.314 J/mol K). 

3.12. Column Studies  

 

  Column adsorption experiments were performed using a glass column with 1.4 cm 

internal diameter, length of 30 cm and 5 g of the adsorbent natural coal with bed heights of 

7.4 cm was used, the column was washed with distilled water followed by 3 mg/L of Cr 

(VI) solution at pH 3.0 was passed through the column. Then a glass column was  packed 

with cotton at bottom and  filled with a known amount of adsorbent (mesh size < 250 µm ), 

the experiments was run out in a down flow mode at a flow rate of 1.25 mL/min, 2 mL/min 

and 4 mL/ min respectively. Effluent flow was adjusted manually with a clip at the bottom 

of the column at specific time using stop watch. The column runs were carried out up to the 

point where the breakthrough capacity was consumed. Effluent samples were taken at 

different intervals time and analyzed for residue chromium in the solution using 

colorimetric method [62, 63] and average value was reported. 

  



22 
 

  The breakthrough point is identified as the number of bed volumes of treated water to 

reach the point where the effluent concentration exceeds 0.05 mg/L of Cr (VI). The number 

of bed volumes (BV) is calculated as the ratio shown in Eq. (19). 

 

  BV = Volume of the solution treated/ Volume of the adsorbent bed                          (19) 

 

The filtration rates of the packed column were determined at each flow rate of 1.25 

mL/min, 2 mL/min and 4 mL/ min respectively using equation (20) [63] as:   

  

A

Q
FR                                                                                                                  (20) 

 /4d4A 2                                                                                               (21) 

Where FR is filtration rate cm/min, Q flow rate, A is cross sectional area, d is column 

dimension. 

3.13. Quality Assurance 

 

  To establish the accuracy of the collected data, all batch experiments tests were recorded 

in triplicate and average values only are reported. Blank tests have been run in parallel. All 

polyethylene bottles and lab ware were washed with detergent, followed by repeated 

rinsing with distilled water and soaked overnight in 10% HNO3 for 24 h and finally rinsed 

three times with distilled water and oven dried. 

 

  All the chemicals used in this work are AR grade from different supplies. Experimental 

runs have been performed by using chromium containing working solution prepared from 

stock. The experiments confirm that the initial chromium concentration, the pH and the Cr 

(VI) ratio changed during the experiment due to interaction between adsorbent and 

adsorbate. The accuracy of analytical techniques has been checked by determination of the 

standard deviation (S.D.) of the filtered sample analysis. Regression analysis and Chi of 

experimental data has been carried out with the Microcal origin 6.0 soft ware. The 

correlation coefficient (R2) and the standard error in parameter evaluation have been 

investigated to characterize the precision of optimal data fitting analysis. 
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4. Results and Discussions 

  

  In this study, batch adsorption experiment and column study were carried out, different 

parameters such as contact time, pH, dose, effect of initial concentration of chromium Cr 

(VI) and temperature were evaluated in order to determine the efficiency of adsorbent. The 

data obtained from these studied were used to describe responsible adsorption isotherm 

models, to assess the kinetics and thermodynamics of the adsorption of Cr (VI) onto natural 

bituminous coal,  the adsorbent characterization was also studied.      

4.1. Characterization of adsorbent 

 

The physicochemical analysis of natural bituminous coals was carried out by X-ray 

Fluorescence. The results of analysis were presented in Table (2), and the chemical 

compositions of NBC are given in Table (3). It is noted that the sum of iron, aluminum, 

magnesium and calcium oxides are significantly high and together amounted to nearly 

45.38 wt.%, plus relatively higher amount of carbon content was the reason which could 

lead to high adsorption of Cr (VI) anion. Similar results have observed with similar 

adsorbents percentage [64]. 

 

4.1.1. Physiochemical Properties of Adsorbent  

 

  The physical properties of the studied adsorbents such as pH, moisture contents and bulk 

density were investigated and results are shown in Table (2). 

 

Table: 2 The Physical properties of adsorbents  

Adsorbent  pH Moisture content %  Bulk density g/cm3  

Natural  bituminous coal (NBC)  5.2 4.21 1.88 
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Table: 3 Chemical compositions of natural bituminous coal  

Total elements  Percentage  Ash chemistry /Oxides  Percentage 

Carbon  47.20 Fe2O3 7.07 

Hydrogen  4.51 Al2O3 34.80 

Sulfur  0.45 MgO 0.71 

Oxygen  10.09 CaO  2.80 

Nitrogen  1.09 SiO2 52.26 

  SO3 0.88 

 

Source: Raw data taken from Dilbi Coal Mining Share Company (Ethiopia, 2008 and 2010 

data) with permission letter. 

4.1.2. FTIR Analysis 

 

  The FTIR spectroscopy is a known method for detection of functional groups and 

quantitative analysis of the sample to determine the changes in vibration frequency in the 

functional groups of the adsorbents due to metal sorption. Fourier transforms infrared 

spectroscopy of the bituminous coal before and after adsorption process has been studied 

using FTIR Analysis Instruments. The spectra were recorded in the region 400-4000 cm-1 

with a spectral resolution of 2 cm-1, using a pressed KBr pellet technique. The FTIR results 

are shown in Fig. 1 (A and B). 

 

  It is quite clear from the spectra Fig (1, A and B) the absorption broad peak at 3428 cm−1 

indicated the presence of both band is generally attributed to the (O–H) vibration of 

phenolic group or water which tend to show a band width difference before and after 

sorption. Other peaks observed at 2922 cm−1 could be due to the asymmetric stretching 

vibration of CH3 for the aliphatic group. 1620 cm−1 is assigned to aromatic carbonyl and 

carbonyl motion in carboxyl groups similar result have reported at 1615 cm−1 [48, 65], 

while the peaks at 1384, 1033, and 544 cm−1, C–N, C–C and C–O stretching, respectively. 

The rest 1384 could be symmetric deformation of −CH2− (bending) or aliphatic bending 

modes and the peaks in 1300−1000 cm−1 could be due to the phenolic deformation C−O−C 
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(stretching). Whereas, bands observed at 544 shifted to 540 cm-1 this may be due to metal 

oxygen stretching. These bands were sharp and of strong intensity thus indicating the high 

degree of crystallinity of the sample [65, 66]. A strong absorption at 1033 cm−1 NBC can be 

ascribed to the presence of the mineral quartz. The most relevant signals on the FTIR 

spectrum for coals are the absorption bands in the region between 850 and 650 cm−1. The 

bands near to 840 and 780 cm−1 are attributed to AlO4 groups; the bands around 720, 685, 

640 and 570 cm−1 are ascribed to AlO6 groups [67] 
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Fig 1: FTIR for Natural bituminous coal before -A (NBCB) and after adsorption process-B 

(NBCA). 

  Therefore, the effect of metal cations on loading on the FTIR spectra of the samples 

showed that the functional groups play a major role in the uptake of Cr (VI) ion, these 

observed in Fig (B) loaded after adsorption of Cr (VI) onto natural bituminous coal, where 

the band at 3428 cm−1 before adsorption process shifted in position and shape to 3411 cm−1 

and 1620 to 1609 cm−1 respectively. This indicate strong reasonable for binding metal ion. 



26 
 

4.2. Effect of Time  

  

  The effect of shaking time on the percentage removal of Cr (VI) ions by the adsorption on 

coal is an importance parameter in which the equilibrium kinetics can be obtained as shown 

in Fig.(2). Its evidence that Cr (VI) removal increases with increasing contact time and 

approximately 60.3-94.3% of maximum Cr (VI) removed is attained in 150 min and the 

maximum adsorption is attained in about 180 min. It is clear that, before equilibrium the 

greater the contact time the greater will be the adsorption and accordingly, the greater will 

be the percentage removal. The initial rapid rate of adsorption may be due to the 

availability of the positively charged surface of the adsorbent for anionic Cr (VI) species 

present in the solution [68]. These results indicate that the NBC have a strong capacity for 

adsorption of Cr (VI) ions in solutions. Then from the results obtained the optimum contact 

time 180 min was chosen for adsorption process onto adsorbents since the efficiency 

removal became constant after this contact time and the kinetics study were investigated 

after. 
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Fig 2: Effect of shaking time on the Cr (VI) removal on natural  bituminous coal, Cr (VI) 

initial 3 mg /L, pH of 3, adsorbent dose: 10 g/L, shaking speed: 200 rpm, and temperature: 

25 °C, n = 3.  
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4.3. Effect of pH  

 

  The pH value of the solution is an important factor that controls the uptake of Cr (VI) 

during the adsorption process; hence it become necessary to determine at what pH, 

Maximum adsorption will takes place [69]. The interaction of Cr (VI) with bituminous coal 

was investigated at different pH values. The experimental results revealed that the 

percentage removal of Cr (VI) decrease with increase in pH values. The maximum removal 

efficiency was 95.1% at pH 2 and 94.3% at pH 3 as shown from Fig. (3). The Chromium 

removal was higher at lower pH values. Therefore the bituminous coals are able to absorb 

Cr (VI) ion, it would seem due to the presence of a multitude of anionic sites and the 

removal of Cr (VI) could be attributed to the physical adsorption mechanism, especially at 

low pH, as can be seen from Fig. (3), the adsorption of Cr (VI) uptake is in all cases pH-

dependent showing a maximum at equilibrium pH values between 2.0 and 3 similar result 

reported by researchers at pH 2 and 3.2 respectively [70].  
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Fig 3: Effect of pH on the percentage removal of Cr (VI)  on natural  bituminous coal, Cr 

(VI) initial 3 mg/L, and shaking speed: 200 rpm, adsorbent dose: 10 g/L, and temperature: 

25 °C, n = 3). 
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  When examining the effect of pH on adsorption of Cr (VI) different mechanisms must be 

considered, such as electrostatic forces, ion exchange, and chemical complexation. 

Electrostatic attraction/repulsion between adsorbent and adsorbate is the most commonly 

proposed mechanisms. Thus, the increase of Cr (VI) adsorption at acidic pH should be due 

to the electrostatic attraction between positively charged groups of bituminous coal surface 

and the HCrO4
-
 anion, which is the dominant species at low pH due to high protonation. 

Moreover, the decrease of the sorption with increasing pH could be due to the decrease of 

electrostatic attraction and to the competitiveness between the chromium anionic species 

(HCrO4
- and CrO4

2-) and OH- ions in the bulk for the adsorption on active sites of the 

sorbent. From these assumptions, it can be suggested that Cr (VI) removal takes place by 

physical adsorption [71, 72].  

 

  The surface charge of adsorbent is positive at low pH, and this may promote the binding 

of the negatively charged HCrO4
- ions. The HCrO4

- species are most easily exchanged with 

OH- ions at active surfaces of adsorbent under acidic conditions as shown in Eq. 22 (Ar is 

adsorbent surface) [73].  

O
2

H
4

ArHCrOH4HCrOArOH                                                                (22) 

Some reports suggested that amino, carboxyl, and hydroxyl groups of biomaterials such as   

coal are suspected to bind anionic Cr (VI) ions with the support of protons in aqueous 

phase [74-76] as follows:   

 

 
(S)43(aq)4(S)2 .HCrO..........NHBHHCrONHB                                (23) 

 
(S)42(aq)4(S) .HCrO..........BCOOHHHCrOBCOOH                                      (24) 

 
(S)42(aq)4(S) .HCrO..........BOHHHCrOBOH                                   (25) 

  

  Thus it was found that removal of Cr (VI) ions from solution was pH dependent and in 

view of these observations, the pH 3 was taken as the optimum pH for further studies. 
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4.4. Effect of Adsorbent Dose  

 

  The amount of the adsorbent doses was varied from (10-80 g/L) and equilibrated for 180 

min at an initial Cr (VI) concentration of 3 mg/L; these were considered to see the effect on 

Cr (VI) adsorption keeping other parameters at optimum conditions (Fig.4). The result 

showed that the removal efficiency of chromium ion increases with increasing adsorbents 

dose significantly from 94.3 to 99.6 % with maximum capacity of 0.284 mg/g, the increase 

in the adsorption efficiency with an increase in the adsorbent dose can be attributed to the 

increase due active adsorption sites. Whereas chromium ion adsorption capacity decreases 

with an increase of adsorbents amount [77].  At lower dosage of adsorbents, there are 

insufficient active sites that the adsorbate can easily occupy. However, at higher dosage, 

active sorption sites are sufficiently available for the adsorbate to occupy. Similar results 

have been reported in the study on adsorption of Cr (VI) onto avocado kernel seeds, 

Juniperus procera sawdust and papaya peels [35].  
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Fig  4: Effect of dose on the percentage removal of Cr (VI)  on natural  bituminous coal, Cr 

(VI) initial 3 mg/L, pH of 3 and shaking speed: 200 rpm and temperature: 25 °C, n = 3). 
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4.5. Effect of Initial Concentrations  

 

The effect of initial concentrations of Cr (VI) adsorption was studied in batch experiments 

(pH 3, 80 g/L as selected dose optimum and other parameter constant) the initial Cr (VI) 

ion concentrations of 3, 5, 25, 50, 75, 100, 125 and 150 mg/L. The equilibrium curve shows 

that the overall percentage removal of C r(VI) from solution decreases with an increase in 

initial C r(VI) concentration as shown in Fig(5). The final percentage removal for an initial 

chromium concentration of 3, 5, 25,50 and 75 mg/L saw a removal of 99.7 % , 99.6%, 

97.2%, 86.4% and 82.3%, respectively whilst initial concentration of ,100, 125,150 mg/L 

were remain constant at  82 %. This may be due to lack of sufficient surface area to 

accommodate much more Cr (VI) ions presence in the solution. It is evident that the 

amount of chromium removed from solution increases with an increase in concentration of 

Cr (VI). This is probably due to the higher interaction between the metal ions and metal 

sequestering sites of the bituminous coal. This trend was also found by other investigators 

[78]. The decrease in removal efficiency can be explained by the fact that all adsorbents 

had a limited number of active sites, which would have become saturated above a certain 

concentration.  
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Fig  5: Effect of initial concentrations on the percentage removal of Cr (VI)  onto natural   

bituminous coal, pH of 3 and shaking speed: 200 rpm, adsorbent dose: 80 g/L, and 

temperature: 25 °C, n = 3). 

4.6. Effect of Temperature 

 

  Temperature is an important variable that determines the thermodynamic of adsorption 

process. From the Fig.(6), it has been observed that the percentage removal of Cr (VI) 

rapidly increase from 20- 25 oC with efficiency removal of 77% - 94.3% at 25 oC and 

slightly increased (94.3-97.7%) with an increase of temperature from 25°C to 45 °C and 

other conditions were kept constant. The increase in the adsorption capacity for some range 

of temperature may be attributed to the chemical interaction between adsorbate and 

adsorbents, formation of some new adsorption sites or enlargement of pore size and 

activation of the sorbent surface with rise in temperature. Additional increase in 

temperature increases the mobility of the metal ions and reduces the swelling effect in 

biosorbent, thus, enabling the metal ions to penetrate further [79]. The results also indicate 

that the adsorption of Cr (VI) onto natural bituminous coal is an exothermic process [80]. 
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Fig 6: Effect of temperature on the percentage removal of Cr (VI) on natural bituminous 

coal, Cr (VI) initial 3 mg/L, pH of 3 and shaking speed: 200 rpm, adsorbent dose: 10 g/L, n 

= 3 and contact time 180 min). 

4.7. Adsorption Isotherm Investigation 

 

  Adsorption isotherms are mathematical models that describe the distribution of the 

adsorbate species among liquid and adsorbent, based on a set of assumptions that are 

mainly related to the heterogeneity/homogeneity of adsorbents, the type of coverage and 

possibility of interaction between the adsorbate species [27]. Adsorption data are usually 

described by adsorption isotherms, such as Langmuir and Freundlich model are mostly 

used by many researches. The equilibrium adsorption of Cr (VI) onto bituminous natural 

coal was studied for different initial concentrations of 3, 5, 25, 50, 75, 100, 125 and 150 

mg/L adsorbate at 25 0C, 80 g/L and the data obtained was fitted by Langmuir and 

Freundlich isotherm using nonlinear. 
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4.7.1 Langmuir Isotherm 

 

   According to Langmuir model, adsorption occurs uniformly on the active sites of the 

adsorbent, and once an adsorbate occupies a site, no further adsorption can take place at the 

site [11]. The Langmuir isotherm is given by equation (7), from nonlinear analysis the 

Langmuir isotherm does not fit well the equilibrium data with weak the correlation 

coefficient. In the present study, RL was found to be 0.053 meaning in the ranges (0 < RL < 

1), which indicates that natural bituminous coal is good adsorbents for Cr (VI) ion removal. 

4.7.2 Freundlich Isotherm 

 

  Freundlich isotherm model was also used to explain the observed phenomenon. This is 

commonly used to describe the adsorption characteristics for the heterogeneous surface [27, 

81].  The Freundlich isotherm is represented by Equation (8) and Kf and n are constant 

incorporating all factors affecting the adsorption process such as adsorption capacity and 

intensity, respectively. A plot of qe vs Ce (Fig.7) a nonlinear trace with a slope of 1/n and 

intercept of log Kf. Kf and n calculated from the intercept and slope of the plots were found 

to be 0.11851 and 0.76496 respectively.  The magnitudes of Kf and n show easy separation 

of chromium ions from the aqueous solution and indicate favorable adsorption. The 

intercept Kf value is an indication of the adsorption capacity of the adsorbent; the slope 1/n 

indicates the effect of concentration on the adsorption capacity and represents adsorption 

intensity. As seen from Table (4), n value was found high enough for separation. The 

Freundlich isotherm is more widely used to describe heterogeneous surface but provides no 

information on the monolayer adsorption capacity in contrast to the Langmuir model. The 

Freundlich isotherm fitted well the equilibrium data with the correlation coefficient of 

0.98379. 
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Fig 7: Freundlich adsorption isotherm for Cr (VI) on natural bituminous coal, pH = 3, T= 

250C, adsorbent dose = 80 g/L, Time = 180 min and SD = 0.08076  

 

Table: 4  Results of isotherm models for the adsorption of Cr (VI) ions onto bituminous 

coal at constant temperature of 25 oC. 

Freundlich 

model                                                                                                                                

N KF 

(mg/g) 

R2  qe(cal) 

(mg/g) 

qe(exp) Chi RL 

Value 0.76496 0.1185 0.98379 1.473 

 

1.538 

 

0.0123 0.053 

 

   

In order to determine the best-fit isotherm for each system adsorption of Cr (VI) onto NBC, 

two error analysis methods were used to evaluate the data, the linear coefficient of 

determination which is the widely used approach in evaluating the fit between experimental 

data and the two isotherm models, and closeness of the fit is determined by (R2) while the 

Chi-square statistic test for determination of a non-linear model base on normality 

assumptions of standard least squares [82, 83]. The chi-square test statistic is basically the 
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sum of the squares of the differences between the experimental data and data obtained by 

calculating from models, with each squared difference divided by the corresponding data 

obtained by calculating from the models. The equivalent mathematical statement is: 

 

χ2=  e,m/q2)e,mqe(q                                                                                             (26) 

 

Where qe,m is equilibrium capacity obtained by calculating from the model (mg/g) and qe is 

the experimental data of the equilibrium capacity (mg/g). If the data from the model are 

similar to the experimental data, χ2 will be a small number, and if they are differ; χ2 will be 

a large number. Therefore, the data set were analyzed using the non-linear chi-square test to 

confirm the best-fit isotherm for the sorption system [82-84]. The χ2 values are calculated 

using Eq. (26) and are given in Table 5. Based on the values of the R2 and the results of 

chi-square analysis, Cr (VI) adsorption by NBC can be best described by the both isotherm 

model given high value of R2 and the χ2 values of both the isotherms are comparable and 

hence the adsorption of chromium onto NBC follows both Langmuir and Freundlich 

isotherms. The smaller χ2 values confirm a better correspondence between experimental 

data and isotherm model [85]. Results indicated that the Chi-square test provided a better 

determination for the sets of experimental data confirmed that χ2 from non-linear model of 

Freundlich isotherm was found to be small (0.0123). 

4.8. Adsorption Kinetic Studies 

 
  The kinetics data of adsorption process provide key information about the efficiency of 

adsorption. Clearly, the fast reaction period shall facilitate smaller reactor volumes ensuring 

effectiveness, economy as well. The kinetic parameters obtained were evaluated at different 

contact time and keeping other parameter at optimum conditions, Pseudo-first order and 

pseudo-second-order models were tested to analyze the adsorption kinetics [30]. The 

pseudo-first-order and second order equation are expressed in equation 12 and 14.  The 

values of K1 (the first-order reaction rate constant of adsorption (min–1) and qe were 

calculated from the slope and intercept of the plot of log (qe - qt) versus t while the values of 

K2 (the pseudo-second-order rate constant of adsorption (mg /g min) and qe were evaluated 

from the intercept and slope of a plot of t/qt versus t, respectively [39]. 
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Fig 8: Pseudo-first order plot for Cr (VI) adsorption onto natural bituminous 
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 Fig 9: Pseudo-second order plot for Cr (VI) adsorption onto natural bituminous coal. 

  Both adsorption kinetic models have been used to understand the adsorption kinetics and 

the correlation coefficient, R2, were calculated from these plots. These pseudo-first-order 

and Pseudo-second-order models were calculated by using equations (12) and (14). 
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However, the correlation coefficient, R2, values showed that the pseudo-second-order 

model fits better (Fig. 9 and Table 5) to the experimental data than the pseudo-first order 

model (Fig.8 and Table (5). Here the observed rate constant (K1, K2) was considerably 

greater than or compared with some reported value for chromium adsorption on the variety 

of adsorbents [28, 35, 49, 79], which indicate that the NBC was an efficient adsorbent for 

Cr (VI) removal from aqueous solutions. 

 

Table: 5 Kinetic parameters for adsorption of Cr (VI) ions onto adsorbents at constant 

temperature of 25 °C.  

Pseudo-first-order   Pseudo-second-order    

K1(min-1) Qe(mg/g) R2 K2 (mg/g.min) Qe(mg/g) R2 

508.35 1.15 0.96259 0.0228 0.349 0.97689 

4.9. Adsorption Thermodynamics Studies  

 

  Thermodynamic parameters such as enthalpy change (
0ΔH ), entropy change ( 0ΔS ) and 

free energy change (ΔG0) for Cr (VI) sorption onto bituminous coal were evaluated using 

Eq. 15, 16 and 17. The values of 
0ΔH  and 0ΔS were determined from the slope and 

intercept of the plot of log qe/Ce versus 1/T (Fig. 10). Table (6) shows the thermodynamic 

parameters for metal ions adsorption onto natural bituminous coal. The negative values of 

ΔG0 indicate the spontaneous nature of the process and more negative value with increase 

of temperature reflected that an increased in temperature favors the adsorption process [77]. 

The negative value of ΔH0 (-11.24 kJ/ mol) indicates exothermic nature of the process of 

the Cr (VI) adsorption onto the natural bituminous coal. While the negative (-283.68 

KJ/Kmol) 0ΔS  corresponds to a decrease in the degree of freedom of the adsorbed species 

[86].  
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Fig 10: Graphical logqe/ce versus 1/T   for determination of ΔH°, ΔS°, ΔGo and SD = 

0.14285, N= 6, P < 0.00503. 

   Adsorption process is generally considered as physical if 
0ΔH < 25 kJ/mol and as 

chemical when 
0ΔH > 40 kJ/mol [87, 88]. The value of ΔG0 for sorption of metal ions was 

negative, indicating spontaneous sorption. Similar results have been reported for the Cr 

(VI) adsorption onto activated carbon [89]. This may be attributed to a relative increase in 

escaping tendency of the solute from the adsorbent phase to the bulk phase with the rise in 

the temperature of the solution. 

 

Table: 6 Thermodynamic parameters calculated for the adsorption of Cr (VI) ions onto   

bituminous coal at different temperatures. 

ΔH° 

(kJ/mol) 

ΔS° 

(kJ/Kmol) 

ΔG° 

(kJ/mol) 

20 

oC 

25 oC 30 oC 35 oC 40oC 45 oC 

-11.24 -283.68  79.82 -45.73 -62.36 -110.58 -143 -231.97 
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4.10. Column Studies 

  

  The effect of flow rate on breakthrough curves for the adsorption of Cr (VI) onto the 

natural bituminous coal was varied to achieve the maximum removal of the adsorbate at 

flow rates of 1.25 mL/min, 2 mL/min, and 4 mL/min with column bed height 30 cm, 5 g 

dose, at an inlet concentration of 3 mg/L, it was found that the maximum uptake of Cr (VI) 

was achieved at flow rate 1.25 and 2 mL/min. About 92–98.3% chromium is removed at 

lower flow rates 1.25 mL/min after 170 min, while this decreases with increased flow rate 

for 2 mL/min at 110 min and 4 mL/min. A plot of C/Co versus time is shown in Fig. (11), 

where C is the effluent concentration and Co is the influent concentration 3 mg/L. The 

breakthrough point of Cr (VI) according to WHO standard of 0.05 mg/L occurred at about 

1760 and 2700 cm3 for the flow rate of 1.25 mL/min and 2 mL/min at bed volumes (BV) of 

4.22 and 6.47 cm3 respectively, BV was calculated base on equation (19). A higher Cr (VI) 

uptake was observed at slow flow rate with height of 7.4 cm may be due to the present of 

enough amount of adsorbent which provided more active binding sites for adsorptions 

process with better distribution of adsorbates. Increase in bed volume and contact time also 

observed in most of the previous studies [62, 63, 90, 91]. 

 

 The low flow rate 1.25 mL/min reduces concentration of Cr (VI) 3 mg/L to permissible 

level 0.05 mg/L at the fixed time and the maximum of 0.72 mg/L. Thus  the flow rate 2 

mL/min minimize the used concentration  to 0.05  mg/L with maximum concentration of 

0.56 mg/L, meanwhile the faster flow rate decrease  the 3 mg/L to 0.20, 0.23,0.24 and 0.26 

mg/L. 
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 Fig 11: Effect of flow rate on breakthrough curve for adsorption of Cr (VI) on bituminous 

coal, at initial Cr (VI) concentration of 3 mg/L, pH 3,dose 5 g , and flow rate of 4 mL/min, 

2 mL/min ,and 1.25 mL/min. 

  It's seen from Fig (11) that the breakthrough occurred at a comparatively faster and slow 

flow rate time less time was taken to reach the saturation breakthrough. This can be 

explained from the mass transfer surrounding area, the rate of mass transfer gets increased 

at higher flow rate leading to faster saturation [65]. The filtration rate (FR) for flow rate 

1.25 mL/min, 2 ml/min, and 4 ml/min were calculated according to the equation (19), And 

the FR was found to be 0.54cm/min, 0.27cm/min, and 0.16 cm/min respectively. 
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4.11. Comparison of Chromium (VI) Adsorption with other Adsorbents  

 

  The adsorptive capacities of the adsorbents used in this work have been compared with 

those of others reported in the literature and the values of adsorption capacity and the pH as 

presented in Table (7). The experimental data of the present investigation were compared 

with reported values. Results of investigation showed that the adsorbents have high 

adsorption capacity compared to Neem leaves powder, Rice bran (a), Fired clay soils, 

Chitosan coated carbon,Char of South African coal (CSAC). Whereas Turkish brown coals 

such as Ilgin (BC1) and Beys-ehir (BC2), untreated papaya peel (PP) and powder of potato 

peelings showed higher capacity than this work. The difference in adsorption capacity of 

the natural bituminous coal in this paper to those previously reported could be due to 

different pH, the doses, adsorbents types and others experimental conditions. 

 

Table: 7 Comparison of adsorption capacities of Cr (VI) ion with other adsorbents reported 

in various studies. 

S/No-     Adsorbents pH Qm  (mg/g) 

 

References 

 

1. Chitosan coated carbon 5 0.688 [28] 

2. Granular activated carbon (GAC)  2 7.0 [30]  

3. Fired clay soils 2 0.67 - 0.83 [34] 

4. Untreated papaya peels (PP) 1 7.16 [35] 

5. Neem leaves powder 2 0.85 [36]  

6. Rice bran a  2 0.069  [42] 

7. Char of South African coal (CSAC)  2 0.3 [45] 

8. Turkish brown coals 2 -3.2 6.8,7.4,  [48] 

9. Modified oak sawdust 3 1.7 [73]  

10. Powder of potato peelings 2.5 3.28 [78] 

11. Animal bone charcoal  2 16.5 [92] 

1. 12. Natural bituminous coal (Ethiopia) 3 1.54 This work 
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5. Conclusion and Recommendations 

  The aim of this study was intended to evaluate the potential use of natural bituminous coal 

for the elimination of Cr (VI) from aqueous solutions. The obtained results revealed  that  

the locally available adsorbents is an effective for  removal of Cr (VI)  with efficiency 94.3 

% within180 minutes at initial concentration 3 mg/L of  pH 3 and the uptake was found to 

be dependent on the different parameters such as contact time, pH, absorbent dose, 

concentrations and temperature. Chromium Cr (VI) was rapidly adsorbed when higher 

adsorbent dose were applied, Thus the percentage removal of adsorption increases to 99.7% 

with the increase in adsorbent dose (2 g), The FTIR spectra showed that the functional 

groups were the appropriate  site for chromium binding due to shift which occur in  their 

positions. The experimental data for the adsorption process were well fitted Freundlich 

adsorption isotherm model with good correlations. Relatively high correlation coefficients 

(R2) for the pseudo-second-order model over the pseudo first order kinetic models can 

adequately describe the kinetic process of Cr (VI) adsorption onto NBC. Thermodynamic 

data confirmed that the adsorption process is feasible, spontaneous and exothermic in 

nature at a temperature range of 20 °C - 45 °C. From findings of this research it is possible 

to conclude that the natural bituminous coal which is readily available in Ethiopia was 

found to be a simple, effective and economical adsorbent for uptake of Cr (VI) ion in both 

batch experiments as well as column studies at low concentration. Therefore developed 

method  could be useful in the treatment of chromium contaminated waste water in 

industrial and other sources of effluents before released into the aquatic environment under 

investigated conditions. Further evaluation of the adsorbents (NBC) for removal of Cr (VI) 

in waste water in field is required to express that they could be capable for practical in 

treatment of real sample.  
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7. Annex 

 

Calibration standards data for Cr (VI) quantifications 

 

Conc Abs 1 Abs 2 Abs 3 Average 

Abs 

blank 0 0 0 0 

0.05 0.03 0.03 0.03 0.03 

0.1 0.06 0.07 0.06 0.06 

0.2 0.12 0.11 0.11 0.11 

0.4 0.2 0.21 0.21 0.20 

0.8 0.34 0.36 0.35 0.34 

1.6 0.59 0.59 0.58 0.59 
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                    The standard calibration curve for Cr (VI) ion. 


