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ABSTRACT 

The aim of this research is to enhance the adsorption of Pb, Zn, Cd, and 2,4-
Dichlorophenol (2,4-DCP) by many types of adsorbent mixtures from aqueous 
solutions. The first case of sorption characteristics of Pb(II), Zn(II) and Cd(II)  from 
aqueous solutions through a low-cost adsorbent mixture comprising of bamboo 
biochar (BB) and calcium sulphate (CS), and a more expensive mixture of  
hydroxyapatite (HAP) and calcium sulphate (CS), were investigated. The effects of 
equilibrium contact time and adsorbate concentration conducted in batch experiments 
were studied. Adsorption equilibrium was established in 40 (min). The adsorption 
mechanism of Pb(II), Zn(II) and Cd(II) from these two adsorbent mixtures carried out 
through a kinetic rate order. A pseudo second-order kinetic model was applied for the 
adsorption processes. The model yielded good correlation (R2 >0.92) of the 
experimental data. Adsorption of Pb(II), Zn(II) and Cd(II) using (BB&CS) and 
(HAP&CS) correlated well (R2 >0.86) with both Langmuir and Freundlich isotherm 
equations under the concentration range studied. Hence, the effectiveness of an 
inexpensive natural material (BB&CS) mixture in Pb(II), Zn(II) and Cd(II) removal is 
established, and is promising for use in other heavy metal adsorptions. 

The second case investigate the removal of 2,4-DCP and Pb(II) from aqueous 
solution in a circulation fluidized-bed column by two types of adsorbent mixtures: BC 
(bamboo char plus calcium sulphate), and HBC (hydroxyapatite plus bamboo char 
plus calcium sulphate); both manufactured in ball shape. The main material bamboo 
char was characterized by Fourier transforms infrared spectroscopies (FTIR), 
Differential thermal analysis (DTA) and scanning electron microscope image (SEM). 
The adsorption experiments were conducted in a fluidized bed circulation column. 
Adsorption isotherms and kinetic studies were established under 180-min operating 
process time at different initial concentration of 2,4-DCP and Pb(II) solutions ranging 
from 5-10 mg/L and 30-70 mg/L respectively, and at different flow rates ranging from 
0.25-0.75 L/min. The obtained data were fitted well with both the Langmuir and 
Freundlich isotherm models indicating favorable condition of monolayer adsorption. 
The kinetics of both adsorbents complies with the pseudo second-order model. BC 
was proven a new effective composite and low cost adsorbent which can be applied in 
the field of wastewater treatment, and it could also play an important role in industrial 
water treatment. 

The third case in this research concerned fixed bed column adsorption, the 
experiments were carried out to procedure was adsorption possibility of ground-mixed 
adsorbent containing clay taken from Sudan (SC) and bamboo biochar (BB) made in 
Thailand to form CB new adsorbent using for the removal of Lead ion from aqueous 
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solution. Description of SC properties was performed employing XRD, XRF and 
FTIR techniques; and for BB, were applied SEM and FTIR. The effects of flow rate 
solution in range 10 to 20 ml/min, the bed height in range 10 to 40 mm and the initial 
concentration of Lead ion between 5 to 30 mg/L, on the breakthrough curves 
characteristics of the column adsorption process were studied. The fixed bed column 
adsorption process was detected to be better performed at low solution flow rate, high 
Lead ion initial concentration and low adsorbent CB bed height. The Bed depth 
service time (BDST) model was applied in the fixed bed column performance 
experimental results and the variables of model were estimated. Also more three other 
models were applied for fitting the adsorption results: Adams-Bohart, Thomas, and 
Yoon-Nelson. All this models are valid but the correlation coefficient R2 of 
determination for the (BDST) and the Thomas and Yoon-Nelson models were found 
better fitted than the Adams-Bohart model and hence these were applied to expect the 
adsorption of Lead ion in the column. The CB adsorbent mixture was displayed to be 
appropriate adsorbent mixture for adsorption, of Lead ion. 

The second step of fixed column mode experiments was carried out for 
adsorption equilibrium and determined the adsorbent capacity by using ratio 1:1 of 
adsorbent mixture (CB) as powder. It’s used for adsorptive removal of inorganic 
compound (especially heavy metal ions). The main objective of this step is to 
investigate the adsorption of Pb(II) from aqueous solution by this adsorbent with 
application of Response Surface Methodology (RSM) for optimum condition as 
mentioned earlier of that three variables, flowrate, concentration and adsorbent bed 
height on the adsorbent capacity yield. The results showed that the maximum 
adsorbent capacity yield was about 18.64 mg/g obtained by using 15 ml/min flowrate, 
17.5 mg/L inlet Pb(II) concentration and 10 mm of bed height. From the analysis of 
variance (ANOVA), the most influential factor for each experimental design response 
was identified. The optimum conditions of adsorption Pb(II) on CB adsorbent 
capacity 26 mg/g, from aqueous solution in fixed bed column were found of 10 
ml/min of flowrate, 14.53 mg/L solution concentration and 10 mm bed height.            
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1. Introduction 
1.1. Research Background 

Water is an important requirement in most of industrial processes system such 

as, heating, cooling, production, cleaning and rinsing. An unregulated, industrial 

wastewater has the possibility to be a highly toxic source of pollution [1]. For 

examples of the impacts that may happen when industrial wastes are discharged 

include petroleum hydrocarbons, heavy metals, surfactants, toxins and/or salts, which 

may pollute receiving waters rendering them unsuitable as a water supply or pose a 

threat to aquatic life. The addition of industrial waste to sewers can increase the cost 

and risk to the community of treating sewage. Industrial pollutants such as oxygen 

scavengers may corrode pipes and equipment in the sewerage collection system and in 

treatment plants. Greases and suspended matter can cause pipe blockages and odours 

[2]. Industry has a corporate responsibility to take action to ensure discharged water is 

of an acceptable standard, and accept costs of any required clean up. The most cost-

effective solutions usually focus on preventing contaminants from ever entering the 

wastewater stream or developing a closed system of water use. 

1.1.1. Wastewater 

   Wastewater is defined as a combination of the liquid or water-carried wastes 

removed from residences, institutions, commercial and industrial establishments, 

together with such groundwater, surface water, and storm water as may be present. 

Wastewater contains nutrients, which can stimulate the growth of aquatic plants, and 

may contain toxic compounds or compounds that potentially may be mutagenic or 

carcinogenic.  

1.1.2.  Heavy metals in industrial wastewater 

Heavy metals are elements which have atomic weights between 63.5 

and 200.6, and specific gravities greater than 5.0. Most of the point sources of heavy 

metal pollutants are industrial wastewater from mining, metal processing, tanneries, 

pharmaceuticals, pesticides, organic chemicals, rubber and plastics, lumber and wood 

products, etc. Due to the discharge of large amounts of metal contaminated 

wastewater, industries bearing heavy metals, such as Cd, Cr, Cu, Ni, As, Pb, and Zn, 
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are the most hazardous among the chemical intensive industries [3]. Heavy metals are 

transported by runoff water and contaminate water sources downstream from the 

industrial site [4]. Because of their high solubility in the aquatic environments, heavy 

metals can be absorbed by living organisms. It cause serious health effects, including 

reduced growth and development, cancer, organ damage, nervous system damage, and 

in extreme cases, death. This can lead to joint diseases such as rheumatoid arthritis, 

and diseases of the kidneys, circulatory system, nervous system, and damaging of the 

fatal brain [3].  

1.1.3.  Phenolic compound in wastewater 

Phenolic compounds pose a major worldwide environmental health 

problem concerning industrial handling of phenol and metal process. Chlorophenol is 

a group of chemical, of which chlorines (between one and five) have been added to 

phenol [5]. Main pollution sources containing chlorophenols are wastewaters from 

pesticide, paint, solvent, pharmaceutics, wood, paper and pulp industries, as well as 

water disinfecting process [6]. In addition, phenolic derivatives are largely used as 

intermediates in productions of plastics, colors, pesticides, insecticides, etc. [7]. 

However, phenol containing water - when chlorinated during disinfection of water - 

results in formation of chlorophenol [8].  

Chlorophenols and related compounds are toxic to humans and aquatic 

lives, which are carcinogenic, mutagenic, and resistant to biodegradation. Results of 

phenolic compound discharging into the environment, affected to the contamination 

the environment and living organisms [9]. Phenols are considered as priority 

pollutants since they are harmful to organisms at low concentrations and many of 

them have been classified as hazardous pollutants because of their potential to harm 

human health. The United States Environmental Protection Agency (USEPA) and the 

European Union (EU) have designated phenols as priority pollutants [10]. Thus, 

removal of phenol from drinking water is of great importance, and has been receiving 

particular concerns in the last few decades [11]. 

1.1.4. Wastewater treatment from heavy metal and phenolic compound 
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         The removal of heavy metals from industrial effluents has 

several traditional and advanced techniques to decrease their impact on the 

environment such as physicochemical, biological and thermal processes. A 

physicochemical technique includes adsorption, coagulation, chemical precipitation, 

ultra-filtration, etc. most of these methods has advantages and disadvantages. Among 

of these methods, adsorption is the most effective and economical because of their 

relative low cost and have other advantages [12]. There are many type of adsorbents 

such as salt of phosphates, activated carbons are considered an efficient treatment for 

the removal of organic compounds and metals from both liquid and gas phases but 

expensive [13]. Alternatively, low cost and unconventional adsorbents such as 

Bamboo biochar, rice husk, fly ash, peat, lignite, saw dust etc. are used to removal of 

toxic metals which is effective and economical.  

Treatment technologies, of phenol depending on the load of phenolic compound 

in wastewater, are either physiochemical or biological [14]. Some conventional 

methods used to remove phenol from aqueous solutions are: adsorption, precipitation 

and coagulation, ion exchange, filtration, membrane separation, chemical oxidation, 

sedimentation, and reverse osmosis [15].  

1.2 Bamboo biochar 

Biochar is a charcoal produced from biomass materials. In many cases, the term 

is used specifically to mean charcoal produced by pyrolysis process. Bamboo is one of 

outstanding renewable biomass resource due to its fast growing speed and short 

growth cycle [16, 17]; an inexpensive and environmentally friendly adsorbent. 

Bamboo char has been commercially used in water purification, dehumidification, 

odour adsorbents and health products, at low prices as $400–600 per ton in 2012 

China [17]. A year ago is using biochar as adsorbent for heavy metal such as Pb, Zn, 

Cd, etc. Biochar, which is a by-product of bio refineries, has attracted much attention 

recently due to its proven role in environmental management issues [18]. Bamboo 

biochar is one of good natural adsorbent. Bamboo charcoal may be an ideal 

amendment for nutrient conservation and heavy metal stabilization due to its excellent 

adsorption capability [19]. Because of it has high porosity more than many biomass 

wood materials.  
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In case of phenol could be removed effectively through adsorption process using 

a variety of adsorbents [20], but without mentioning the use of Bamboo biochar. 

Preservative of various functional groups on Bamboo biochar surface can contribute a 

unique and specific preferential for different molecules uptake by active carbons [21]. 

Furthermore, it is well known that nano-size adsorbents, possess excellent surface 

properties, such as large accessible internal and external surface [22]. 

1.3 Hydroxyapatite  

         The term “apatite” applies to a group of compounds with a general formula in 

the form M10(XO4)6Z2, where M2+is a metal and species XO4
3- and Z- are anions. 

Hydroxyapatite (HAP), also called hydroxyl appetite’s a naturally occurring mineral 

form of calcium apatite with the formula Ca5(PO4)3(OH), but is usually written 

Ca10(PO4)6(OH)2 to denote that the crystal unit cell comprises two entities. As 

apatite’s are important materials with applications in medical prostheses, 

environmental remediation and catalysis, it is of basic interest to understand the 

crystal formation, dissolution processes and interfacial interactions between the 

crystalline and amorphous phases [23]. HAP can be synthesized in the laboratory by a 

variety of methods including the sol-gel process, hydrothermal synthesis, microwave 

synthesis, ultrasonic spray pyrolysis; wet precipitation; emulsion system synthesis, 

and sono-chemical synthesis. And can be produced from coral, seashell, and eggshell 

and also from body fluids [24]. Many research works have found that (HAP) can 

effectively remove lead ion in aqueous solution under different experimental 

conditions and show potential removal capacities, with removal percentage trending to 

100% [25]. Synthetic hydroxyapatite (HAP) has been extensively studied for its 

kinetics and chemical reaction with a wide variety of metals e.g., Pb, Cu, Cd, Zn, Sb 

and U [26, 27, 28, 29, 30].  

 1.4 Calcium Sulphate   

Calcium salts (chlorides, sulphates, and carbonates) are better lead precipitators 

than the corresponding sodium salts [31]. Moreover such composites have been 

described for use as resorbable biomaterials in bone surgery [32], but have never been 

used for the retention of heavy metals from polluted water [33]. 
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1.5 Clay 

Clays are one of the constituents of the nature, also can be utilized as 

adsorbents through their surface area, mechanical and chemical constancy and their 

structural characteristics [34]. Many case and type of soil adsorbents have been 

investigated for the removal and adsorption of heavy metals, such as Chinese loess 

[35], clay [36] and bentonite [37]. In common way the capability of clays is in its 

predisposition to expand and effectively increase in the surface area to accommodate 

more heavy metal ions [38]. The Pb(II) was found to be more easily adsorbed onto 

montmorillonite, for both case, as raw form and as its acid activated derivatives [39]. 

The removal of Pb(II) by Sudan clay is particularly extractive because it is come from 

natural as mentioned earlier; local product; therefor, no cost it means cheap and easily 

available source aluminosilicate [40]. Moreover the adsorption capacity of clay can be 

amended via mix with other adsorbent for example Bamboo biochar. 

2. Objectives 

2.1 Study the treatment of heavy metal (Pb(II), Zn(II), and Cd(II)) in water by using 

two mixtures of adsorbents, BB&CS and HAP&CS and investigate the 

adsorption isotherms and adsorption kinetic through Langmuir and Freundlich 

models and pseudo second-order kinetic model, respectively  . 

2.2 Investigate adsorption of 2, 4-dichlorophenol (2, 4-DCP) and Pb(II) in aqueous 

solution onto two types of ball-shape adsorbents: Bamboo biochar plus Calcium 

sulphate (BC) and Hydroxyapatite plus Bamboo biochar plus Calcium sulphate 

(HBC) in a circulation fluidized-bed column. Adsorption isotherm of Langmuir 

and Freundlich will be investigated. Moreover, adsorption kinetics pseudo-first 

order and pseudo-second order will be simulated for comparison. 

2.3 Adsorption efficiency of Lead ion from aqueous solution using fixed bed 

column by employing a mixture of Sudanese clay (SC) plus bamboo biochar 

(BB) will investigated. Principal design variables: solution feed flow rate, fixed 

column bed height and initial inlet concentration of Lead ion solution, and 

evaluate by using a laboratory scale and the effect of running operation 

conditions on the removal percentage and adsorption of Pb(II) will studied.  
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2.4 The effect of operating conditions on the adsorbent capacity will be conducted 

for the optimum operating conditions, flowrate of Pb(II) solution, initial 

concentration of metal solution and the bed height of adsorbent in the column. 

The conditions are analysed using design of experiments (DOE) and response 

surface methodology (RSM).       

 

3. Experimental model, parameter and apparatus 
3.1. Experimental models 

  The experimental models are categorized with three parts; the kinetics 

models (pseudo first-order and pseudo second-order), the isotherm model (Langmuir 

and Freundlich), and fixed bed column breakthrough curve models (Bed-depth 

service-time (BDST), Adams-Bohart, Thomas, and Yoon-Nelson). 

3.1.1. Pseudo first-order kinetic model 

The pseudo-first order equation can be explained using Lagergren 

equation (1):  

    (1) 

Where qe and qt are the amounts of metal Pb or 2, 4 DCP, adsorbed at equilibrium and 

at time t in (mg/g), respectively, and k1 is the pseudo-first order rate constant in (g/mg 

h).   
3.1.2. Pseudo second-order kinetic model 

The pseudo-second order kinetic model equation, based on 

equilibrium adsorption is equation (2): 

       (2) 

Where qe and qt are as described in Equation (1); and k2 is the rate constant of second-

order adsorption in (g/mg h).  

3.1.3. Langmuir isotherm model 

The Langmuir isotherm assumes monolayer adsorption onto a 

surface with a finite number of identical sites, and its linear form is expressed in 

equation (3): 



7 
 

 

                                            (3)    

Where qe and qmax are the observed and the maximum uptake capacities (mg/g); Ce the 

equilibrium concentration (mg/L); and b the equilibrium constant (L/mg). 

3.1.4. Freundlich isotherm model 

The Freundlich equation proposes an empirical model based on 

the sorption on heterogeneous surface, and is in the form of equation (4): 

 
       (4) 

 
Where Kf (L/g) and n are the Freundlich isotherm constants and intensity of 

adsorption, respectively; qe and Ce are as described for equation (3).  

3.1.5. Bed-depth service-time (BDST) model 
The breakthrough curves using the BDST model is based on 

measuring the bed capacity at different percentage of breakthrough values. The model 

is based on an assumption that the rate of adsorption is controlled by the surface 

reaction between the adsorbate and the unused capacity of the adsorbent. Constants 

from the model can be easily scaled up for different concentration and flowrate 

without conducting more experiments. Moreover, it can be used to predict the fixed 

bed column performance at any bed height. The linear relationship between bed depth 

and service time is given by Eq. (5) [41]: 

    (5) 
 

Where C is the breakthrough Pb(II) concentration (mg/L); N the adsorption capacity 

of the bed (mg/L); Z the depth of the column bed (cm); v the linear flow velocity of 

lead solution through the bed (ml/cm2 h); and Kα the rate constant (L/mg h).  
3.1.6. Adam-Bohart model 

Adams-Bohart model [42] is commonly used for description of 

the initial part of the breakthrough curve [43], and the model equation is expressed as 

Eq. (6): 

      (6) 
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Where C0 and Ct (mg/L) are the inlet and effluent Pb(II) concentration; kAB (L/mg 

min) the kinetic constant; F (mm/min) the linear velocity calculated by dividing the 

flowrate by the column section area; Z (mm) the bed depth of column; and N0 (mg/L) 

the saturation concentration. 

3.1.7. Thomas model 

One of the most popular and widely used models for describing 

the process theory of adsorption in a fixed bed column is the Thomas model [44]. This 

model assumes plug flow behavior in the bed, and uses Langmuir isotherm for 

equilibrium and second-order reversible reaction kinetics. The model equation is 

expressed as Eq. (7):  

 
     (7) 

 
Where kTh (ml/min mg) is the Thomas rate constant; q0 (mg/g) the equilibrium Pb(II) 

uptake per g of the adsorbent; Co (mg/L) the inlet Pb(II) concentration; Ct (mg/L) the 

outlet concentration at time t; W (g) the mass of adsorbent; Q (ml/min) the flowrate; 

and t (min) the flow time.  

3.1.8. Yoon-Nelson model 

The Yoon and Nelson [45] had developed a model based on the 

assumption that the sorption rate of decrease in the probability adsorption of adsorbate 

molecule (solution) is proportional to the probability of the adsorbate adsorption and 

the adsorbate breakthrough on the adsorbent. The linear form of the equation as Eq. 

(8):  

     (8) 

 

Where kYN (min−1) is the Yoon–Nelson proportionality constant; and τ (min) the time 

required for retaining 50% of the initial sorbate. 

 
3.2. Experimental setup  

  For batch adsorption studies, a series of six glass conical flask 250 ml 

were utilized for each batch experiment. Each of the sex vessels was initially filled 
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with known amount of adsorbents and filled with 50 ml of different heavy metal 

solutions concentration. All these conical flasks were put in mechanical end shaker to 

obtained agitation of adsorbents with the adsorbate, by different time interval, after 

that were filtrated every flask and measured the residual metal remaining in solution. 

Adsorption experiments were investigated in different batches for the adsorbents and 

different heavy metals solution with varies concentration.           

  Study of Pb(II) adsorption was carried out at laboratory scale; fluidized 

bed reactor was used as the adsorption system to improve mixing and homogeneity. 

The experiment setup consisted of a fluidized column, a water reservoir, a peristaltic 

pump, as shown in Figure 1. The 5 cm outside-diameter and 24 cm height reactor with 

an effective volume of 470 ml was made from transparent acrylic. A mesh screen was 

fit at the top of the circulation fluidized column in order to capture the solid coming 

out of the column. One conical distributor was placed at the bottom to ensure proper 

distribution of the fluid. Aqueous solution of Pb(II) was continuously fed upward to 

the reactor at different flow rates, starting from 250 to 750 ml/min. The liquid effluent 

stream was recycled to the hold-up tank. 

 
Figure 1. Process Diagram of fluidized bed circulation  

 

  Schematic diagram for the fixed bed column system is shown in Figure 

2. The column was made of glass tube having 35 mm inside diameter and 240 mm in 

height. At the bottom of the column, a stainless steel sieve was attached, followed by 

a layer of glass wool. 
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Figure 2. The fixed bed experimental setup 

 

4. Method 

4.1. Batch adsorption  
All metal solutions were prepared from their nitrate salts (Analytical 

Reagents; AR) and distilled water. The synthetic solutions were all prepared by 

diluting Pb(II), Zn(II) and Cd(II) standard stock solutions (concentration 1000 ± 2 

mg/L) obtained by dissolving appropriate amounts of metal salt in double distilled 

water. Four dilutions: 100, 200, 300 and 400 mg/L, were used form Pb(II)  in each set 

of the experiment, and more four dilutions: 50, 75, 100 and 150 mg/L, were used from 

Zn(II) and Cd(II).  

Batch adsorption experiments were conducted on the three adsorbent 

materials, for which 0.08 g, 0.05 g, and 0.05 g for (BB), (CS) and (HAP), 

respectively, were used to produce the two mixtures. Each mixture of (BB&CS) and 

(HAP&CS) was put into a 250 mL conical flask containing 50 mL of Pb(II) ions at the 

pre-set concentrations mentioned earlier of  100, 200, 300 and 400 mg/L, shaken, 

filtered and subjected to Pb(II) analysis to determine the optimum Pb(II) adsorptions. 

Same steps were done for Zn(II) and Cd(II) ions at the pre-set concentrations 

mentioned earlier of 50, 75, 100 and 150 mg/L. The effect of contact time was studied 

in the time range of 0-40 min. At the end of the adsorption process the suspensions 

were filtered through 0.45 µm syringe membrane filters and the corresponding 

supernatant was analysed employing a Perkin Elmer Thermos Scientific S-series 

model (AAnalyst100) Flam atomic absorption spectrophotometer (AAS) for residual 

Pb(II), Zn(II) and Cd(II)   concentrations. Three replicates were conducted for each 

Pb(II) bio sorption experiment set, and the average values determined. The adsorbent 
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capacity of (BB&CS) and (HAP&CS) mixtures were calculated using general 

equation (9): 

     (9) 

 

Where qe is the amount of Pb(II),  Zn(II), and Cd(II) adsorbed on the adsorbent 

(mg/g); C0 and Ct are the Pb(II) concentrations in the solution before and after 

adsorption (mg/L); V is the volume of the solution (L); and M is the amount of the 

adsorbents used in the reaction mixture (g). 

4.2. Circulation column adsorption 
Bamboo biochar (BB), used in this work as the main material, was 

obtained by pyrolysis process at 500°C in nitrogen atmosphere. Hydroxyapatite 

(HAP) and 2,4-DCP were purchased from Sigma-Aldrich Co. LLC, while calcium 

sulphate (CS) was from Aldrich Chemicals. BB was grinded, sieved, and mixed with 

CS to form an adsorbent composite BC or mixed with HAP and CS to form another 

adsorbent composite HBC. The weight ratio of BB:CS is 0.62:0.38, and that of 

BB:HAP:CS is 0.46:0.27:0.27. A glue, prepared from polyvinyl alcohol (PVA) 

having a molecular weight MW of 22,000, was added to the mixtures to manufacture 

ball-shape adsorbents. The concentration of residual phenol was determined using a 

double beam UV–Vis spectrophotometer (Shimadzu UV-1601 Spectrophotometer, 

Japan) at wave length 765 nm, and for residual of Pb(II) as mentioned earlier. Study 

of 2,4-DCP and Pb(II) adsorption were carried out in laboratory scale; circulation 

fluidized-bed reactor was used as the adsorption system to improve mixing and 

homogeneity. The experimental system consisted of a reactor column, a water 

reservoir and a peristaltic pump. Aqueous solutions of phenol, lead were continuously 

fed upward to the reactor at different flow rates, starting from 250 to 750 ml/min. The 

liquid effluent stream was recycled to the hold-up tank. Three liters of the Phenolic or 

lead aqueous solution was treated with adsorbent of 3 g for each adsorbent. 

Adsorptions of the 2,4-DCP and Pb(II)  onto adsorbent BC and adsorbent HBC were 

compared. The suspensions in all studies were filtered through 0.45µm syringe 

membrane filters. All the experiments were conducted in triplicates for statistical 

analysis. 
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4.3. Fixed bed column adsorption 
  A known quantity of the prepared mixture of CS and BB, to form CB, 

was put in the circular rubber foam ring and was packed in the column to obtain the 

desired bed height of the adsorbent at ranges of 10-40 mm, equivalent to 0.8 to 3.2 g 

of CB, to study the effect of bed height. The column was connected to a distributer in 

order to provide a uniform flow of the solution through the column. Solution of Pb(II) 

of known concentrations at ranges of 5-30 mg/L was pumped downward through the 

column at varied flow rate at ranges of 10-20 ml/min controlled by a peristaltic pump 

to investigate the effects of initial concentration and the effects of flow rate. Samples 

of the outlet solution were collected at the exit of the column at time intervals and 
their concentrations were determined using a flame atomic adsorption 

spectrophotometer (AAS).  In order to ensure the accuracy and reproducibility of all 

the data, all column adsorption experiments were conducted in triplicate, and mean 

values were used in the analysis. 

 
5. Results and discussion  

5.1. Batch Adsorption 

  In the beginning of this section batch adsorption characteristic for the 

adsorption of Pb(II) by two mixtures of (BB&CS) and (HAP&CS) from aqueous 

solution will be explained, and adsorption of Zn(II) and Cd(II) by both mixtures 

mentioned earlier will be discussed. More details of this part have been written in 

publications attached in Appendix A.       

5.1.1. Batch adsorption of Pb(II) 

   Batch adsorption features can be explained by many ways, one 

of these is the effect of contact time. Figure 3 depicted the contact time effect between 

the aqueous solution of Pb(II) and adsorbents mixture from two combinations of 

(HAP&CS) and (BB&CS) that were mixing together in the shaken conical flask. The 

concentrations applied were of 100, 200, 300 and 400 mg/L and the contact times of 

adsorption were running until 40 min. It can be observed from this Figure, the 

percentage removal rate of Pb(II) from the aqueous solution increased rapidly and 
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attained up to 99% at 40 min. The equilibrium time for all adsorbents was reached 

before 40 min, which that means both adsorbents had similar behaviour.  

 

 
 

Figure 3. Pb(II) removal efficiency vs. contact time for the (BB&CS) and the 
(HAP&CS) adsorbent mixtures at 400 mg/L initial concentration and different time 
from 0 to 40 min. 

 
   As mentioned earlier, the experiments were conducted for four 

separate concentrations of Lead ion aqueous solution (100, 200, 300 and 400 mg/L). 

The effect of these concentrations was studied and described in Figure 4. The 

adsorption capacity of Pb(II) by both adsorbents mixtures, increased when the initial 

concentration of metal ion increasing for both mixtures. In Figure 4 the maximum 

equilibrium uptake of Lead ion removal were found to be 200 mg/g for the 

(HAP&CS) mixture, and 152.4 mg/g for the (BB&CS) mixture. 

 

 
Figure 4. Effect of initial Pb(II) concentration Ce on the equilibrium capacity qe for the 
(BB&CS) and the (HAP&CS) adsorbent mixtures at different concentration of 100, 
200, 300 and 400 mg/L, and 40 min time   



14 
 

 

   From that data of adsorption kinetics, plotting the time T versus 

the reaction rate t/qt, as displayed in Figure 5, was carried out at initial Pb(II) 

concentration of 400 mg/L at 28 °C (room temperatures). The pseudo second-order 

adsorption rate constant (K2) and (qe) were calculated from the slope and the intercept 

of this plots. It can be clearly seen from Table 1 that linearity of correlation 

coefficients (R2) of the pseudo second-order kinetic model are well. Based on the 

comparison between the values of qe theoretically and experimental calculated, 

moreover it was also found that the model fitted good for removal of Pb(II) by both 

adsorbent mixtures. 
 

Table 1. Adsorption kinetic model rate constants for Pb(II) removal 

Adsorbents qe Exp 
mg/gad 

Pseudo second-order 
qe (Cal) 
mg/g 

K2 R2 

BB&CS 152 151.5 0.73 0.9900 
HAP&CS 199 200.0 0.50 0.9900 

 
 

 
Figure 5. Removal capacity of Pb(II), pseudo second-order model fit, for (BB&CS) 
and (HAP&CS) mixtures at 400 mg/L initial concentration with different time from 0 
to 40 min.  

 
   In the isotherms studies Figure 6, employing Langmuir model, 

and Figure 7, employing Freundlich model, display the intercept and slope for the 

lines applied in the calculations of the isotherm constants tabulated in Table 2. 
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Figure 6. Langmuir isotherm 1/Ce vs. Pb(II) adsorption qe  for (BB&CS) and 
(HAP&CS) mixtures at different initial concentration of 100, 200, 300 and 400 mg/L 
and 40 min time of equilibrium. 
 

 
Figure 7. Freundlich isotherm Log Ce vs. Pb(II) adsorption Logqe for (BB&CS) and 
(HAP&CS) mixtures at different initial concentration of 100, 200, 300 and 400 mg/L 
and 40 min time of equilibrium. 

 
Table 2. Isotherm parameters for sorption of Pb(II) by different adsorbent 

Adsorbents Langmuir Freundlich 
qmax b R2 KF n R2 

BB&CS 152.4 0.0025 0.9998 0.387 1 0.9980 
HAP&CS 200 0.0025 0.9900 0.51 1 0.9900 
   

From Table 2 the correlation coefficient (R2) calculated for the 

Langmuir isotherm is slightly better than that gained from the Freundlich isotherm, 

and hence the first model (Langmuir) is a little more favourable. Moreover the smaller 

values of constant 1/n equal the unity, that means the adsorption bond is too strong 

between Pb(II) and the surface of both adsorbent.    
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5.1.2. Batch adsorption of Zn(II) and Cd(II) 

   Adsorption of Zn(II) and Cd(II) by both adsorbent 

mixtures from aqueous solution were used diverse initial concentrations in range 50 to 

150 mg/L. For all state of initial concentration for both metal ions, the sorption 

capacities were rise straight from the beginning at the initial state, which that 

depending on the saturation of the porous space and empty site in the adsorbents. 

From Figure 8(a), and Figure 8(b), blow describe the effect of different initial 

concentration on sorption capacity rate of adsorbents HAP&CS mixture and  BB&CS 

mixture respectively.   

 
Figure 8(a). Effect of initial metal ion concentration of Zn(II) and Cd(II) in HAP&CS 
capacity at different concentration of 50, 75, 100 and 150 mg/L, and 40 min 
equilibrium time. 
 

 
Figure 8(b). Effect of initial metal ion concentration of Zn(II) and Cd(II) in BB&CS 
capacity at different concentration of 50, 75, 100 and 150 mg/L, and 40 min 
equilibrium time 
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   The contact time effect between the adsorbent mixtures and 

metal ion solutions were studied at different time interval in range from 0 to 40 min. 

The plots presented in Figure 9(a) and Figure 9(b) shows the percentage removal of 

Zn(II) and Cd(II) onto adsorbents (HAP&CS) and (BB&CS) mixtures versus time, at 

initial concentration 100 mg/L for both metals ion. In Figure 9(a) the maximum of 

Zinc ion and Cadmium ion removal percent were found to be approx. 50% of and 

40% within time 30 min for adsorbent (HAP&CS) respectively. And for adsorbent 

(BB&CS) were found to be approx. 30% of Zn and more than 20% of Cd.  

 

 
Figure 9(a). Effect of contact time in removal metal ion concentration by HAP& CS at 
100 mg/L initial concentration with different time from 0 to 40 min. 
 

 
Figure 9(b). Effect of contact time in removal metal ion concentration by BB&CS at 
400 mg/L initial concentration with different time from 0 to 40 min. 
 

For the kinetic investigation was employed pseudo-second 

order equation. The kinetic adsorption of Zn(II) and Cd(II) onto adsorbents 
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(HAP&CS) and (BB&CS) mixtures were described by plots of the reaction rate t/qt 

against the contact time T, as shown in Figure 10(a) and Figure 10(b) respectively. 

The rate constants K2 and the theoretical qe(Cal) of pseudo-second order kinetic model 

were determined from the slope and intercept of the linear plots as mentioned in 

Figure 10(a) and 10(b). It can be clearly seen in Table 3 the (R2) linear correlation 

coefficients of this kinetic model were good, based on the comparison between the qe 

values from experiments and theoretically calculated. 

 
Table 3. Adsorption kinetic model rate constants for Zn (II) and Cd (II) removal 

Adsorbent Metal ions qeExp 
mg/gad 

Pseudo  second order 
qe(Cal) 
mg/g K2 R2 

HAP&CS 
Zn 24.47 24.51 0.073 0.99 
Cd 18.05 18.018 0.0502 0.994 

 

BB&CS 

Zn 14.423 13.51 0.023 0.923 

Cd 8.0423 7.6452 0.0729 0.975 

 

 
 
Figure 10(a). Kinetic model for removal of Zn(II) and Cd(II) ions by adsorbent 
HAP&CS in a pseudo-second model at 100 mg/L initial concentration with different 
time from 0 to 40 min. 
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Figure 10(b). Kinetic model for removal of Zn(II) and Cd(II) by adsorbents BB&CS 
in a pseudo-second order at 400 mg/L initial concentration with different time from 0 
to 40 min. 
 

For the isotherms adsorption, were used Langmuir and 

Freundlich isotherm models. The constants b and qm in Langmuir equation were 

calculated from the slope and intercept of the linear plots of 1/qe against 1/Ce in Figure 

11(a), and Figure 11(b) for adsorbents (HAP&CS) and (BB&CS) mixtures 

respectively. From Table 4 the qm values for adsorbent (HAP&CS) were found to be 

28.57 mg Zn(II)/g and 21.28 mg Cd(II)/g, and for adsorbent (BB&CS) mixture, were 

found to be 16.13mg Zn(II)/g and 12.82 mg Cd(II)/g. From the same Table depicted 

values (R2) correlation coefficient of the adsorption of Zn(II)  and Cd(II) by both 

adsorbents mixtures of 0.9096, 0.9510 and 0.9595, 0.9972 respectively, which 

demonstrated that fitted well of experimental results data. 

 

 
Figure 11(a). Langmuir isotherm for the adsorption of Zn(II) and Cd(II) by adsorbent 
HAP&CS at different initial concentration of 50, 75, 100 and 150 mg/L initial 
concentration and 40 min time of equilibrium. 
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Figure 11(b). Langmuir isotherm for the adsorption of Zn(II) and Cd(II) by adsorbent 
BB&CS at different initial concentration of 100, 200, 300 and 400 mg/L initial 
concentration and 40 min time of equilibrium. 
 
 

   In the Freundlich isotherms model, the values of constants n 

and Kf were determined from the slope and intercept of the liner plots of log qe against 

log Ce. The constants values of 1/n were found to be (2.5, 2.016) for Zn and Cd onto 

(HAP&CS) adsorbent mixture and (0.27, 1.54) for (BB&CS) adsorbent mixture 

respectively. All the higher values of this constant 1/n suggest that the bond of 

adsorption is weak. In this case 1/n >1 for adsorbent (HAP&CS) and Cd in (BB&CS), 

that means the sorption constant increases when the increasing solution concentration, 

probably reflecting an increase hydrophobic characteristic in the surface after a layer 

one molecule thick. In that case of adsorption of Zn by (BB&CS) adsorbent, the value 

of 1/n is less than unity, indicating that significant adsorption takes place in the low 

concentration of Zn and the opposite is true. As described in the Figure 12(a) for 

(HAP&CS), and Figure 12(b) for (BB&CS). While the comparison between two 

models, Langmuir was fitting well more than Freundlich model. However, all the 

calculated results were shown in Table 4. 
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Table 4. Isotherms parameters for sorption of Zn(II) and Cd(II) by different 
adsorbents. 

Adsorbent Metal 
ions 

Langmuir Freundlich 

b K R2 Kf n R2 

HAP&CS 
Zn 28.57 0.010 0.9096 0.820 0.400 0.8616 

Cd 21.28 0.002 0.9510 0.001 0.496 0.9096 

BB&CS 
Zn 6.13 0.040 0.9595 4.230 3.700 0.9310 

Cd 12.82 0.003 0.9972 0.006 0.650 0.9782 

 

 
Figure 12(a). Freundlich isotherm for the adsorption of Zn(II) and Cd(II) ions by 
adsorbent HAP&CS at different initial concentration of 100, 200, 300 and 400 mg/L 
initial concentration and 40 min time of equilibrium. 
 

 
Figure 12(b). Freundlich isotherm for the Adsorption of Zn(II) and Cd(II) ions by 
adsorbent BB&CS at different initial concentration of 100, 200, 300 and 400 mg/L 
initial concentration and 40 min time of equilibrium. 
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5.2. Circulation column adsorption 
  In this section circulation column adsorption characteristic for 

adsorption of 2, 4-DCP and Pb(II) by two different adsorbents ball shape of BC and 

HBC from aqueous solution will be investigated. More details of this part have been 

written in publications attached in Appendix B.   

5.2.1. Circulation column adsorption of 2,4 DCP 

 Adsorbent behaviour of adsorbents BC and HBC on the 

adsorption of 2,4-DCP were investigated from adjustment effect of the initial pH of 

solution in range from 3 to 10 at 28°C (room temperature) while the initial 

concentration of 2,4-DCP solution of 10 mg/L was permanently maintained for both 

adsorbents. As shown in Figure 13, the removal percentage rates of the 2,4-DCP was 

lower on the two ends of the pH region. Different behavior trends were noted for the 

both different adsorbents. For HBC adsorbent, the maximum 2,4-DCP removal 

percent of 60% was at pH 6, and it’s percent rates dropped to 45-50% on either side. 

For BC adsorbent, the maximum removal percent rates of nearly 40% was at pH 8, but 

was rather steady between pH 6-10, though with a sharp decline at pH 4. The decline 

in adsorption percent rates was sharper for HBC in the alkaline range while the 

descent was a little sharper for BC in the acidic range. The surface charge of both 

adsorbents, were negative in the pH-zone between 3-10, see Figure 13. The slow rates 

removal of 2,4-DCP percent at highest pH range could had been resulted of strong 

competition between the ionic species for 2,4-DCP and the ions of OH−, hence 

reducing the 2,4-DCP removal. 

 
Figure 13. Initial pH solution of 2,4-DCP adsorption vs. Percentage of removal at 
initial pH between 3 to 10 at room temperature of 28°C and initial concentration 10 
mg/L. 
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   The efficiency of percentage removal of 2,4-DCP by adsorption 

onto adsorbents BC and HBC was investigated on the effect of contact time at 

different time intervals between 0 to 180 min at 28 °C. The adsorption rates gradually 

increases depending on the accumulation of 2,4-DCP on the both adsorbents surface 

during this time. Figure 14 describe the effect of contact time on the percentage 

removal and the result was that the time of equilibrium for either adsorbent was 

attained at approximately 180 min. 

 

 
Figure 14. Contact time of circulation fluidization vs. Percentage of removal at 
contact time of fluidization between 0 to 180 min, flow rate of 500 ml/min, solute pH 
of 6.5, 3g of adsorbent, 7.5 mg/L of the 2,4-DCP initial concentration. 
 

The effect of different flowrate was studied for adsorption of 

2,4-DCP from aqueous solution using the BC and HBC adsorbents. Experiments were 

conducted at 28°C with flow rate between 250-750 ml/min while other parameters 

were kept constant (3g of adsorbent, 7.5 mg/L of the 2, 4-DCP initial concentration 

and solute pH of 6.5). From Figure 15, the percentage removal rates of the 2,4-DCP 

solution employing BC adsorbent dropped when the flow rate of the solution 

increasing, whereas for HBC it was the reverse. In case of HBC, the removal capacity 

of 2,4-DCP increased imperceptibly beneath flow rate of 500 ml/min, except at range  

250 to 300 ml/min. 
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Figure 15. Flow rates of 2,4-DCP solution vs. Percentage removal at flow rate in 
range of 250–750 ml/min, solute pH of 6.5, 3g of adsorbent and 7.5 mg/L. 
 

Studies were conducted at 28°C (room temperature) to study 

the initial concentrations effect, in range from 5-10 mg/L of 2,4-DCP, on adsorption at 

fixed variables: adsorbent weight of 3g, flow rate of 500 ml/min, pH of 6.5. It can be 

observed from Figure 16 that at lower initial concentration the sorption capacities for 

BC and HBC adsorbents increased with increasing initial concentration, then ascend 

slowly (for the BC adsorbent) or plateau off (for the HBC adsorbent). From the 

experiment data, the highest removal percentage for HBC was approximately 75% at 

7.5 mg/L initial concentration. For the BC adsorbent, the maximum removal 

percentage was at 56% at 10 mg/L. 

 
Figure 16. Initial concentration of 2, 4-DCP solutions vs. Percentage of removal at 
initial concentrations, from 5 to 10 mg/L, pH of 6.5, adsorbent weight of 3g and flow 
rate of 500 ml/min. 

 
In the first order kinetic model equation, the values of log(qe-

qt) for 2,4-DCP were determined and plotted against time T, as depicted in Figure 17, 
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while the calculated results of the pseudo-first order model are depicted in Table 5. If 

the plotted line is linear with good (R2) correlation coefficient, then Lagergren 

equation is suitable; and it can be seen that the BC did not fare well. 

 

 
Figure 17.  Results from pseudo-first order kinetic model for the removal of 2,4-DCP 
at initial concentrations 10 mg/L, pH of 6.5, adsorbent weight of 3g and flow rate of 
500 ml/min. 

From the equation of pseudo-second order kinetic model was 
found to be simply to expect the kinetics behaviour of adsorption over the whole zone; 
the linear plot of t/qt against time T, described in Figure 18 and in Table 5 as well as, 
was employed to find the slope of (1/qe), and the intercept of (1/k2 qe

2). From Table 5, 
agreements between determined values of qe and experimental values was clear; 5.68 
against 5.56 for the BC, and 5.90 and 6.25 for the HBC. Thus, the second-order 
kinetics model is assured well than the first-order kinetics model to expect and depict 
the adsorption process of 2,4-DCP onto BC and HBC adsorbents. 

 

 
Figure 18.  Results from pseudo-second order kinetic model for the removal of 2,4-
DCP at initial concentrations 10 mg/L, pH of 6.5, adsorbent weight of 3g and flow 
rate of 500 ml/min. 
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Table 5.  Adsorption kinetic model rate constants for 2, 4-DCP removal by different 
adsorbents 

 

For the adsorption isotherm, the plots of (1/qe) against (1/Ce) 

are described in Figure 19, and the calculated data in Table 6. It can be clearly seen 

from the Table that the (R2) correlation coefficients were good for two adsorbents; 

with HBC slightly better. And hence the Langmuir isotherm model is agreeable. 

 

 
Figure 19. Langmuir isotherms (1/qe) vs. 1/Ce for the adsorption of 2, 4-DCP (at 
different initial concentration in range 5-10 mg/L, contact time of fluidization 180 
min, flow rate of 500 ml/min, pH of 6.5 and 3g of adsorbent). 
  

Form the Freundlich isotherm model equation the values of Kf 

and n were gained from the intercept and the slope of the plots between ln(qe) against 

ln(Ce) in Figure 20 and depicted in Table 6 together with other variables from the 

Langmuir model equation. The Freundlich model, however, obtained a better fitting 

for performing the adsorption of 2,4-DCP onto both adsorbents since the R2 

correlation coefficient yielded were relatively higher and the n (computed coefficient) 

values were less than unity. Also the value of constant 1/n were calculated, 1.26 for 

BC and 1.25 for HBC. In this case the values of 1/n higher than unity, that means the 

constant of adsorption increases when the concentration of 2,4-DCP increase.   

Adsorbent qeExp 
mg/gad 

Pseudo-first order Pseudo-second order 
qe(cal) 
mg/g k1 R2 qe(cal) 

mg/g k2 R2 

BC 5.56 4.140 0.0260 0.7810 5.68 0.0190 0.9925 

HBC 6.25 1.317 0.0046 0.9421 5.90 0.0311 0.9916 
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Figure 20. Freundlich isotherm ln(qe) vs. 1n(Ce) for the adsorption of 2,4-DCP at 
different initial concentration in range 5-10 mg/L, contact time of fluidization 180 
min, flow rate of 500 ml/min, pH of 6.5 and 3g of adsorbent.  

 
Table 6.  Isotherm parameters for sorption of 2, 4-DCP by different adsorbent 

 

 

 

 

 

5.2.2. Circulation column adsorption of Pb 

A factor indicating removal percent efficiency of Pb(II) from 

aqueous solution is the pH. For the adsorption of Pb(II) from aqueous solution onto 

two adsorbents balls BC and HBC, this effects were investigated from adjustment of 

initial pH in range from 3 to 10 at 28 °C (room temperature) while the initial of Pb(II) 

concentration solution of 70 mg/L was permanently maintained. Various behaviour 

paths were observed for the both adsorbents as described in Figure 21. For the BC 

adsorbent ball, the maximum metal ions removal percentage of 94% happened at pH 

10, and its rates of removal decreased dramatically to be 15% at the low acidic pH 

zone of 6. For the HBC adsorbent ball in the experimental data the Pb(II) removal 

percentage rates increased from solely above 60% at pH 3 to above 90% at pH 4. In 

our HBC realization, a maximum Pb(II) removal percentage rates of nearly 95% 

occurred at pH 10, and was rather steady between pH 8-10, though with a sharp steep 

at pH 6 

Adsorbent 
Langmuir Freundlich 

qmax b R2 KF n R2 
BC 10.69 0.0350 0.9461 0.302 0.79 0.9650 

HBC 16.37 0.0315 0.9699 0.410 0.80 0.9827 
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Figure 21. Initial pH of Pb(II) vs. Percentage of removal at initial pH between 3 to 10 
at room temperature of 28°C and initial concentration 70 mg/L. 
 

The percentage removal of Pb(II) by adsorption onto  both 

adsorbents BC and HBC was studied on the effect of contact time of fluidization in 

the column at varied time intervals start from 0 to 180 minutes. Experiments were 

carried out at 28 °C (room temperature) while other parameters were kept constant (3g 

of adsorbents ball, pH of 6.5, initial concentration of the Pb(II) of 50 mg/L and 250 

ml/min flow rate). Figure 22 observes the effect of contact time of fluidization on the 

Pb(II)  percentage removal, and the equilibrium time for two adsorbents was patently 

180 minutes. The removal percentage rates were approximately 57% for the BC 

adsorbent, and 69% for the HBC adsorbent at equilibrium. 

 

 
Figure 22. Contact time of circulation fluidization vs. Percentage of removal (at 
contact time of fluidization between 0 to 180 min, flow rate of 500 ml/min, solute pH 
of 6.5, 3g of adsorbent, 50 mg/L of the Pb(II)  initial concentration). 
 

The effect of different flow rate was investigated for 

adsorption of Lead ion from aqueous solution employing the BC and the HBC 
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adsorbents ball. Experiments were conducted at flow rate between 250 to 750 ml/min 

at 28 °C (room temperature) while the other variables were kept constant (pH of 6.5, 

initial concentration of the Pb (II) of 50 mg/L and 3g of adsorbents ball). Figure 23 

describe the effect of different flow rate on the percentage removal rate; that for one 

of the adsorbent, an increase in the previous decreases the latter. From the 

experiments results, the highest percentages of removal rates were about 57% for the 

BC adsorbent, and 69% for the HBC adsorbent, at 250 ml/min flow rate. In this case 

of a lower flow rate, the contact or residence time was increased in the fluidization 

column, and the opposite happened at a higher flow rate. 

 

 
Figure 23. Flow rate of Pb(II) solution vs. Percentage removal (at flow rate in range of 
250–750 ml/min, solute pH of 6.5, 3g of adsorbent and 50 mg/L). 
 

Experiments were carried out at 28 °C (room temperature) to 

study this effect between 30 to 70 mg/L of Lead ion solution, whilst other parameters 

were kept constant (3g of adsorbent ball weight, flow rate of solution of 500 ml/min 

and pH of 6.5). Figure 24 depicts the effect of different initial concentration on the 

removal percentage rate of metal ion. The capacities of sorption for the BC adsorbent 

and the HBC adsorbent behave identically. For this effect, rise in initial Lead 

concentration was followed by an rise in capacity rate of Pb(II). Though the pore girth 

and shape of the BC and the HBC adsorbents vary, these are constants, concept that at 

low initial Lead concentration, the diffusion is greater.  From the experiment result, 

the highest percentages of removal rates were 53% for the BC adsorbent, and 77% for 

the HBC adsorbent, at 30 mg/L initial concentration. 
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Figure 24. Initial concentration of Pb(II) solutions vs. Percentage of removal (at initial 
concentrations, from 30 to 70 mg/L, pH of 6.5, adsorbent weight of 3g and flow rate 
of 500 ml/min). 
 

The both kinetic models, pseudo-first order and pseudo-second 

order, were employed to study the Pb(II), adsorption kinetics onto adsorbents balls BC 

and HBC. From the equation of the first order, the values of constant k1 and qe were 

determined from the slope and the intercept of the plot of log(qe-qt) against time, 

described in Figure 25, while the calculated results of the pseudo-first order model are 

depicted in Table 7. It can be seen this model is not quite appropriate because of the 

value of qe calculated (7.98 for the BC, and 20.77 for the HBC) differed frequently 

from qe got from experimental (40.29 for the BC, and 41.20 for the HBC). 

 

 
Figure 25. Results from Pseudo-first order kinetic model for the removal of Pb(II) (at 
initial concentrations 70 mg/L, pH of 6.5, adsorbent weight of 3g and flow rate of 250 
ml/min). 



31 
 

 

For Lead ion adsorption by the BC and the HBC, the k2 

constant of pseudo-second order kinetic model, and qe cal, values were calculated 

from the slope and the intercept, (1/qe) and (1/k2 qe
2) respectively of the linear plot of 

(t/qt) against time, described in Figure 26, and in the Table 7 as well. The (R2) 

correlation coefficients yielded from the second order model for the BC and the HBC 

adsorbents were higher than those derived from the first order model. Furthermore, 

the agreement between the values of qe got from experimental and that result from the 

calculation was clearly very close; 40.29 against 40.98 for the BC adsorbent, and 

41.20 against 40.98 for the HBC adsorbent. 

 

 
Figure 26. Results from Pseudo-second order kinetic model for the removal of Pb(II), 
(at initial concentrations 70 mg/L, pH of 6.5, adsorbent weight of 3g and flow rate of 
250 ml/min). 

 
Table 7. Adsorption kinetic model rate constants for Pb(II) removal by different 
adsorbents. 

 

Both isotherm models, Langmuir and Freundlich, were used 

here in the studying of the BC and HBC adsorbents ball. The liner plot of (1/qe) 

against (1/Ce) of first model (Langmuir) is depicted in Figure 27, and the calculated 

Adsorbent qeExp 
mg/gad 

Pseudo-first order Pseudo-second order 

qe(cal) 
mg/g 

k1 R2 qe(cal) 
mg/g 

k2 R2 

BC 40.29 7.98 0.009 0.9116 40.98 0.0075 0.9994 

HBC 41.20 20.77 0.01 0.9209 40.98 0.0015 0.9719 
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results described in Table 8. The values of qmax and KL from the Table are estimated 

from the liner plot by the slope and the intercept of. The (R2) correlation coefficients 

gained were good for two, the BC and the HBC adsorbents; meaning that the 

Langmuir model is suitable.  

 

 
Figure 27. Langmuir isotherms (1/qe) vs. (1/Ce)for the adsorption of Pb(II), (at 
different initial concentration in range 30-70 mg/L, contact time of fluidization 180 
min, flow rate of 500 ml/min, pH of 6.5 and 3g of adsorbent). 

 

The KF and n values, for Freundlich model were gained from 

the plots of ln(qe) against ln(Ce) by the slope and the intercept, in Figure 28 and 

depicted in Table 8, two of them with parameters from the Langmuir model. 

Furthermore, the highest value of KF indicates that the Lead ion adsorption capacity of 

the HBC is high; and the low value of 1/n (0.64 for the BC and 0.55 for the HBC) 

suggests that, if any large change in the concentration of Pb(II) ions at equilibrium 

would not be result in a change in the value of metal adsorbed by the HBC adsorbent. 

The (R2) for the Freundlich models were found to be close to those obtained from the 

Langmuir model. These two models gave (R2) of more than 0.94 and thus the 

experimental data are fitted well. 
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Figure 28. Freundlich isotherm ln(qe) vs. ln(Ce) for the adsorption of Pb(II) (at 
different initial concentration in range 30-70 mg/L, contact time of fluidization 180 
min, flow rate of 500 ml/min, pH of 6.5 and 3g of adsorbent). 

 
Table 8. Isotherm parameters for sorption of Pb(II) by different adsorbent 

 

5.3. Fixed bed column adsorption 
In this section fixed bed column adsorption characteristic for 

adsorption of Pb(II) by adsorbent mixture (CB), contained from Sudanese Clay (SC) 

and Bamboo biochar (BB) from aqueous solution will be investigated. More details of 

this part have been written in publications attached in Appendix C. 

The effect of different flow rate on fixed bed column 

adsorption of Lead ion using the CB adsorbent was studied under several flow rate  

between 10 to 20 ml/min, whilst other parameters were kept constant (bed height of 

the CB adsorbent 25 mm and an initial concentration of Lead ion of 17.5 mg/L). The 

breakthrough curves gained are depicted in Figure 29. In general the breakthrough 

occurred very slowly with weak flow rate. Similarly, the breakthrough time to attain 

saturation decreased significantly when the flow rate increasing. 

Adsorbent 
Langmuir Freundlich 

qmax KL R2 KF n R2 

BC 57.47 0.012 0.9857 1.77 1.56 0.9853 

HBC 59.52 0.020 0.9466 3.49 1.83 0.9517 
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Figure 29. Breakthrough curves for Pb(II)  adsorption on the CB at different flow rate 
10, 15 and 20 ml/min, (at constant inlet Pb(II)  concentration of 17.5 mg/L and bed 
height of 25 mm)  

 
The effect of various initial metal concentration on adsorption 

of Lead ion by the CB adsorbent were studied employing different inlet Pb(II) 

concentration between 5 to 30 mg/L while other variables were fixed (bed height of 

adsorbent 25 mm and Pb(II) solution flow rate of 15 ml/min). Figure 30 describe the 

breakthrough curves gained from different concentration of Pb(II). From the 

adsorption results, the breakthrough time, the removal percent efficiency and the 

saturation time reduced when the initial concentration of the Pb(II) ions increase. The 

Lead ions adsorbed by the CB adsorbent mixture increased from 306 to 887 and 905 

mg, in sequent when the initial concentration of 5, 17.5 and 30 mg/L. 
 

 

Figure 30. The breakthrough curves for Pb(II) adsorption on the CB at different inlet 
Pb(II) concentrations 5, 17.5 and 30 mg/L, (at constant bed height of 25 mm and 
flowrate of 15 ml/min) 
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Removal of metal ion in the adsorption process employing the 

CB adsorbent mixture was investigated under the effect different of bed height while 

the flow rate and inlet of Pb(II) solution concentration were fixed, in sequent at 15 

ml/min and 17.5 mg/L. Breakthrough curves for the bed height of 10, 25 and 40 mm 

are depicted in Figure 31. The breakthrough curves gained were dropped with lower 

bed height. 

 
Figure 31. Breakthrough curves for Pb(II)  adsorption on the CB at different bed 
height 10, 25 and 40 mm, (at constant inlet Pb(II)  concentration of 17.5 mg/L and 
flow rate of 15 ml/min) 

 
The parameters from the breakthrough curves can be applied 

to predict the column efficiency in design. The BDST model plot of time against bed 

depth at 15 ml/min flow rate was linear, as depicted in Figure 32. The value of (R2) 

correlation coefficient of 0.9959 is high, meaning that, good validity of this model. 

The obtained values of the model variables (N) and (Kα) are 393.75 mg/L and 0.037 

L/mg h, respectively. 

 
Figure 32. BDST plot for Pb(II) adsorption on CB 
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Adams-Bohart model was used for the experimental result and 

the value of adsorbent capacity (N0) and the (kAB) constant of the model were 

determined and presented in Table 9, with the (R2) correlation coefficients (gained 

between 0.9182 to 0.9788). On the bed height variable, (N0) increased when increasing 

bed height while (kAB) decreased. 
Table 9. Adams-Bohart model result from linear regression analysis 

Initial concentration 
(mg/L) 

Flow rate 
(ml/min) 

Bed height 
(mm) 

kAB  
(L/mg min) 

N0 
(mg/L) 

R² 

5 15 25 0.0024 298.26 0.9267 

17.5 15 25 0.000262857 939.68 0.9263 

30 15 25 0.0002 1090.66 0.9544 

17.5 10 25 0.000297143 891.63 0.9788 

17.5 15 25 0.0002 1090.66 0.9544 

17.5 20 25 0.000182857 1283.8 0.9506 

17.5 15 10 0.000411429 478.81 0.9182 

17.5 15 25 0.000262857 939.68 0.9263 

17.5 15 40 6.28571E-05 2827.58 0.9501 

 
The experimental results were fitted well to the Thomas 

model. The calculated (kTh) rate constant, the maximum adsorbent capacity (q0), and 

the (R2) correlation (gained in range of 0.8839 to 0.9838) are recorded in Table 10. 

From the Table, (kTh) rate constant decreased when the inlet concentration of Pb(II) 

increasing due to the rise in mass transport resistance while the (q0) values were 

increasing. The maximum adsorbent capacity (q0) decreases with increasing the bed 

height and flow rate. The (kTh) rate constant of Thomas model reduce with increasing 

the bed height. 

The fourth one, and final model used for the experimental 

results is the Yoon-Nelson model. The Yoon–Nelson suitability constant (kYN) and the 

time wanted for retaining 50% (τ) determined for all results of the breakthrough 

curves with conformable (R2) correlation coefficient are depicted in Table 11. The R2 
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in range of 0.9287 and 0.9904 gained from this model. The 50% (τ) time retention was 

found to be significantly decreasing when the inlet Pb(II) concentration increase and 

the solution flow rate. 
 

Table 10. Thomas model result from linear regression analysis 

Inlet concentration 
(mg/L) 

Flow rate 
(ml/min) 

Bed height 
(mm) 

kTh  
(L/mg min) 

q0  
(mg/g) 

R² 

5 15 25 0.003780000 7352.58 0.8839 

17.5 15 25 0.000542857 9319.21 0.9763 

30 15 25 0.000610000 12313.52 0.9795 

17.5 10 25 0.000577143 18018.94 0.9552 

17.5 15 25 0.002834286 9852.22 0.8841 

17.5 20 25 0.000542857 9319.21 0.9763 

17.5 15 10 0.000942857 25444.60 0.9832 

17.5 15 25 0.000577143 18018.94 0.9552 

17.5 15 40 0.000377143 2682.20 0.9586 

 
Table 11. Yoon–Nelson model result from linear regression analysis 

Inlet concentration 
(mg/L) 

Flow rate 
(ml/min) 

Bed height 
(mm) 

kYN  
(L/mg min) 

τ (min) R² 

5 15 25 0.0196 221.62 0.9670 

17.5 15 25 0.0124 197.84 0.9849 

30 15 25 0.0183 54.73 0.9795 

17.5 10 25 0.0101 205.93 0.9552 

17.5 15 25 0.0124 197.84 0.9849 

17.5 20 25 0.0101 67.73 0.9904 

17.5 15 10 0.0165 77.55 0.9832 

17.5 15 25 0.0124 197.84 0.9849 

17.5 15 40 0.0028 123.11 0.9900 
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5.3.1 Fixed bed column adsorption optimizing 

The CB adsorbent mixture ability for adsorption Lead ion in 

this work was calculated by capacity gained. Results data of examination are 

reported for the effects of three parameters on a capacity gained of CB adsorbent 

mixture. RSM was applied to predict the optimum values of these parameters. A 

mathematical model was advanced based on the experimental design performed 

firstly by the essential regression software, as reported in Table 15. The experimental 

result was applied to develop a quadratic regression model to expect the CB gained 

as a function of the variables including the (F, ml/min) flow rate, the (C, mg/L) 

initial concentration of solution Pb(II), and the (H, mm) bed height of adsorbent CB 

mixture, which was given by: 

 (CB adsorbent capacity) Resp_1= 82.03 -5.487*F + 0.368*C -24.37H + 0.08984*F2 

-0.02582*C2 + 1.885*H2 + 0.03208*FC + 0.704*FH + 0.06167*CH         (10) 

Table 12.  Experimental design matrix and results 

Run Flowrate 
ml/min 

Concentration 
mg/l 

Bed height 
mm Resp_1 

Predicted 
Resp_1 

Residuals 

1 15 17.5 25 6.55 6.84 -0.293 

2 17.9 24.9 34 5.7 7.09 -1.390 

3 12 10 16 13.3 14.30 -1.000 

4 20 17.5 25 9.3 6.74 2.563 

5 15 17.5 4 6.91 6.13 0.783 

6 15 17.5 25 6.65 6.84 -0.190 

7 12 10 34 4 3.86 0.145 

8 15 17.5 10 18.64 16.04 2.597 

9 12 24.9 16 12.13 13.55 -1.419 

10 17.9 10 16 5 6.35 -1.352 

11 15 17.5 25 6.75 6.84 -0.09363 

12 12 24.9 34 3.7 4.74 -1.038 
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13 17.9 10 34 2.4 3.37 -0.972 

14 17.9 24.9 16 5.9 8.44 -2.535 

15 10 17.5 25 12.26 11.44 0.816 

16 15 30 25 6.7 4.06 2.642 

17 15 5 25 2.3 1.56 0.737 

 

The analysis of variance (ANOVA) summarized in Table 13 

and 14, demonstrated that the models were highly significant at 95% confidence level, 

with high F-Value and low F-significance. The P-values and regression coefficients 

were shown in same table; these were used for check the significance of each 

coefficient. From that test, it was found that flowrate (F) and bed height (H) were the 

most significant factors (p-values <0.05) affecting the CB capacity yield and the 

removal percentage of Pb(II) in CB. Additionally, as can be seen in Figure 33, the 

values predicted for CB capacity response by the mathematical model were in good 

agreement with the experimental results, confirming the fitness of the model.  

The good quality of the model developed was estimated based on the (R2) correlation 

coefficient. From the Figure 33, the model data fit good with the experimental data, as 

indicated by the calculation coefficients (R2) of 0.875 for the model expectation of CB 

gained, as will show the points of results were well distributed near to a straight 

forward line, while proposed a good relation between expected and the experimental 

data of the response. This specified that 87.5% of the total difference in the Lead ion 

uptake in CB adsorbent mixture. The R2 correlation coefficient from Eq.10 was reflect 

as mild to validate the fit validate, while may be lead to large difference  in CB 

adsorbent capacity gained expected  from the model.  

Table 13. Analysis of variance (ANOVA) summarized 

ANOVA       
Source SS SS% MS F F Signif df 

Regression 262.51 88 29.17 5.446 0.01802 9 
Residual 37.49 12 5.356   7 

LOF Error 37.47 12  (100) 7.494 750.7820 0.00133 5 
Pure Error 0.01996 0  (0) 0.00998   2 

Total 300.00 100    16 
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Table 14. Continue analysis of variance (ANOVA) summarized 

 

In the statistical data were shown that the model 

appropriate for predict the adsorbent capacity gained within the range of variables 

investigated. In Figure 33 describe the expected values against the experimental 

values for Lead ion uptake by CB adsorbent, as predicted the errors values between 

expected and experimental were bigger. For this case the possible reason for the 

lower notability and higher error of assessment were given by the model, might be 

there are other variables affecting in the adsorbent capacity gained, not only these 

three parameter. More studies were needed to verify this. Essential regression 

software was used to optimize the conditions, and the results showed that the 

maximum value of capacity yield was about 26 mg/g for a flowrate of 10 ml/min, a 

bed height of 10 mm, and an initial concentration of 14.5 mg/L 
 

 

Figure 33. Experimental results versus predicted values 
 

  P value Std Error -95% 95% t Stat VIF 
b0 82.03 0.01664 26.22 20.03 144.02 3.129  
b1 -5.487 0.06895 2.556 -11.53 0.557 -2.147 Significant 
b2 0.368 0.650 0.776 -1.466 2.202 0.474  
b3 -24.37 0.0085 6.735 -40.30 -8.442 -3.618 significant 
b4 0.0898 0.287 0.07799 -0.09458 0.274 1.152  
b5 -0.0258 0.07732 0.01248 -0.05532 0.00369 -2.069  
b6 1.885 0.06611 0.867 -0.164 3.934 2.175  
b7 0.0321 0.415 0.03704 -0.05550 0.120 0.866  
b8 0.704 0.05656 0.309 -0.02584 1.434 2.281  
b9 0.06167 0.633 0.123 -0.230 0.354 0.500  
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6. Conclusion remarks  
Bamboo biochar (BB) and Hydroxyapatite (HAP) are capable of 

removing Pb(II) from aqueous solutions, particularly when they are mixed with 

Calcium sulphate (CS). In this study, the adsorption capacities of the mix-adsorbents 

for a 400 (mg/L) Pb(II) contamination were found to be able to remove 152.4 (mg 

Pb(II)/g) when using (BB&CS), and 200 (mg Pb(II)/g) when using (HAP&CS). 

Though at three-fourths efficiency, this work has shown that low-cost (BB&CS) 

adsorbent can play an important role in adsorption of lead from water and/or 

wastewater, compared to the use of higher-price (HAP&CS). The combination of 

(BB) and (CS) to remove lead ions from aqueous solutions is found to be promising.  

The adsorbents mixtures (HAP&CS) and (BB&CS) were able to 

substantially remove Zn(II) and Cd(II) from aqueous solutions. The adsorbent 

capacity were found to be 24.47 mg Zn(II)/g, and 18.05 mg Cd(II)/g for adsorbent 

mixture (HAP&CS), and 14.423mg Zn(II)/g, and 8.0423 mg Cd(II)/g for adsorbent 

mixture (BB&CS). Clearly from this results both adsorbents mixture had ability to 

adsorb zinc more than cadmium, that due to difference in the size of atoms between 

Zn(II)  and Cd(II). However, the comparison between Pb(II), Zn(II) and Cd(II), both 

adsorbents mixture had very high ability to adsorb lead more than other metals in this 

study.             

Bamboo biochar plus Calcium sulphate (BC), and Hydroxyapatite plus BC 

were studied for their capacity in the removal of 2,4-dichlorophenol (2,4-DCP) in 

aqueous solution. The time of fluidization, adsorption kinetics and isotherms, among 

others, were studied. HBC and BC adsorbents are thus suitable and acceptable for the 

removal of 2,4-DCP from aqueous solutions at parameters it depended like the pH, the 

initial concentration of 2,4-DCP, the flow rate of the solution and the time of 

fluidization. Both adsorbents were compared for the removal of phenol via adsorption 

with many others, and HBC was found to be of good standing, while BC, though in 

the lower rank, fared acceptably based on its adsorbent capacity and isotherms and 

kinetics study. Taken its low cost into consideration, BC could be regarded as a new, 

moderately effective adsorbent that can be applied in the field of wastewater treatment 

and industries. 



42 
 

 

The BC and BC plus Hydroxyapatite (HBC) were investigated for their 

capacity in the removal of Pb(II) in aqueous solution. The initial pH of the solution, 

the time of circulation in the column, the flow rate, initial concentration, adsorption 

kinetics and isotherms, were studied. The suitable time of circulation in the column 

was found to be 180 min. Both adsorbents are thus suitable for the removal of Pb(II) 

from aqueous solution at variables they depended such as the initial concentration of  

Pb(II), the pH, the time of circulation in the column and the flow rate of the solution. 

Hence it can be concluded that BC offers a new effective and low cost adsorbent.  

The CB, adsorbent mixture of Sudanese clay plus Bamboo biochar, was 

used for removal of Lead ions from aqueous solution in the fixed bed column. 

Different parameters studied were: initial concentration Lead ion, solution flow rate, 

and adsorbent bed height. The process system was detected to perform better at low 

solution flow rate, high Lead ions initial concentration and low adsorbent mixture bed 

height. The Bed depth service time (BDST) model was applied in the fixed bed 

column performance experimental results and the parameters of this model were 

determined. The column results gained fitted well with also three other mathematical 

models: the Adams–Bohart, the Thomas and the Yoon-Nelson models. All these 

models can be suitable, but the (BDST) and Thomas and the Yoon-Nelson models, 

were found to better expect the breakthrough curves than the Adams-Bohart model. 

This study described that the adsorbent mixture CB can employ an important role in 

adsorption of Lead ion from aqueous solution in the fixed bed column.   

It was demonstrated that adsorption process were generated by using 

mixed of clay and Bamboo biochar with ratio 1:1 in the column for adsorption Pb(II) 

from aqueous solution. Flowrate and bed height were identified as the most significant 

factors affecting the adsorbent (CB) capacity yield. The model was adequate for 

predicting the CB capacity yield at less than 5% error. From RSM, a maximum value 

of 29 mg/g of the CB capacity yield was obtained at 10 ml/min of flowrate, 15 mg/L 

of solution concentration, and bed height of 10 mm. Experiments were conducted at 

the optimum conditions in order to verify the accuracy of the simulated optimum 

conditions. The CB capacity yield was 25 mg/g as compared to simulated value of 26 

mg/g (4 % error).  
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Abstract: Sorption studies were carried out to investigate removal of 2, 4-
Dichlorophenol (2, 4-DCP) from aqueous solution in a fluidized bed by two types of 
adsorbent mixtures: BC (Bamboo char plus Calcium sulphate), and HBC 
(Hydroxyapatite plus Bamboo char plus Calcium sulphate); both manufactured in ball 
shape. The main material Bamboo char was characterized by FTIR, DTA and SEM. 
The adsorption experiments were conducted in a fluidized bed circulation column. 
Adsorption, isotherms and kinetic studies were established under 180-min operating 
process time, at different initial 2, 4- DCP solution concentrations ranging from 5-10 
mg/l, and at different flow rates ranging from 0.25-0.75 l/min. The data obtained fitted 
well for both the Langmuir and Freundlich isotherm models; indicating favorable 
condition of monolayer adsorption. The kinetics of both adsorbents complies with the 
pseudo2ndorder model. BC was proven a new effective composite and low cost 
adsorbent which can be applied in the field of wastewater treatment, and it could also 
play an important role in industry water treatment. 
 
Keywords:  2, 4-Dichlorophenol, Bamboo biochar, Hydroxyapatite, Calcium 
sulphate, Adsorption 
 
INTRODUCTION  
 
  Phenolic compounds pose a major worldwide environmental health problem 
concerning industries handling phenol and metal process. Chlorophenol is a group of 
chemical, of which chlorines (between one and five) have been added to phenol1. Main 
pollution sources containing chlorophenols are wastewaters from pesticide, paint, 
solvent, pharmaceutics, wood, paper and pulp industries, as well as water disinfecting 
process2. In addition, phenolic derivatives are largely used as intermediates in 
productions of plastics, colors, pesticides, insecticides, etc.3. However, phenol 
containing water - when chlorinated during disinfection of water - results in formation 
of chlorophenol4.  

mailto:(ahmed.10000@yahoo.com)
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  Chlorophenols and related compounds are toxic to humans and aquatic lives, which 
are carcinogenic, mutagenic, and resistant to biodegradation. Results of phenolic 
compound discharging into the environment, affected to the contamination the 
environment and living organisms5. Phenols are considered as priority pollutants since 
they are harmful to organisms at low concentrations and many of them have been 
classified as hazardous pollutants because of their potential to harm human health. The 
United States Environmental Protection Agency (USEPA) and the European Union 
(EU) have designated phenols as priority pollutants6. Thus, removal of phenol from 
drinking water is of great importance, and has been receiving particular concerns in 
the last few decades7.  
  Treatment technologies, depending on the load of phenol compound in wastewater, 
are either physiochemical or biological8. Some conventional methods used to remove 
phenol from aqueous solutions are: adsorption, precipitation and coagulation, ion 
exchange, filtration, membrane separation, chemical oxidation, sedimentation, and 
reverse osmosis9.  
  Phenol could be removed effectively through adsorption process using a variety of 
adsorbents10, but without mentioning the use of Bamboo biochar. Preservative of 
various functional groups on Bamboo biochar surface can contribute a unique and 
specific preferential for different molecules uptake by active carbons11. Furthermore, 
it is well known that nano-size adsorbents, including Hydroxyapatite, possess 
excellent surface properties, such as large accessible internal and external surface12, 
and Bamboo biochar is a nano-size absorbent.  
  A new composite material made from Bamboo biochare plus Calcium sulphate (BC), 
can be used as an adsorbent in that Calcium sulphate plays a role on its hydrophilic 
property. Hydroxyapatite, by itself or together with calcium sulphate – better known 
for their combined properties in the medical profession, particularly in bone surgery 
and bone treatment – has reportedly been used more in the removal of heavy metals, 
but less so in the removal of phenols. And literature is yet to be found on the use of 
Hydroxyapatite plus Calcium sulphate plus Bamboo biochar (HBC) in the removal of 
phenols either.  
  Fluidized-bed reactor has received considerable attention and wide utilization in 
wastewater treatment due to several advantages. First, this reactor renders a more 
intensive contact between liquid and solid phase causing high mass transfer, high 
reaction rate, and small external mass transfer resistance between solid and liquid 
phase. Second, it could eliminate operating problems such as bed clogging and high 
pressure drop, which occur in packed-bed operations. Third, it is a high efficient, 
simple, stable and economical operation compared to other reactor configurations13. 
Thus it was chosen as a tool in this adsorption study.  
  The objective of this study was to investigate adsorption of 2, 4-dichlorophenol (2, 4-
DCP) in aqueous solution onto two types of ball-shape adsorbents: BC and HBC, in a 
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fluidized-bed circulation column. Adsorption isotherm of Langmuir and Freundlich 
were investigated. Moreover, adsorption kinetics pseudo-first and pseudo-second 
order were simulated for comparison.  
 
MATERIALS AND EXPERIMENTAL METHODS   

Preparation of Adsorbent and Properties 
  Bamboo biochar (BB), used in this work as the main material, was obtained by 
pyrolysis process at 500°C in nitrogen atmosphere. Hydroxyapatite (HAP), and 2, 4-
DCP were purchased from Sigma-Aldrich Co. LLC, while Calcium sulphate (CS) was 
from Aldrich Chemicals. BB was ground and sieved through mesh number 20, and 
mixed with CS to form an adsorbent composite BC, and with HAP and CS to form 
another adsorbent composite HBC. The weight ratio of BB:CS is 0.62:0.38, and that 
of BB:HAP:CS is 0.46:0.27:0.27. A glue, prepared from polyvinyl alcohol (PVA) 
having a molecular weight MW of 22,000, was added to the mixtures to manufacture 
ball-shape adsorbents. The concentration of residual phenol was determined using a 
double beam UV–Vis spectrophotometer (Shimadzu UV-1601 Spectrophotometer, 
Japan) at wave length 765 nm. Fourier transforms infrared spectroscopies (FTIR) 
(Bomem, MB 100) were carried out to identify the functional groups of the biochar. 
DTA for thermal stability of BB was analyzed. Scanning electron microscopy (SEM) 
was conducted with a Hitachi JSM-6700F SEM to observe the surface microstructures 
of the fresh Bamboo biochar.  

Properties and Preparation the Adsorbate 
  A stock solution of 2, 4-DCP was obtained by dissolving it in double distilled water. 
Desired solution of phenol was prepared using appropriate subsequent dilutions of the 
stock solution. The range of concentration of the phenol prepared from the standard 
solution varied between 5–10 mg/l. The pH of the solutions was adjusted to 6.5 by 0.1 
N NaOH and 0.1N HCl solutions. 

Experimental Method 
  Study of 2, 4-DCP adsorption was carried out in laboratory scale; circulation 
fluidized bed reactor was used as the adsorption system to improve mixing and 
homogeneity. The experimental system consisted of a reactor column, a water 
reservoir and a peristaltic pump. The reactor’s outside diameter is 50mm and its height 
is 240 mm. This reactor of the fluidized-bed column, having an effective volume of 
470 ml, was made from transparent acrylic. A conical distributor was placed at the 
bottom to ensure proper distribution of fluid. Aqueous solution of phenol was 
continuously fed upward to the reactor at different flow rates, starting from 250 to 
750ml/min. The liquid effluent stream was recycled to the hold-up tank. Three liters of 
the phenolic aqueous solution was treated with adsorbent of 3 g for each adsorbent. 
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Adsorptions of the 2, 4-DCP onto adsorbent BC and adsorbent HBC were compared. 
The suspensions in all studies were filtered through 0.45µm syringe membrane filters. 
All the experiments were conducted in triplicates for statistical analysis. 

RESULTS AND DISCUSSION   

FTIR Analysis 
  The progress from pyrolysis process method of the BB was fast and can be 
conveniently investigated by FTIR. The sample discs were prepared by mixing oven-
dried (at 105 °C) BB samples with spectroscopy-grade KBr in an agate mortar. 
Infrared spectra (4000-400cm-1) were recorded using a Nicolet IR100 FTIR 
spectrometer that was equipped with a TGS/PE detector and a silicon beam splitter 
with 1 cm-1 resolution. Figure 1 shows the FTIR spectra of the BB. Biochar produced 
at 500°C clearly revealed changes of functional groups on the surfaces. With 
increasing pyrolysis temperature, bands assigned to O-H stretching vibration should 
be close to 3400 cm-1 wave number. For the BB sample the O-H stretching vibration 
band of hydroxyl group was found at 3461cm−1, and severe peak at wave number 
2830cm−1 is assigned to C-H stretching vibration of aldehydes. Aliphatic was 
dwindled markedly by C-H stretching vibration (2921.21-2855 cm-1), indicating 
dwindle of labile aliphatic compounds in the biochar with the rise in pyrolysis 
temperature and a possible occurrence of demethoxylation,  demethylation, and 
dehydration of lignin. 
  The loss of OH and aliphatic groups explain the enhanced pore formation within a 
synchronous efflorescence of fused–ring entity, exceptionally for a high pyrolysis 
temperature; and this hypothesis was consistent with the results of increased surface 
area. The two functional groups, asymmetric (2921.21 cm-1) and symmetric (2855 cm-

1) C-H stretching bands, were associated with aliphatic functional groups. Intense 
bands for aliphatic CH2 dwindle with rising temperature; denoting dwindles in the 
contents of nonpolar groups.  
  Intensity of the band at 1690–1591.73 cm-1 (aromatic C=C stretching and C=O 
stretching of conjugated ketones and Quinone’s) also diminished with rising 
temperature. The peak at 1513.55 cm-1 represents the C=C ring stretching vibration of 
lignin, while the bands at 1434.91cm-1(aromatic C=C stretching) and 885cm-1 (out–
of–plane deformation by aromatic C–H groups) might be caused by carbonates. 
Severe peaks at 1248.6–1000 cm-1 were assigned to C-O and C-C stretching, and these 
peaks markedly dwindle, probably due to the loss of polysaccharides during pyrolysis. 
Moreover, sharp band at 1372 cm-1 confirmed the existence of a C-O bond on BB, 
reinforcing the interaction with carboxyl groups.  

DTA Analysis  
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  Thermal stability of the BB was investigated by DTA analysis; and the analysis 
curve was shown in Figure 2. The BB sample generally showed three main peaks for 
weight loss in the temperature range 25–800°C. The first strong peak among the three 
peaks, at 75–96.17°C, should be assigned to the evaporation procedure of adsorbed 
water molecules. The second weak peak in the range 280–294°C is as imputed for a 
degeneration method of the surfaces. And the third broad peak, appearing in the range 
402–570°C, could originate from the further carbonization process of this material. 
Above this range, a new peak near 814°C was introduced.  
 
Scanning Electron Microscope Images (SEM)  
  SEM result on BB characteristics showed its morphology and elemental composition. 
Figure 3(a) and Figure 3(b) at different magnifications revealed its large internal 
surface and porous structure. Figure 3(c), at x500 magnification, showed an average 
porous space of 38.67µm.  Elemental percent compositions of the BB were evaluated 
by SEM mapping technique; results on C, S, K, Cl were 58.61, 1.55, 30.46, 9.38, 
respectively.  

Effect of Initial pH Solution of 2, 4-DCP Adsorption 
  Adsorbent behaviour of BC and HBC on the adsorption of 2, 4-DCP were studied 
from adjustment effect of the initial pH between 3 to 10 at room temperature of 28°C 
while the initial concentration of 2, 4-DCP solution of 10mg/l was constantly 
maintained for both adsorbents. As shown in Figure 4, the removal rates of the 2, 4-
DCP were lower on both ends of the pH region. Different behavior trends were 
observed for the two different adsorbents. For HBC adsorbent, the maximum 2, 4-
DCP percent removal of 60 was at pH 6, and its rates declined to 45-50 on either side.  
For BC adsorbent, the maximum removal percent of nearly 40 was at pH 8, but was 
rather stable between pH 6-10, though with a sharp drop at pH 4. The drop in 
adsorption percent was sharper for HBC in the alkaline region while the drop was a 
little sharper for BC in the acidic region. Chlorophenols are weakly acidic, and pH has 
a significant effect on the degree of ionization of 2, 4-DCP and the adsorbent surface 
properties14.  
  The surface charge on the BC and HBC, as a matter of fact, was negative in range of 
pH 3-10. The ionic fraction of Chlorophenol ions increases with increasing pH, and 
Chlorophenol could be expected to become negatively charged as pH increases14. 
Non-dissociated form activated by the OH− and Cl− dominates the overall sorption of 
chlorinated phenols on organic sorbents2. The slow and low removal percent of 2, 4-
DCP at highest pH could have been resulted from competition between the OH− ions 
and the ionic species of 2, 4-DCP, hence reducing the 2, 4-DCP removal1. 

Effect of Contact Time of Fluidization  
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  The efficiency of percentage removal of 2, 4-DCP by adsorption onto adsorbents BC 
and HBC was studied on the effect of contact time of fluidization at various time 
intervals between 0 to 180 min at room temperature. At initial stage time the 
adsorbents have more vacuous number of available surface sites, and hence were 
ready for adsorption. Adsorption gradually increases depending on the accumulation 
of phenol on the adsorbents surface during this time. As a result, the remaining vacant 
surface sites are difficult to be occupied due to formation of repulsive forces between 
the phenol molecules on the solid surface and in the bulk phase15. Besides, phenol 
molecules are very small in size and can easily diffuse into internal pores until they 
become saturated; which will reduce the driving force for mass transfer between the 
bulk liquid phase and the solid phase over time11. Figure 5 depicts the effect of time 
on the percentage removal and the result was that the equilibrium time for either 
adsorbent was reached at approx. 180 min; the authors had conducted up to 6 hrs and 
found no significant increase in percentage removal. However, adsorption of 2, 4-DCP 
employing either BC or HBC increased slowly to equilibrium, particularly the BC. At 
equilibrium, the removal percent were approx. 68% for HBC, and 53% for BC.  

Effect of Flow Rate of 2, 4-DCP Solution 
  The effect of different flow rate was investigated for adsorption of 2, 4-DCP from 
aqueous solution employing the two adsorbents. Experiments were carried out at room 
temperature with flow rate in range of 250–750 ml/min while other variables were 
kept constant (solute pH of 6.5, 3g of adsorbent, 7.5 mg/l of the 2, 4-DCP initial 
concentration.) From Figure 6, the percentage removal of the 2, 4-DCP solution using 
BC adsorbent declined with increasing flow rate of the solution, whereas for HBC it 
was the opposite. The behavior for the BC can be explained by insufficient residence 
time of the solute in the column; the residence time decreased with increasing flow 
rate, leading to insufficient time for diffusion of the solution into the pores of the BC 
adsorbent and thus limiting the number of available active sites for adsorption, 
reducing the adsorbed amount of the aqueous solution since much solute left the 
column before equilibrium occurs16. In case of adsorbent HBC, the removal capacity 
increased imperceptibly below flow rate of 500 ml/min, except at 250 to 300 ml/min. 
Beyond flow rate of 500 ml/min the removal capacity rose rapidly to another plateau; 
the reason is that at higher flow rate, the rate of mass transfer tends to increase. 

Effect of Initial Concentration of 2, 4-DCP Solution 
  Studies were carried out at room temperature to investigate the effect of initial 
concentrations, from 5-10mg/l of 2, 4-DCP, on adsorption at fixed parameters: pH of 
6.5, adsorbent weight of 3g, flow rate of 500 ml/min. It can be noted from Figure 7 
that at lower initial concentration the capacities of sorption for both BC and HBC 
increased with increasing initial concentration, then rose slowly (for BC) or plateau 
off (for HBC).  This is due to the raising of the mass transfer driving force and thus 
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the rate at which 2, 4-DCP molecules pass from the bulk solution to the particle 
surface. However, when the initial concentration went beyond 9 mg/l the absorbents 
behaved differently; the percentage of removal for the BC rose up a little, whereas for 
the HBC it dropped. 

  From the experiment, the highest percentage of removal for HBC was approx. 75% 
at 7.5mg/l initial concentration. For adsorbent BC, the maximum percentage of 
removal was at 56% at 10mg/l. The performance of adsorbent HBC is better than BC 
because the former has more specific surface area and more macro porous structures.  
However, BC performance is at approx. 75% of that obtained using HBC. 

Adsorption Kinetics 
  Adsorption kinetics models, pseudo-first order and pseudo-second order, were used 
to investigate, at room temperature, the 2, 4-DCP adsorption kinetics by adsorbents 
BC and HBC.  
  The pseudo-first order equation can be explained using Lagergren equation:  
 

                                                    (1) 
Where qe and qt are the amounts of 2, 4-DCP, adsorbed at equilibrium and at time t in 
mg/g, respectively, and k1 is the pseudo-first order rate constant in g/mg h.  
  From the first order equation, the values of  for 2, 4-DCP were calculated 
and plotted versus time as shown in Figure 8, while the calculated data of the pseudo-
first order model are shown in Table 1. If the plotted line is linear with good 
correlation coefficient, Lagergren equation is appropriate; and it can be clearly seen 
that BC did not fare well. Though with respectable R2, HBC does not fit well in this 
model either, because the qe calculated is very different from qe experimental.  
  The pseudo-second order kinetic model equation, based on equilibrium adsorption, 
is: 

               (2) 

Where qe and qt are as described in Equation 1; and k2 is the rate constant of second-
order adsorption in g/mg h.  

  Equation 2 was found to be easier to predict the kinetics behaviour of adsorption 
over the whole range; the linear plot of t/qt versus t, shown in Figure 9 and in Table 1 
as well, was used to find the slope 1/qe, and the intercept . From Table 1, 

agreements between calculated values of qe and experimental values was clear; 5.68 
vs. 5.56 for BC, and 5.90 and 6.25 for HBC. Moreover, both correlation coefficients 
derived from the second-order kinetics model were higher for those obtained from the 
first-order model. Thus, the second-order kinetics model is proven better than the first-
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order model to predict and describe the adsorption system of 2, 4-DCP onto both 
adsorbents. 

Adsorption Isotherms: 
  Isotherms are very important and essential for the understanding of adsorption 
system mechanism, and two models, Langmuir and Freundlich, were applied in this 
study to investigate the performance of the BC and HBC adsorbents.  
  The Langmuir model is based on assumptions of adsorption homogeneity such as 
equal available adsorption sites, monolayer surface coverage, and no interaction 
between adsorbed species17, and is described in Equation 3:   
                                                                             (3) 

Where qe and qmax are the observed and maximum uptake capacities in mg g−1; Ce is 
the equilibrium concentration in mg L−1; and b is the equilibrium constant in Lmg−1.  
  The plots of  versus  are shown in Figure 10, and the calculated results in Table 2. 

It can be seen from the Table that the correlation coefficients were good for both 
adsorbents; with HBC a little better. And hence the Langmuir isotherm model is 
acceptable. 
  Freundlich isotherm model describes the logarithmic relation between the energy of 
sorption and the increase in bending sites. The model can be applied to non-ideal 
sorption on heterogeneous surfaces as multilayer sorption17. The Freundlich equation 
is:  

 

        (4) 

Where qe is the equilibrium capacity of sorption in mg/g; Ce is the equilibrium 
concentration of the 2,4-DCP in mg/l; Kf is the sorption capacity coefficient; and n is a 
coefficient related to the sorption intensity.   
  The values of Kf and n were obtained from the intercept and the slope of the plots 
between ln(qe) versus ln(Ce) in Figure 11 and shown in Table 2 together with other 
parameters from the Langmuir model.    
  The correlation coefficients R2 for the Freundlich isotherm model were found to be 
higher than those found from the Langmuir model. Both models thus gave R2 of at 
least 0.9461 and are both well-fitted for the experimental results. The Freundlich 
model, however, yielded a better fitting for describing the adsorption of 2, 4-DCP onto 
both adsorbents BC and HBC since the R2 obtained were relatively higher and the 
computed coefficient n values were less than unity.  
Comparison of the adsorption capacity of phenolic compounds onto BC and HBC to 
other types of adsorbents is shown in Table 3. From the 16 selected experimental 
results, HBC ranks the 11th highest on the list, and BC in the lower six. It can be safely 
stated that HBC is a very good adsorbent comparing to many others, while BC is 
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moderate in comparison. However, the fact that BC performs better than quite a few 
others it means BC is promising to be used, particularly when its low cost is taken into 
consideration.   
 
CONCLUSION  

  Bamboo biochar plus Calcium sulphate (BC), and Hydroxyapatite plus BC were 
investigated for their capacity in the removal of 2, 4-dichlorophenol (2, 4-DCP) in 
aqueous solution. The time of fluidization, adsorption kinetics and isotherms, among 
others, were studied. The fluidization time was found to be best at 180 min. For the 
adsorption kinetics, the pseudo–second order model gave a better fit. Comparison of 
the adsorption efficiency between BC and HBC showed that the two adsorbents are of 
similar quality, albeit with a lower quality value for the BC. In the isotherms 
investigation it was found that all data fitted well into the Langmuir and Freundlich 
models, and that the Freundlich model gave a better fit than the Langmuir model. Both 
adsorbents were compared with others in performance, and are found to be well 
placed for the HBC, while the BC is acceptably good. HBC and BC adsorbents are 
thus suitable and acceptable for the removal of 2,4-DCP from aqueous solutions at 
parameters it depended like the pH, the initial concentration of 2,4-DCP, the flow rate 
of the solution and the time of fluidization. Taken its low cost into consideration, BC 
could be regarded as a new, moderately effective adsorbent that can be applied in the 
field of wastewater treatment and industries.  
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Tables:  
 

Table 1:  Adsorption kinetic model rate constants for 2, 4-DCP removal by different 
adsorbents 

 
 
 

Adsorbent qeExp 
mg/gad 

Pseudo-first order Pseudo-second order 
qe(cal) 
mg/g k1 R2 qe(cal) 

mg/g k2 R2 

BC 5.56 4.140 0.0260 0.7810 5.68 0.0190 0.9925 

HBC 6.25 1.317 0.0046 0.9421 5.90 0.0311 0.9916 
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Table 2  Isotherm parameters for sorption of 2, 4-DCP by different adsorbent 
 

 
 
 
 
 

Table 3   Comparison of phenolic compounds adsorption capacities of different 
adsorbents 
 

Phenolic 

compounds 

Adsorbents Capacity 

(mg/g) 

Reference 

Phenol Activated carbon 49.72 21 

P-Chlorophenol Rice husk char 36.23 20 

Phenol Multi walled carbon nanotubes 32.23 9 

2,4 DCP Palm pith carbon 19.16 18 

Phenol Palm seed coat activated carbon 18.30 19 

2,4-DCP HBC (Hydroxyapatite plus BC)  16.37 This study 

p-chlorophenol Rice husk char 14.36 20 

3-Chlorophenol Rice straw-based carbon 14.20 24 

Phenol Fly ash 13.16 8 

2,4-DCP Mycelial pellets of P chrysosporium 11.62 14 

2,4-DCP BC (Bamboo biochar plus Calsium sulphate) 10.69 This study 

Phenol Hydroxyapatite nano powders 10.33 12 

Chlorophenol Biofilm of A. viscous supported on 

granular activated carbon 

9.70 23 

P-Chlorophenol Petroleum coke 9.34 
20 

4-Chlorophenol Anaerobic granular sludge 6.32 2 

Phenol Activated coal  1.48  22 

 

Figures:  
 
Figure 1  Characteristics of BB from FTIR Analysis 

Adsorbent 
Langmuir Freundlich 

qmax b R² Kf n R² 

BC 10.69 0.0350 0.9461 0.302 0.79 0.9650 

HBC 16.37 0.0315 0.9699 0.410 0.80 0.9827 
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Figure 2  Characteristics of BB from DTA Analysis 

 

 

 
Figure 3  SEM of the Bamboo biochar  
 

  
                              (a)                                                                (b) 



94 
 

 

                                             
                                                                                  (c) 
 
 
 
Figure 4  Initial pH solution of 2, 4-DCP adsorption vs. Percentage of removal 

 
 

 
Figure 5  Contact time of circulation fluidization vs. Percentage of removal 
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Figure 6 Flow rate of 2, 4-DCP solution vs. Percentage removal  

 
 
 
Figure 7  Initial concentration of 2, 4-DCP solutions vs. Percentage of removal 
 

 
 
 

Figure 8  Results from pseudo-first order kinetic model for the removal of 2, 4-DCP 
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Figure 9  Results from pseudo-second order kinetic model for the removal of 2, 4-
DCP 

 

 
Figure 10 Langmuir isotherms (1/qe) vs. 1/Ce for the adsorption of 2, 4-DCP 
 

 
 
Figure 11 Freundlich isotherm ln(qe) vs. 1n(Ce) for the adsorption of 2, 4-DCP  
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Sorption of Pb(II) onto 2 Mixtures: Bamboo Biochar Plus Calcium 
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ABSTRACT: Sorption characteristics were carried out to investigate removal of 
Pb(II), from aqueous solution in a circulation fluidized column by two types of 
adsorbent mixtures: BC (Bamboo biochar plus Calcium Sulphate), and HBC 
(Hydroxyapatite plus Bamboo biochar plus Calcium Sulphate); both made in ball 
shape. The main material Bamboo biochar (BB) was characterized by FTIR, and SEM. 
The adsorption experiments were carried out in a fluidized circulation column. 
Adsorption, isotherms and kinetic studies were established under 180-min operating 
process time, at different initial Pb(II) solution concentrations ranging from 30-70 
mg/l, and at different flow rates ranging from 250-750 ml/min. The kinetics of both 
adsorbents complies with the pseudo-second order model. The data obtained from 
experiment fitted well for both the Langmuir and Freundlich isotherm models. BC was 
proven a new effective composite and low cost adsorbent which can be applied in the 
field of wastewater treatment, and it could also play an important role in industrial 
water treatment. 
 
KEYWORDS: Pb(II), Bamboo biochar, Hydroxyapatite, Calcium Sulphate, 
Adsorption 
 

1. Introduction 

Heavy metal pollution has been under microscope the world over, and is catching 
increasing international awareness since industries are on the growth and oftentimes 
wastes are discharged to the environment without any precautions. These discharges 
are mainly introduced into the environment as point sources such as from mining, 
metal plating, battery, and paper industries. Heavy metal pollution caused by Lead, 
copper, chromium, cadmium, nickel and arsenic is much serious to the human body 

[1]. Ion of these metals are toxic to living organisms in water, but also cause harmful 
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effects to land animals including humans through food chain transfers, and heavy 
metal ions particularly bind to nucleic acids, proteins, and small metabolites in living 
organisms [2]. Pollution of Pb(II) has also been of great concerns through their adverse 
effects on human and aquatic life [3]. 
  The removal of heavy metal ions is an important problem in the field of water 
purification [1]. Many methods have been developed to discuss these stringent 
environmental regulations that necessitate removal of this ion compound from 
wastewater [4]. Among these different techniques, adsorption is highly effective 
because of the ease of operation and its low cost [5]. Display quotations of over 40 
words, or as needed. 
  Nanomaterials have gradually developed important roles to resolve this problem 
because of their high surface area, enhanced active sites, and abundant functional 
groups on the surfaces [6], and have been used as adsorbents. Adsorbents in form of 
biochar produced from agricultural wastes or by-products were thought to be 
inexpensive materials for the removal of Pb(II) [7]. Biochar converted from 
agricultural residue wastes has a large adsorption capacity for lead removal from 
wastewater [8]. Bamboo is one outstanding renewable biomass resource due to its fast 
growing speed and short growth cycle [9, 10]; an inexpensive and environmentally 
friendly adsorbent. Bamboo char has been commercially used in water purification, 
dehumidification, odour adsorbents and health products, at low prices as $400–600 per 
ton in 2012 China [10]. Hydroxyapatite (HAP) nano powders have high 
biocompatibility and adsorption properties, and have been widely used as carriers for 
drugs, adsorbents for chromatography to separate proteins, and removal of heavy 
metal ions to recover the contaminated soils, wastewater and fly ashes, etc.[11, 12]. 
  Preliminary investigations by the authors revealed generally higher heavy metals 
adsorbing efficiencies when either the low-cost bamboo biochar (BB) or the relatively 
expensive Hydroxyapatite (HAP) was used as mixtures together with Calcium 
Sulphate (CS). Furthermore, HAP&CS composites have been described for use as 
resorbable biomaterials in bone surgery [13], but have never been used for adsorbing 
heavy metals from polluted water [14]. 
  In this study, we combined BB obtained from pyrolysis process of Bamboo wood 
with CS to produce a good adsorbent (BC) for Pb(II),  removal from aqueous solution 
and compared it with HBC; a mixture containing HAP, BB and CS. 
  Circulation fluidized-bed reactor has received considerable attention for its wide-
range utilization in field such as wastewater treatment due to at least four features. 
First, this type of reactor maintains excellent contacts between solid and liquid phases 
yielding high mass transfer, high reaction rate, and low external mass transfer 
resistance between the two phases. Second, it eliminates many operating problems 
such as bed clogging and high pressure drop, which often occur in packed-bed 
operations. Third, it renders a highly efficient, simple, stable and economical operation 
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compared to other types of reactor. Fourth, it is possible for partial replenishment of 
the fluidized-bed without interrupting the operation [15]. For all these reasons 
circulation fluidized-bed reactor was selected as an instrument system in this study. 
  The main aim of this research was to investigate adsorption of Pb(II),  in aqueous 
solution onto two types of ball-shape adsorbents: BC and HBC, in a fluidized 
circulation column. Two Sorption isotherm models, Langmuir and Freundlich were 
investigated. Moreover, pseudo-first and pseudo-second order sorption kinetics were 
simulated for comparisons.   

2. Materials and Method 
 
2.1. Preparation of Adsorbent. Bamboo biochar (BB) is used in this study as the main 
material. Calcium Sulphate (CS) was purchased from Aldrich Chemicals. 
Hydroxyapatite (HAP), purchased from Sigma-Aldrich Co. LLC, is of a commercial 
type. Purchased from Boss official limited partnership in Thailand were the Pb(No3)2 
standard samples. All solutions were prepared from analytical reagents (AR) and 
distilled water. Bamboo biochar was prepared in the laboratory by pyrolysis process at 
500° C, ground, sieved and mixed with CS at a ratio of 0.62:0.38 to form adsorbent 
composite BC, and with HAP and CS at a ratio of 0.46:0.27:0.27 to form adsorbent 
composite HBC. A glue, made from polyvinyl alcohol (PVA) having molecular 
weight (MW) of 22,000, was added to the mixtures to make ball-shape adsorbents. 
The concentration of residual Pb(II), was analysed using a Perkin Elmer thermos 
scientific S-series model (AAnalyst100), flame atomic absorption spectrometer 
(AAS). Fourier transform infrared spectroscopy (FTIR) (Bomem, MB 100) was 
conducted to identify the functional groups of the biochar. Scanning electron 
microscopy (SEM) was conducted with a Hitachi JSM-6700F SEM to observe surface 
microstructures of the fresh biochar and the adsorbent balls after the adsorption 
process. 

2.2. Properties and Preparation the Adsorbate. The 1,000-ppm solution of Pb(NO3)2 
was prepared by diluting a stock standard solution of Pb(NO3)2 to the desired 
concentration. A stock solution was obtained by dissolving 1.59 g of Lead nitrate in 1 
litre distilled water. The range of concentration of the Pb(II) prepared from the 
standard solution varied between 30-70 mg/l. The pH of the solutions was adjusted to 
6.5 by 0.1 N NaOH and 0.1 N HCl solutions. 

 2.3. Experimental Methodology. Study of Pb(II) adsorption was carried out at 
laboratory scale; fluidized reactor was used as the adsorption system to improve 
mixing and homogeneity. The experiment setup consisted of a fluidized column, a 
water reservoir, a peristaltic pump, as shown in Figure 1. The 5 cm-outside-diameter 
and 24 cm-height reactor with an effective volume of 470 ml was made from 
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transparent acrylic. A mesh screen was fit at the top of the fluidized circulation column 
in order to capture the solid coming out of the column. One conical distributor was 
placed at the bottom to ensure proper distribution of the fluid. Aqueous solution of 
Pb(II) was continuously fed upward to the reactor at different flow rates, starting from 
250 to 750 ml/min. The liquid effluent stream was recycled to the hold-up tank. Three 
liters of the Lead aqueous solution was treated with adsorbents of 3 g for either 
adsorbent. Adsorption of Pb(II) onto adsorbents BC and adsorbent HBC were 
compared. The suspensions in all studies were filtered through 0.45µm syringe 
membrane filters. All experiments were conducted in triplicates for statistical analysis. 

 
FIGURE 1: Process Diagram 

 

3. Results and Discussions 
 
3.1. Fourier Transforms Infrared Analysis (FTIR). Fourier Transform Infrared (FTIR) 
spectra were investigated in range of 500 to 4000 cm-1 wave number in the 
transmission mode. Different functional groups of this investigation are shown in 
Figure 2, inclusive of the wavenumber measured. The broad band at 3396 cm-1 was 
assigned to the hydroxyl functional groups; this peak could be assigned to O–H 
stretching. The bands at 2921 cm-1 and 2855 cm-1, apparently the aliphatic methyl and 
methylene bands, indicate that the sample was highly aromatized. An unsymmetrical 
peak at 1690 cm-1 presents due to C=O stretching. This peak comprised a variety of 
C=O diminished with rising temperature; it contains functional groups including that 
of carboxylic acids esters, ketones and quinones. The bands at 1434, and 1590 cm-1 
indicate alkyl C=C stretching and the presence of an aromatic C−H bond derived from 
original aromatic rings in the lignin of biochar. The band at1361cm-1 is due to the 
stretching vibrations of CO2

-3. The M–O and O–M–O (M=Mg or Al) vibration bands 
appear in the 400 to 800 cm-1 region. 
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FIGURE 2: Characteristics of Bamboo biochar from Fourier Transform Infrared Analysis 

 
3.2. Scanning Electron Microscope Image (SEM). SEM characteristic results on the 
fresh BB, and on the ball-shape adsorbents after adsorption, revealed its morphology 
and elemental compositions. Figure 3(a), at x80 magnification, depicts the internal 
surface and porous structures of the BB. Figure 3(b), at x500 magnification, reveals an 
average porous diameter of 38µm. Figure 3(c) and 3(d) for the BC, and Figure 3(e) 
and 3(f) for the HBC, show the pores on, respectively, the surface and the cross 
section of the ball-shape adsorbents. Elemental compositions of the ball-shape 
adsorbents after adsorption are shown in Figure 3(g) and 3(h) for the BC, and in 
Figure 3(i) and 3(j) for the HBC, again for the surface and cross section respectively. 
These four graphs show clearly the Pb ions available on the surface and on the cross 
section (the inside) of the balls. 
  Solutions at a mass ratio of 1:20 (BB:DI water) were hand stirred and allowed to 
stand for 5 min before measurements were taken for their pH [4]. The pH was found to 
be 8.00, a little to the alkaline side. 

      
                                             (a)                                                                   (b) 
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                                             (c)                                                                     (d) 
 

       
                                          (e)                                                                     (f) 
 

              
                                                      (g)                                                                             (h) 
 

      
                                                      (i)                                                                (j) 

FIGURE 3: SEM of the Bamboo biochar [(a) and (b)], and of the ball-shape adsorbent after adsorption 
[(c) through (j)] 

 3.3. Effect of Initial pH Solution of Pb(II) Adsorption. A factor indicating removal 
efficiency of contaminants from aqueous solution is the pH. For the adsorption of 
Pb(II) aqueous solution onto BC and HBC adsorbents, this effects were studied from 



108 
 

 

adjustment of initial pH between 3 to 10 at room temperature while the initial 
concentration of Pb(II) solution of 70 mg/l was constantly maintained.  
  Different behaviour trends were observed for the two adsorbents as shown in Figure 
4. At low pH, BC is positively charged due to surface group protonation [16], that it is 
from biochar. Electrostatic attraction between positively charged adsorbent surfaces 
and positively charged metal ion surfaces is not possible; thus some non-electrostatic 
forces are involved in adsorption, and while in acidic solution, the surface being 
positively charged, the adsorption of Pb(II) and Pb(OH)+ species are not favoured [17]. 
For the BC adsorbent, the maximum Pb(II) removal percentage of 94 occurred at pH 
10, and its rate decreased dramatically to be 15% at the weak acidic pH of 6. 
  This efficiency, however, increased back again to just above 80% at pH 3. Hence, for 
the BC, the solution needs to be either very basic or acidic, and not at anywhere near 
neutrality.  
  At pH below 4, uptakes of lead increase with the increase of H3O+ ions in the 
solution [18]. For the HBC adsorbent in the experiment the lead removal percentage 
increased from just above 60% at pH 3 to over 90% at pH 4. At low pH values, the 
surface of the adsorbent is closely associated with hydronium ions (H3O+) and holds 
mainly protonated sites, as a result the surface maintains a net positive charge [19, 2]. 
In the case of high pH values (pH = 6-10), however, there are several lead species with 
different charges like Pb(OH)+

2 and Pb(OH)2 and thus the removal of lead is possibly 
accomplished by simultaneous precipitation of Pb(OH)2 and sorption of Pb(OH)2

 [20, 
21]. In our HBC investigation, a maximum lead removal percentage of nearly 95% 
occurred at pH 10, and was rather stable between pH 8-10, though with a sharp drop at 
pH 6. 
 

 

 
 
 
 
 
 
 
 
 
 

FIGURE 4: Initial pH of Pb(II) vs. Percentage of removal
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3.4. Effect of Contact Time of Fluidization. Percentage removal of Pb(II) by adsorption  
onto adsorbents BC and HBC was investigated on the effect of contact time of 
fluidization at different time intervals from 0 to 180 minutes. Experiments were 
conducted at room temperature while others variables were kept constant (solute pH of 
6.5, 3g of adsorbents, 250 ml/min flow rate, 50 mg/l of the Pb(II) initial 
concentration). Available adsorption studies reported reveal that the uptake of 
adsorbate species is fast at the initial stage of the contact period, and thereafter it 
becomes slower near the equilibrium [22]. Figure 5 describes the effect of contact time 
on the lead percentage removal, and the time of equilibrium for both adsorbents was 
apparently 180 minutes. Adsorption of Pb(II) employing either BC or HBC increased 
slowly to equilibrium, however, especially for the BC. The removal rates were approx. 
57% for the BC, and 69% for the HBC at equilibrium. 

 

 

FIGURE 5: Contact time of circulation fluidization vs. Percentage of removal 
 
3.5. Effect of Flow Rate of Pb(II) Solution. The effect of various flow rates was studied 
for adsorption of Pb(II) from aqueous solution using BC and HBC adsorbents. 
Experiments were carried out at flow rate in range of 250-750 ml/min at room 
temperature while other parameters were kept constant (3g of adsorbents, solute pH of 
6.5, 50 mg/l of the Pb(II) initial concentration). Figure 6 depicts the effect of flow rate 
on the percentage removal; that, for either adsorbent, an increase in the former 
decreases the latter. In case of a lower flow rate, the residence time was increased in 
the column, and the opposite occurred at a higher flow rate. In a column operation, the 
volume element of the solution is in contact with a given layer of the bed for a limited 
period of time, usually insufficient for attainment of equilibrium [23]. In case of an 
increase in the flow rate the resistance of the film in the external transfer which causes 
an improvement in the kinetics of adsorption reduces [24]. Generally at a lower flow 
rate, the liquid hold-up of the bed is lower, and the liquid mal-distribution has serious 
effects upon the effectiveness of the process [23].  From the experiments, the highest 
percentages of removal were approx. 57% for BC, and 69% for HBC, at 250 ml/min 
flow rate. 
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FIGURE 6:  Flow rate of Pb(II) solution vs. Percentage removal 
 

3.6. Effect of Initial Concentration of Pb(II) Solution. The effect of initial 
concentration is important.  Experiments were executed at room temperature to 
investigate this effect at range of 30-70 mg/l of Pb(II) solution, whilst other variables 
were fixed constant (adsorbent weight of 3g, pH of 6.5, and flow rate of 500 ml/min). 
Figure 7 shows the effect of initial concentration on the removal percentage of Pb(II). 
From the Figure, the removal percentage of Pb(II) decreases with an increase in initial 
concentration of the solution for both adsorbents.  The capacities of sorption for BC 
and HBC behave similarly. For this effect, an increase in initial concentration was 
followed by an increase in loading rate of Pb(II). Though the pore size and shape of 
BC and HBC adsorbents differ, these are constants, meaning that at low initial 
concentration, diffusion is greater. These results demonstrate that, a change in the 
concentration gradient affects the saturation rate and the equilibrium time, or in other 
words, the diffusion process is concentration dependent [25]. At low initial 
concentrations, for both adsorbents, there were more available pores for adsorption, 
and these were saturated at high initial concentrations.  
  From the experiment, the highest percentages of removal were 53% for BC, and 77% 
for HBC, at 30 mg/l initial concentration. Adsorbent HBC performed better than BC 
because it has more macro porous-structures and high specific surface area. However, 
the performance of adsorbent BC achieved approx. 70% of that using HBC.  
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FIGURE 7:  Initial concentration of Pb(II) solutions vs. Percentage of removal 
 

3.7. Adsorption Kinetics. The adsorption mechanism was expounded by the kinetic 
sorption characteristics. Kinetic models, pseudo-first order and pseudo-second order, 
were used to investigate the Pb(II), adsorption kinetics by adsorbents BC and HBC. 

  The first order equation (Lagergren equation) was written as: 
 

                                                                                (1) 

  Where qe and qt are the amounts in mg/g of Pb(II) adsorbed at equilibrium and at 
time t, respectively, and k1 is the pseudo-first order rate constant in g/mg min. 
  From the first order equation, the values of k1 and qe were calculated from the slope 
and the intercept of the plot of   versus time t, shown in Figure 8, while 

the calculated data of the pseudo-first order model are shown in Table 1. If a linear 
line from the plot yields a good correlation coefficient, it means the first order 
equation is appropriate, and both adsorbents did fairly well with values more than 0.9. 
However, it can be clearly seen this model is not quite suitable because the value of qe 

calculated (7.98 for BC, and 20.77 for HBC) differed much from qe experimental 
(40.29 for BC, and 41.20 for HBC.)  
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FIGURE 8: Results from Pseudo-first order kinetic model for the removal of Pb(II) 

TABLE 1: Adsorption kinetic model rate constants for Pb(II) removal by different adsorbents 

 
The pseudo-second order kinetic model equation, based on adsorption equilibrium, can 
be described in equation (2): 
 

                                                                                                                                   (2) 

Where qt is the amount of metal ions adsorbed in mg/g at any given time t in min; qe 
the amount of metal ion adsorbed in mg/g at equilibrium; and k2 the second order 
reaction rate constant for adsorption in g/mg min.  
  For Pb(II) ion adsorption onto BC and HBC, the pseudo-second order kinetic model 
constant, k2 and qe cal , values were determined from the slope 1/qe and the intercept  

 of the linear plot of t/qt versus t, shown in Figure 9, and in Table 1 as well. From 

Table 1, the correlation coefficients derived from the second order kinetics model for 
BC and HBC adsorbent were higher than those gained from the first order model. 
Furthermore, correspondence between the experimental values of qe and the calculated 
values was clearly close; 40.29 vs. 40.98 for BC, and 41.20 vs. 40.98 for HBC. Thus, 
it could be stated that the adsorption of Pb(II)  aqueous solution onto BC and HBC 
were able to be better predicted and described by the pseudo-second order kinetic 
model than the pseudo-first order kinetic model.  

Adsorbent qeExp 
mg/gad 

Pseudo-first order Pseudo-second order 
qe(cal) 
mg/g 

k1 R2 
qe(cal) 
mg/g 

k2 R2 

BC 40.29 7.98 0.009 0.9116 40.98 0.0075 0.9994 

HBC 41.20 20.77 0.01 0.9209 40.98 0.0015 0.9719 
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FIGURE 9: Results from Pseudo-second order kinetic model for the removal of Pb(II) 

3.8. Adsorption Isotherms. Isotherms data are considered in accurate formula of 
adsorption equlibrium used for design purposes. Two selected isotherm models, 
Langmuir and Freundlich, were applied here in the investigation of the BC and HBC 
adsorbents. 

  Langmuir model assumes monolayer adsorption on the surface of adsorbent, and no 
interaction between the adsorbed species. The linear equation form of the model is 
discribed in equation (3): 

 

         (3) 

  Where qe and qmax are respectively the equilibrium and maximum monolayer 
adsorption capacity of the adsorbent in mg/g, Ce the equilibrium concentration in mg/L 
of Pb(II) in the solution, and KL is the Langmuir isotherm constant in L/mg.  
  The liner plot of 1/qe versus 1/Ce is shown in Figure 10, and the calculated results in 
Table 2. In the Table the values of qmax and KL are evaluated from the slope and the 
intercept of the liner plot. The correlation coefficients obtained were good for both the 
BC and HBC adsorbents, hence the Langmuir isotherm model is convenient.  

 

FIGURE 10: Langmuir isotherms (1/qe) vs. 1/Ce for the adsorption of Pb(II) 
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TABLE 2:  Isotherm parameters for sorption of Pb(II) by different adsorbent 

 
Freundlich isotherm model assumes heterogeneous surfaces and multilayer on 
adsorbents, and describes the logarithmic relation between the increase in bending 
sites and the energy of sorption. The equation of the Freundlich model is: 
 

                                                                                                (4) 

  Where qe is the equilibrium capacity of sorption in mg/g; Ce is the equilibrium 
concentration of Pb(II) in mg/L; KF is the Freundlich adsorption isotherm constant in 
L/g, and n is a coefficient related to the sorption intensity. 
  The values KF and n, were obtained from the slope and the intercept of the plots of 
ln(qe) versus ln(Ce) in Figure 11 and shown in Table 2, both with variables from the 
Langmuir isotherm model. 

 

FIGURE 11: Freundlich isotherm ln(qe) vs. 1n(Ce) for the adsorption of Pb(II)  

  The values of 1/n are less than 1 for both adsorbents, indicative of the degree of 
nonlinearity between the solution concentration and amount of metal ion adsorbed 

[26]. Furthermore, high value of KF indicates that the Pb(II) adsorption capacity of 
HBC is high; the low 1/n suggests that any large change in the equilibrium 
concentration of Pb(II) ions would not result in a change in the amount of metal 
adsorbed by the HBC. The correlation coefficients R2 for the Freundlich isotherm 
model were found to be very close to those found from the Langmuir model. Both 
models gave correlation coffecient R2 of more than 0.94 and thus the expremintal 
results are well-fitted. However, the Freundlich isotherm model showed a better fit in 
predicting or describing the adsorption of Pb(II) onto BC and HBC adsorbents, since 
the R2 gained were a little higher. 

Adsorbent 
Langmuir Freundlich 

qmax KL R² KF n R² 

BC 57.47 0.012 0.9857 1.77 1.56 0.9853 
HBC 59.52 0.020 0.9466 3.49 1.83 0.9517 
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  Comparison of the adsorption capacity of Pb(II) onto BC and HBC, and onto other 
types of adsorbents is shown in Table 3. From the 19 selected experimental results, 
HBC ranks the 7th highest on the list, and BC the 8th. It can be safely stated that HBC 
and BC are very good adsorbents comparing with many others. However, the fact that 
BC performs better than eleven others in the Table indicates that it is promising to be 
used, particularly when its low cost is taken into consideration.  
 

TABLE 3: Comparison of Lead adsorption capacities using different adsorbents 

Adsorbent Capacity  
(mg/g) 

Reference  
No. 

Biochar-alginate capsule 263.20 [8] 
Dithiocarbamate-anchored n polymer /organosmectite composites 170.70 [26] 
HA (50 wt%)/polyurethane composite foam 150.00 [27] 
Natural Palygorskite clay 104.28 [28] 
Calcined phosphate 85.60 [18] 
Streptoverticillium cinnamoneum 70.44 [29] 
HBC 59.52 This 

Study 
BC 57.47 This 

Study 
Carbon Nanotube/Bamboo Charcoal (CNT/BC) 47.40 [30] 
Carbon Aerogel 34.72 [31] 
Moringa oleifera Bark 34.60 [32] 
Modified activated carbon (AC–S). 29.44 [25] 
Activated carbon prepared from coconut shell 26.50 [17] 
Olive mill product 21.56 [33] 
Sphagnum moss peat 19.90 [34] 
Carbon nano tubes 12.41 [35] 
Chitosan–MAA nanoparticles 11.30 [36] 
Bituminous coal 8.89 [37] 
Kaolinite clay 2.35 [38] 

 

4. Conclusion 

  Bamboo biochar plus Calcium sulphate (BC) and BC plus Hydroxyapatite (HBC) 
were investigated for their capacity in the removal of Pb(II) in aqueous solution. The 
initial pH of the solution, the time of circulation in the column, the flow rate, initial 
concentration, adsorption kinetics and isotherms, were studied. The suitable time of 
circulation in the column was found to be 180 min. In the kinetics investigation, the 
pseudo-second order model was preferred to represent the time-dependent adsorption 
characteristics in which both the adsorbents gave agreeable regression parameters. For 
the isotherms study, the Langmuir and the Freundlich adsorption model, on their time-
independent adsorption characteristics, both fitted well. However, the Freundlich 
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model yielded a little better fit which implied some additional layers on the surface, 
especially for the HBC. Compared with many others in performance both adsorbents 
were found to be well positioned in the middle range, with HBC one rank higher than 
BC. Both adsorbents are thus suitable for the removal of Pb(II) from aqueous solution 
at variables they depended such as the initial concentration of  Pb(II), the pH, the time 
of circulation in the column and the flow rate of the solution. Nevertheless, HBC is 
much more expensive than BC; approx. 20 times in Thailand at present. Hence it can 
be concluded that BC offers a new effective and low cost adsorbent that can be applied 
in the field of wastewater treatment and industry. 
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The publication of fixed bed column adsorption  
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Adsorption of Lead (II) from Aqueous Solution on Fixed-bed Column 
by Mixture of Clay and Biochar Using a Response Surface Method 

 
Abstract: 
New form of adsorbent was mixed clay from Sudan (CS) and Bamboo biochar (BB) using ratio 1:1 to 
form mixture (CB) as powder. Response surface methodology (RSM) was investigated for the 
adsorption of Pb(II) from aqueous solution on this new form of adsorbent and the process variables 
were optimized. Fixed-bed column mode experiments were carried out for adsorption equilibrium and 
determined the adsorbent capacity. Three important process variables including, flowrate of (10-20 
ml/min), concentration of Pb(II) metal solution (5-30 mg/L), and adsorbent bed height (10-40 mm) on 
the adsorbent capacity were investigated and optimized to determine the best capacity yield of 
adsorbent. The experimental data obtained were analysed by analysis of variance (ANOVA). The 
results showed that the maximum adsorbent capacity yield was about 18.64 mg/g obtained by using 15 
ml/min flowrate, 17.5 mg/L inlet Pb(II) concentration and 10 mm of bed height. From the analysis of 
variance (ANOVA), most influential factor for each experimental design response was identified. The 
optimum conditions for adsorption Pb(II) by CB adsorbent capacity (26 mg/g), from aqueous solution in 
fixed bed column were found as, 10 ml/min of flowrate, 14.53 mg/L solution concentration and 10 mm 
bed height.            
 
Keywords: Clay, Bamboo biochar, Adsorption, Optimization, Pb(II).  
 
Introduction: 

The objective of control of water pollution in the industrial field applications is to removal or reduces of 
the hazard contaminations like heavy metals. Sometimes, wastewater with toxic organics and heavy 
metals is discharged into the surrounding environment even without purification and treatment [1]. 
Many industrial processes in the plating industry involve heavy metals for metal finishing and their 
effluent must be treated prior to discharge [2]. The rivers and groundwater are gradually polluted, 
resulting in serious threats on the safety of food supply and health of human beings [1]. In recent years 
Pb has been introduced into natural water from a variety of sources such as storage batteries, lead 
smelting, tetraethyl lead manufacturing, mining, plating, ammunition, and the ceramic glass industries 
[3].  But lead in drinking water can also cause a variety of adverse health effects. The permissible limit 
of lead in drinking water is 0.05 mg/L [4]. Lead toxicity effects on the nervous system, the blood 
circulation system, cardiovascular system, vital organs like the brain and the kidneys, and on restricted 
development of IQ, etc. have been well documented [5].  
Precipitation, ion exchange, solvent extraction, and adsorption on many adsorbents were the 
conventional methods for the removal of heavy metal ions from aqueous solutions [6][7]. The 
adsorption process is used especially in the water treatment field and the investigation has been made to 
determine inexpensive and good adsorbents [8].  
Natural materials that are available in large quantities, or certain waste products from industrial or 
agricultural operations, may have potential as inexpensive sorbents [9]. For this reason and objective 
used clay mixed with bamboo biochar as adsorbent in this present study. Both of them are inexpensive 
materials in many places in the world.  
The clay mineral, being important constituents of soil, have been playing this role always by taking up 
various contaminants as water flows over soil or penetrates underground [10]. The chemical and pore 
structures of clays usually determine their adsorption ability [11]. Bentonite, which is predominantly 
montmorillonite clay, was used a wide range of industrial applications such as clarification of edible 
and mineral oils, paints, cosmetics and pharmaceuticals [12].  Since the natural clay minerals have the 
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relatively low adsorption capacity, they can be adding other material such as biochar to improve their 
adsorption ability and capacity. 
Biochar is a pyrogenic carbon-rich material, derived from thermal decomposition of biomass in a closed 
system with little or no oxygen [13][14][15]. The use of biochar as a low-cost sorbent to remove 
metallic contaminants from aqueous solutions is an emerging and promising wastewater treatment 
technology, which has already been demonstrated in previous studies [16][17][18][19][20]. Biochars 
converted from agricultural residues, animal waste, and woody materials have been tested for their 
ability to sorb various heavy metals, including lead, copper, nickel, and cadmium [21][22]. A recent 
study indicated that biochar produced from Bamboo by pyrolysis process is an effective sorbent of lead 
than other type of biochar, but the capacity of adsorption it is low, while need to add other material such 
as clay for increased and improved the capacity. However, there has been no report on the application of 
clay plus Bamboo biochar as adsorbents. 
Response surface methodology (RSM) is a collection of mathematical and statistical techniques useful 
for analysing the effects of several independent variables [23]. RSM can help in investigating the 
interactive effect of process variables and in building a mathematical model that accurately describes 
the overall process [24]. 
In this paper, adsorption of Pb(II) over adsorbent mixture contented form Sudanese clay plus Bamboo 
biochar will investigate in fixed-bed adsorption column system process. The effect of operating 
conditions on the adsorbent capacity is conducted. The optimum operating conditions such as flow rate 
of Pb(II) solution, initial concentration of metal solution and the bed height of adsorbent in the column,  
are analysed using design of experiments (DOE) and response surface methodology (RSM).       
 

Material and methods: 

Adsorbents  
The clay (CS) was obtained from Sudan located in Nile river region in Sennar state, Sudan. Standard 
samples of Pb(No3)2 was purchased from Boss official limited partnership in Thailand. All solutions 
were prepared from analytical reagents (AR) and distilled water. Bamboo biochar (BB) was prepared in 
the laboratory scale by pyrolysis process at 500° C, grinded and sieved through mesh number 20 and 
mixed with clay at a ratio of 1:1 to form adsorbent mixture CB. The mixture of adsorbents was put in 
rubber foam ring as holder, and fixed in column to make bed. The concentration of residual Pb(II), was 
analysed using a Perkin Elmer thermos scientific S-series model (AAnalyst100), flame atomic 
absorption spectrometer (AAS).  
  
Adsorbate 
A stock solution concentration of Pb(No3)2 (1000 mg/l) was prepared by diluting a stock standard 
solution of Pb(NO3)2 to the varies concentration. A stock solution was obtained by dissolving 1.59 g of 
Lead nitrate in 1 litre distilled water. The range of concentration of the Pb(II) prepared from the 
standard solution varied between 5–30 mg/L.  

Experimental setup and procedure 
A schematic diagram for the fixed-bed column system is shown in Figure1. The fixed-bed column was 
made of glass tube of 3.5 cm inner diameter and 24 cm height. At the bottom of column, stainless steel 
sieve was attached followed by layer of glass wool. A known quantity of the prepared adsorbent 
mixture of CB was put in rubber foam ring and was packed in the column to obtain the desired bed 
height of adsorbent at range (10-40 mm) equivalent to (0.8-3.2 g) of mixture CB for study the effect of 
bed height. The column was then connected with distributer in order to provide a uniform flow of the 
solution through the column. Solution of Pb(II) of known concentrations at range (5-30 mg/L) was 
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pumped downward through the column at varies flowrate at range (10-20 ml/min) controlled by a 
peristaltic pump for investigate the effects of initial concentration and effects of flow rate. The samples 
of out let solution were collected at the exit of the column at different time intervals and the 
concentration of these samples was determined using a flame atomic adsorption spectrophotometer 
(AAS).  In order to ensure the accuracy and reproducibility of all the data, all the column adsorption 
experiments were conducted in triplicate, and the mean values were used in the data analysis.   
 
Experimental Design and Response Surface Methodology 
Response surface methodology (RSM) is one of the techniques used for design experiments and to 
developed mathematical model to predict the optimum values of independent variables [25][26].  
In this study the experiments were designed using essential regression and experimental design 
software. Three important factors, flowrate (ml/min), initial concentration of Pb(II) (mg/L) and bed 
height (mm), were chosen as independent variables that would be affect in adsorption capacity of CB 
adsorbent. These factors at ranges included three levels, low, central and high. 17 experimental runs 
were designed using Box-Behnken with three central pointes as shown in Table (1). The experiments 
were conducted to determine one quantity (response) as shown in that Table, the capacity of adsorbents 
(mg/g). The model used for predicting adsorbent capacity is quadratic equation as explained by: 
 
                     Y = b0 + b1F + b2C + b3B + b4F2 + b5C2 + b6B2 + b7FC + b8FB + b9CB 

Where Y is the predicted response; b0, b1, b2, b3, b4, b5, b6, b7, b8 and b9 are the regression coefficients; 
and F, C, and B are the coded independent variables for flowrate, initial concentration and bed height, 
respectively. 

Table 1.  Experimental design matrix and results 

Run Flowrate 
ml/min 

Concentration 
mg/l Bed height mm Resp_1 

Predicted 
Resp_1 

Residuals 

1 15 17.5 25 6.55 6.84 -0.293 

2 17.9 24.9 34 5.7 7.09 -1.390 

3 12 10 16 13.3 14.30 -1.000 

4 20 17.5 25 9.3 6.74 2.563 

5 15 17.5 4 6.91 6.13 0.783 

6 15 17.5 25 6.65 6.84 -0.190 

7 12 10 34 4 3.86 0.145 

8 15 17.5 10 18.64 16.04 2.597 

9 12 24.9 16 12.13 13.55 -1.419 

10 17.9 10 16 5 6.35 -1.352 

11 15 17.5 25 6.75 6.84 -0.09363 
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12 12 24.9 34 3.7 4.74 -1.038 

13 17.9 10 34 2.4 3.37 -0.972 

14 17.9 24.9 16 5.9 8.44 -2.535 

15 10 17.5 25 12.26 11.44 0.816 

16 15 30 25 6.7 4.06 2.642 

17 15 5 25 2.3 1.56 0.737 

 

 
 

 
Figure1 The fixed bed experimental setup 

 
Analysis of column data 
The time for breakthrough appearance and the shape of the breakthrough curve are very important 
characteristics for determining the operation and the dynamic response of an adsorption fixed-bed 
column. The breakthrough curves show the loading behaviour of Pb(II) to be removed from solution in 
a fixed-bed column and is usually expressed in terms of adsorbed Pb(II) concentration (Cad), inlet Pb(II) 
concentration (Co), outlet Pb(II) concentration (Ct) or normalized concentration defined as the ratio of 
outlet Pb(II)  concentration to inlet Pb(II) concentration (Ct/Co) as a function of time or volume of 
effluent for a given bed height [27]. Effluent volume (Veff) can be calculated as Eq. (1):      
 
                           Veff  =  Q ttotal                                            (1) 

Where ttotal and Q are the total flow time (min) and volumetric flow rate (ml/min). The area under the 
breakthrough curve (A) obtained by integrating the adsorbed concentration (Cad; mg/L) versus t (min) 
plot can be used to find the total adsorbed Pb(II) quantity( maximum column capacity). Total adsorbed 
metal quantity (qtotal; mg) in the column for given feed concentration and flow rate (Q) is calculated 
from eq. (2): 
 

    (2) 

Total amount of metal ion sent to column (Mtotal) is calculated from Eq. (3): 
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                             (3) 

Total removal is calculated from Eq. (4): 

  (4) 

Equilibrium metal uptake (qeq) or maximum capacity of the column) is defined by Eq. (5) as the total 
amount of metal sorbed (qtotal) per g of adsorbent (X) at the end of total flow time: 

      (5) 

Result and Discussion: 

Optimization 
 The CB adsorbent ability for adsorption Pb(II) in this work was measured by capacity yield. 
Results of investigation are reported for the effects of three variables on a capacity yield of CB. RSM 
was used to predict the optimum values of the three variables. A mathematical model was developed 
based on the experimental design performed initially by essential regression software, as listed in Table 
1. The experimental data was used to develop a quadratic regression model to predict the CB yield as a 
function of the three parameters including flowrate (F, ml/min), initial concentration of lead solution (C, 
mg/L), and bed height of adsorbent CB (H, mm), which was given by: 
 
 (CB adsorbent capacity) Resp_1 = 82.03 -5.487*F + 0.368*C -24.37H + 0.08984*F2 -0.02582*C2 + 

1.885*H2 + 0.03208*FC + 0.704*FH + 0.06167*CH                                                                  (7) 

The analysis of variance (ANOVA) summarized in Table 2 and 3, demonstrated that the models were 
highly significant at 95% confidence level, with high F-Value and very low F-significance. The 
regression coefficients and P-values were also shown; the latter were used to check the significance of 
each coefficient. From the significance test, it was found that flowrate (F) and bed height (H) were the 
most significant factors (p-values <0.05) affecting the CB capacity yield and the removal percentage of 
Pb(II) in CB. Additionally, as can be seen in Figure 2, the values predicted for CB capacity response by 
the mathematical model were in good agreement with the experimental results, confirming the fitness of 
the model.  
The quality of the model developed was evaluated based on the correlation coefficient, R2 and also 
standard deviation values [28]. From the Figure 2, the model’s results fit well with the experimental 
results, as indicated by the determination coefficients (R2) of 0.875 for the model’s predictions of CB 
yield, as can be seen the points of data were well distributed near to a straight line, while suggested a 
good relationship between predicted and the experimental values of the response. This indicated that 
87.5% of the total variation in the Pb(II) uptake in CB adsorbent. The R2 from Eq.7 was considered as 
moderate to validate the fit validate, while may lead to large variation in CB adsorbent capacity yield 
predicted from the model.  
Table 2 Analysis of variance (ANOVA) summarized 

ANOVA       
Source SS SS% MS F F Signif df 

Regression 262.51 88 29.17 5.446 0.01802 9 
Residual 37.49 12 5.356   7 

LOF Error 37.47 12  (100) 7.494 750.7820 0.00133 5 
Pure Error 0.01996 0  (0) 0.00998   2 

Total 300.00 100    16 
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Table 3  Continue analysis of variance (ANOVA) summarized 
  P value Std Error -95% 95% t Stat VIF 
b0 82.03 0.01664* 26.22 20.03 144.02 3.129  

b1 -5.487 0.06895* 2.556 -11.53 0.557 -2.147 
147.2
4 

b2 0.368 0.650 0.776 -1.466 2.202 0.474 84.75 
b3 -24.37 0.00853* 6.735 -40.30 -8.442 -3.618 92.01 

b4 0.08984 0.287 0.07799 -0.09458 0.274 1.152 
124.5
1 

b5 -0.02582 0.07732 0.01248 -0.05532 0.00369 -2.069 28.02 
b6 1.885 0.06611 0.867 -0.164 3.934 2.175 39.23 
b7 0.03208 0.415 0.03704 -0.05550 0.120 0.866 53.94 
b8 0.704 0.05656* 0.309 -0.02584 1.434 2.281 57.89 
b9 0.06167 0.633 0.123 -0.230 0.354 0.500 23.88 

 
From the statistical results was shown that the models was adequate to predict the adsorbent capacity 
yield within the range of parameter investigated. In Figure 2 show the predicted values versus the 
experimental values for Pb(II) uptake by CB adsorbent, as expected the errors between predicted and 
experimental values were bigger. The possible reason for the higher error and lower notability of 
estimation given by the model, might be there are other parameters affecting for the adsorbent capacity 
yield, more than three variable, More study need to be carried out to verify this.     
Essential regression software was used to optimize the conditions, and the results showed that the 
maximum value of capacity yield was about 26 mg/g for a flowrate of 10 ml/min, a bed height of 10 
mm, and an initial concentration of 14.5 mg/L.  
 
 

 

Figure. 2. Experimental results versus predicted values of 

Effect of Pb(II) solution flowrate  
Three-dimensional (3D) response surfaces and their corresponding 2-D contours in Figure 3 (a and b), 
display the interaction effects of most significant variables flowrate and bed height for the CB adsorbent 
capacity yield. The response surface can be used to determine the optimum levels of the parameters for 
the maximum response of capacity yield at the highest point of the surface. Figure 3(a) shows the 
mutual effects of the flowrate and bed height on the adsorbent capacity yield. The highest CB capacity 
yield was 20 mg/g obtained at around 10 ml/min of flowrate and decreased gradually to about 5 mg/g 
with increase of flowrate about 20 ml/min. However, there was a significant decrease in the capacity 
yield of adsorbent when the flowrate further increased from 10 ml/min to 20 ml/min. This might be 
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occurred due to short time (contact time between solution and adsorbent) in the column.  From other 
words as the flow rate increased, the sorption capacity decreased because of insufficient residence time 
of Pb(II)  metal solution in the column and reduced diffusion of adsorbate ions within the CB pores, and 
therefor earlier breakthrough time was obtained since equilibrium was not achieved [29]. 
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Figure 3 response surfaces (a) 3D dimensional and (b) 2D contours, effects of variables 
flowrate and bed height for the CB adsorbent capacity yield 

Effect of adsorbent bed height   
The bed height effect was shown in Figure 4 (a and b), Also a highest CB capacity yield, i.e., about 25 
mg/g, was achieved at around 10 mm bed height, then gradually dropped to about 5 mg/g with 
increasing bed height to 40 mm due to an increased flow rate of solution. The choice of the examined 
independent variables with their ranges seem appropriate with this process; however, the reduction of 
the flowrate (10 ml/min) is most likely needed, as it would  probably enhance the column adsorption 
process, hence increasing the adsorbent capacity, which will therefore get the optimum values in the 
examined ranges. 
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Figure 4 response surfaces (a) 3D dimensional and (b) 2D contours, effects of variables 
flowrate and bed height for the CB adsorbent capacity yield 
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Conclusion: 
1.  It was demonstrated that adsorption process were generated by using mixed of clay and 

Bamboo biochar with ratio 1:1 in the column for adsorption Pb(II) from aqueous solution. 

2.  Flowrate and bed height were identified as the most significant factors affecting the adsorbent 
(CB) capacity yield. The model was adequate for predicting the CB capacity yield at less than 5% error. 
From RSM, a maximum value of 26 mg/g of the CB capacity yield was obtained at 10 ml/min of 
flowrate, 15mg/g of solution concentration, and bed height of 1 cm,  

3.  Experiments were conducted at the optimum conditions in order to verify the accuracy of the 
simulated optimum conditions. The CB capacity yield was 25mg/g as compared to simulated value of 
26 mg/g (4 % error).  
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