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Abstract 
 

The purpose of this project is to study the removal of zinc (II) with three types of apatite, a 

synthetic deficient calcium apatite (DCa HAp), a biogenic apatite (Apatite II TM) and a 

synthetic hydroxyapatite produced by a combustion based methodology. As heavy metals 

are of big health and the environment concern the research focus the attention in one of 

the most common element in water bodies.  

The efficiency and the behavior of the selected apatites in different experimental 

conditions using batch and column experiments have been studied. Additionally to the 

influence of water composition the influence of the pH and presence of other heavy metals 

on apatites removal capacities have been also evaluated. Chemical and Mineralogical 

techniques were used to characterize the properties of the apatites before and after being 

used on heavy metal extractions.  

The synthetic calcium deficient hydroxyapatite has the higher removal efficiency at low pH 

and that both calcium deficient hydroxyapatite and Apatite II TM have similar performance 

on metals removal efficiency. Batch equilibrium experiments were used to determine the 

adsorption capacity. DCa HAp, Apatite II TM, and apatite synthetized by combustion 

reported to have adsorption capacity of 34.0mg g-1 and 30.5mg g-1 and 8.30mg g-1 

respectively. 

The metal extraction mechanisms was shown to be a complex process where the 

following main processes could be involved: a) dissolution of the apatites realizing Ca(II) 

and phosphate ions, b) sorption of the metal ions onto the apatite structure and c) 

formation of metal-phosphate mineral phases as Hopeite. The presence and morphology 

of Hopeite was identified by FSEM-EDAX and it was confirmed by X-Ray Diffraction. 
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1 GLOSARY 
 

AAS  Absorption Atomic Spectroscopy 

BDST  Bed Depth Service Time 

BV  Bed Volume 

Ca  Calcium 

CAS  Chemical Abstracts Service 

Cd  Cadmium 

Cl  Chloride 

Co  Cobalt 

Cr  Chromium 

Cu  Cupper 

DCa Hap Calcium Deficient Hydroxyapatite 

F  Fluor 

Fe  Iron 

HAp  Hydroxyapatite 

Hg  Mercury 

HM  Heavy Metal 

IC  Ionic Chromatography 

IUPAC  International Union of Pure and Applied Chemistry 

K  Potassium 

Mg  Magnesium 

Mn  Manganese 

Mo  Molybdenum 

Na  Sodium 

Ni  Nickel 

O  Oxygen 

P  Phosphorus  

Pb  Lead 

SEM  Scanning Electron Microscopy 

US EPA United States Environmental Protection Agency 

WHO  World Health Organization 

XRD  X-Ray Diffraction 

Zn  Zinc 
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2 PREFACE 
 

Recently, studies have identified high zinc levels in various environmental resources, and 

excessive intake of zinc has long been considered to be harmful to human health. This 

environmental and human health problem generates a great concern to regulators 

Mining activities, due its materialization in nature, cause a big impact on the environment 

not just because of the terrain destruction by the excavation works but also because of 

soil pollution (consequently the water pollution and alimentary pollution) and air pollution. 

The mining of sulfidic zinc ores produces large amounts of sulfur dioxide and cadmium 

vapor emissions between others. Smelter slag and other residues of process also contain 

significant amounts of other heavy metals. Additionally, in most cases, the dumps of the 

past mining operations leach significant amounts of zinc and cadmium, and, as a result, 

the sediments of close rivers contain significant amounts of heavy metals. 

Mineral phosphate rocks, apatites are suitable materials to stabilize and remove heavy 

metals in different environmental scenarios. Studies have shown the effectiveness of 

apatites, but there are many scenarios and conditions that still remain unknown. This 

study is devoted to evaluate the removal of Zn with two synthetic materials and a biogenic 

material and identify the physicochemical processes involved. 
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3 INTRODUCTION 
 

The environmental pollution due to heavy metal has always been a great concern 

especially for the industrial processes dealing with mineral processing, hydrometallurgy 

and metallurgy. Heavy metals are very soluble in water but also tend to accumulate in 

sediments and can be absorbed by organisms and then enter in the food chain. Then, 

heavy metals have an important impact on human health and in the environment due to 

their high toxicity. Then, it is a need for industries to ensure the appropriate treatment of 

waste waters following the boundaries established by the regulatory organs to preserve 

the environment and our health. 

There are different technologies to remove heavy metal from aqueous effluents as 

chemical precipitation, flotation, adsorption and membrane driven processes. This study 

evaluates the use of a simplest process based on the use of a reactive sorbent as 

hydroxyapatite. 

3.1 Objective 

The objective of this project is to determine the behavior of apatite based materials in 

heavy metal removal from aqueous solutions. Zinc (II) has been selected as model heavy 

metal ion. 

To achieve this objective it was necessary to characterize three apatite based materials to 

determine the appropriate conditions (pH, contact time, amount of material). The three 

different types of apatites evaluated were: a synthetic hydroxyapatite calcium deficient 

(DCa Hap), a biogenic hydroxyapatite (Apatite II TM), and a synthetic hydroxyapatite 

produced by a combustion based methodology. 

3.2 Scope 

The scope of this project is to determine at laboratory scale the materials performance. 

The experimental and methodologies used to test the selected apatites involved the use 

of batch and column experiments. Metal solutions used were prepared by using synthetic 

water samples and when needed tap water were used to simulated natural waters. 
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4 HEAVY METALS  

4.1 Introduction 

The term “Heavy Metal” (HM) does not have an official definition given by any official 

authority as it can be the International Union of Pure and Applied Chemistry (IUPAC), 

nevertheless it has been fully used in scientific articles, legislation and regulation of these 

elements. HM can be defined by its density, atomic number, atomic weight, etc. However 

this can be sometimes contradictory. The term “Heavy Metal” is often used to name a 

group of metals that have been associated with contamination and potential toxicity or 

ecotoxicity. [1] 

Considering a Heavy Metal those which density exceeds 5 g/cm3 a lot of elements can be 

classified in this category but the term “heavy metal” as for example Cadmium, Chromium, 

Copper, Nickel, Lead, and Zinc. Table 1 summarizes the most relevant heavy metals 

present in industrial, domestic effluents and in some cases natural waters 

Table 1 The MCL standards for the most hazardous heavy metals [2] 

Heavy 
metal Toxicities 

Cadmium   Kidney damage, renal disorder, human carcinogen 

Chromium Headache, diarrhea, nausea, vomiting, carcinogenic 

Copper   Liver damage, Wilson disease, insomnia 

Nickel   Dermatitis, nausea, chronic asthma, coughing, human carcinogen 

Zinc   Depression, lethargy, neurological signs and increased thirst 

Lead   
Damage the fetal brain, diseases of the kidneys, circulatory system, and 
nervous systems 

Mercury   
Rheumatoid arthritis, and diseases of the kidneys, circulatory system, and 
nervous system 

Table 1 MCL standards for hazardous heavy metals 

The reason for its high toxicity is because they influence the biochemistry in the metabolic 

process acting as a poison additionally they accumulate in sediments and organisms from 

where they can be transfer into the food chain [3] 

4.2 Legislation 

The Directive 2000/60/EC define as a “Priority substance” to those substance which 

present a significant risk to the environment. Within these substances, some are classified 

as “Priority hazardous substances” since they are toxic, persistent and liable to bio-

accumulate or which give rise to an equivalent level of concern.[4] 
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European Commission established in the Directive 2008/105/EC a reviewed list of priority 

substances, including the priority hazardous substances, with recommendations of the 

Directive 2000/60/Ec. This list includes, as priority hazardous substances, Cadmium, 

Mercury, Lead and Nickel. [5]  

According to the 140/2003 RD by which establish health criteria for the quality of water for 

human consumption the chemic parameters for the Cadmium, Cupper, Chromium, 

Mercury, Nickel, Lead and Zinc are the next showed in table 2. [6] 

Parameter 
Parametric 

Value [mg L-1] 

Cadmium 0.005 

Cupper 0.002 

Chromium 0.050 

Mercury 0.001 

Nickel 0.020 

Lead 0.050 

Zinc 5.000 

Table 2. Parametric levels of relevant heavy metals according to140/2003 RD 

 

4.3 Cadmium, Lead y Zinc 

4.3.1 Cadmium (Cd) 

Like zinc, it is in oxidation state +2 in most of its compounds and like mercury it shows a 

low melting point compared to transition metals. Cadmium is a common impurity in zinc 

ores, and it is most often isolated during the production of zinc. The main mineral is 

Cadmium Sulfide (CdS). The most common industrial uses is as a key component in 

battery production, cadmium pigments, coatings and electroplating. The European Union 

set the limit to use Cadmium in electronics in 0.01% with exceptions although reduced the 

allowed content of cadmium to a 0.002% in batteries.[7] In electroplating consumes 6% of 

the global production, for example in the aircraft industry is use to resist corrosion. 

4.3.2 Lead (Pb) 

Malleable and heavy post-transition metal, is used in building construction, lead-acid 

batteries, bullets, and fusibles. In past most of lead emissions came from petrol where it 

was used as an additive. Today lead can be found in smelter welding of lead painted 

metal, battery plants and mines. [8] Metallic lead does occur in nature, but it is rare and is 



13 
Removal of Zinc (II) from aqueous solution using apatites 

 

usually found in ores with zinc, silver and copper. The main led mineral is lead sulfide 

(PbS), Cerussite (PbCO3) and anglesite (PbSO4). 
[9] 

Regarding to the NTP 165 (Good Practice Guide) for the use in the industry the boundary 

level of Lead in blood is 80 µg/100ml in blood (VLB).[10] 

4.3.3 Zinc (Zn) 

Zinc is the 24th most abundant element in Earth's crust. Zinc chemistry is similar to the 

chemistry of the late first-row transition metals nickel and copper, though it has a filled d-

shell, so its compounds are diamagnetic and mostly colorless. It is possible to find zinc in 

protective coating of other metals, in dye casting and the construction industry, as well as 

for alloys. Its inorganic compounds are used for automotive equipment, storage and dry 

batteries, and dental, medical and household applications. Beside in fungicides, organic 

zinc compound are also used as topical antibiotics and lubricants. [11] 

The presence of zinc in water and air is due to both natural and anthropogenic sources. 

The main natural emission of zinc comes from erosion, just like igneous emissions and 

forest fires. The principal anthropologic sources of zinc are from mining, zinc production 

facilities, iron and steel production, corrosion galvanized structures, coal and fuel 

combustion, waste disposal incineration, and the use of zinc. [11] 

 

4.4 Apatite 

The apatite is a natural occurring mineral which is form of calcium apatite Ca10(PO4)6(OH)2 

it has been widely studied. Conca and Wright showed the potential possibility to replace 

functional groups, where Ca can be replaced by Pb, U, Zn, Cd, Cr, Co, etc., and the 

functional group of PO4 by CO3, SO4, and SiO4 and finally OH group by F, Cl, Br, and 

CO3.[12][13] 

Apatites are very stable and as it has been shown in the earth’s geology this apatites have 

not include biological processes. The retention process of metallic species need 

nucleation which is achieved by the apatite’s surface overcoming by activation energies. 

Moreover apatites are also good sorbents. [12][13] The different varieties of apatites are 

Hydroxyapatite, Fluorapatite, and Chlorapatite depending, if it contains F, Cl, and OH 

respectively.[13] 



14 
 

 

4.4.1 Hydroxyapatite 

Synthetic calcium phosphate has been used basically on metal removals by ionic 

exchange mechanism [14]. Most studies used synthetic hydroxyapatites in the laboratory 

with Ca/P molar relations around 1.6 and different values for the superficial area ranging 

from 10 m2 g-1 to 65 m2 g-1. The mechanism defined was Ionic exchange between calcium 

from hydroxyapatite and metals.  

Calcium deficient (non-stoichiometric) hydroxyapatite, Ca10-x(PO4)6-x(HPO4)x(OH)2-x (where 

x is between 0 and 1) has a Ca/P ratio between 1.67 and 1.5. The Ca/P ratio is often used 

in the discussion of calcium phosphate phases.[15] Stoichiometric apatite Ca10(PO4)6(OH)2 

has a Ca/P ratio of 10:6 normally expressed as 1.67. The non-stoichiometric phases have 

the hydroxyapatite structure with cation vacancies (Ca2+) and anion (OH–) vacancies. The 

sites occupied by phosphate anions in stoichiometric hydroxyapatite, are occupied by 

phosphate or hydrogen phosphate, HPO4
2–, anions. [15] Preparation of these calcium 

deficient phases can be prepared by precipitation from a mixture of calcium nitrate and di-

ammonium phosphate with the desired Ca/P ratio. 

4.4.2 Apatite II TM 

Apatite II TM uses fish bones and fish hard parts to remediate, clean-up, stabilize, 

immobilize, or otherwise treat metal-contaminated water, soil or waste. The fish bones 

and fish hard parts can be mixed in with soils and wastes, or emplaced as a permeable 

reactive barrier in a trench or excavation, or emplaced as a liner or barrier surrounding a 

waste form, disposal site, or contaminated site. All that is needed is intimate contact 

between the fish bones and fish hard parts and the contaminated waste form, soil 

particles, or water. In a system of, for example, soil, waste, groundwater, surface water, 

waste streams, or the digestive tracts of animals, the presence of fish bones and fish hard 

parts reduces the amount of metal that can mobilize and migrate out of the system. Fish 

bones and fish hard parts remove metals from waters passing through the system or 

originating within the system. Fish bones and fish hard parts reduce the bioavailability of 

metals to organisms coming into contact with the system and from water leaving the 

system. The fish bones and fish hard parts can be mixed with any other material, e.g., 

gravel, sand, clay, zeolites, soils of all types, iron filings, cement, compost, straw, or 

organics of all types.[16] 
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Fish bones are by-products from canned fish industries. After the pre-process a 25 to 35% 

of organic matter still remains in the apatite. The effectiveness of the Apatite IITM was 

proved and tested in contaminated soils, waters and residues; contaminants as cadmium, 

lead, zinc, copper, uranium, palladium.  

Basically this material is formed by hydroxyapatite but it also includes other species that 

are part of the fish bones and fish hard parts, formulation: 

                             For x<0.2 and y<0.05  [17] (Eq.1) 

                              For x<1   [18]                    (Eq.2) 

                            For x = 0.4   [19]             (Eq.3) 

Structurally apatite is formed by hydroxyapatite nanocrystals placed randomly in an 

amorphous phase. The amorphous phase is relatively reactive and provokes the needed 

phosphate quantities in the solution every moment. 

Compared with other apatites that have less substitution carbonates, or less substitution 

fluor substance and less porosity; Apatite IITM generates a reduction of the reactivity and 

the metal stabilizer capacity [17]. Bostick et al. established the affinity sequence to retain 

cations in the order: [20] 

UO2
2+ >Pb2+ ≥ Th4+ > Cd2+ > Mn2+   Zn2+ > Cu2+   SbO+   Hg2+ >Ni2+ >Sr2+ >Ba2+ 

And for anions [21] 

VO4
3- >MoO4

2- > SeO3
2- > AsO4

3- >CrO4
2- > TcO4

- 

4.4.3 Combustion apatite 

Combustion apatite was prepared at UPC laboratories. The compound of this 

monocrystalline hydroxyapatite was prepared by sol-gel method. All chemical products 

(Calcium Nitrate, diammonium hydrogen orthophosphate, urea, and nitric acid) used were 

for analytics and the aqueous solutions were prepared with MilliQ water. The rate Ca/P 

was fixed at 1.67. 
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4.5 Metal removal technologies 

4.5.1 Conventional processes for heavy metals (HM) removal 

Chemical precipitation is the most used for HM removal from inorganic effluent. The 

conceptual mechanism in Eq. (4) [22]  

                                                            (Eq. 4) 

Where     and       represent the dissolved metal ions and the precipitant, 

respectively, while        is the insoluble metal hydroxide. Adjustment of pH to the basic 

conditions (pH 9-11) is the main parameter that significantly improves the process. This 

process is not expensive and effective but in the other hand it produces large amount of 

water in the form of sludge after the process which requires further treatment. 

Sorption is the transfer of ions from water to the soil i.e. from solution phase to the solid 

phase. [23] 

Ion exchange is used successfully in the industry for the removal of heavy metals from 

effluent. The disadvantage of this method is that it cannot handle concentrated metal 

solution as the exchanger is easily fouled by organics and other solids in the wastewater. 

Ion exchange is not highly selectively and it is high sensitive to the pH of the solution. 

Electrolytic recovery or electro-winning uses electric current to reduce metal ions-bearing 

solution onto a metallic form. The disadvantage is that corrosion is a limiting factor 

because of that electrodes would frequently have to be replaced. [23] 

4.5.2 New trend on HM removal 

4.5.2.1 Adsorption on new absorbents 

a) Adsorption on modified natural materials 

Natural zeolites can be used as an ion exchanger. Clinoptilotite have shown to have high 

selectivity for certain HM ions such as Pb (II), Cd (II), Zn (II), and Cu (II). It was 

demonstrated that the cation-exchange capability of Clinoptilotite depend on the 

pretreatment method to improve its ion exchange ability and removal efficiency [24] 

The role of pH is very important for the selective adsorption of different HM ions. 

Basaldella et al. (2007) used NaA zeolite for removal of Cr (III) at neutral pH while Barakat 

(2008a) used 4A zeolite which was synthesized by dihydroxylation of low grade kaolin. 
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Barakat reported that Cu (II) and Zn (II) were adsorbed at neutral and alkaline pH, Cr (VI) 

was adsorbed at acidic pH while the adsorption of Mn (IV) was achieved at high alkaline 

pH values. 

b) Adsorption on industrial by-products 

Industrial by-products such as fly ash, waste iron, iron slags, hydrous titanium oxide, can 

be chemically modified to enhance its removal performance for metal removal from 

wastewater. Table 3, summarizes different examples of industrial by-products on the 

removal of heavy metal ions 

Reference By-product HM 

Lee et al.(2004) Green sands (From iron foundry industry) Zn(II) 

Feng et al.(2004) Iron slag 
Cu(II), 
Pb(II) 

Gupta et al.(2003) Bagasse fly ash (Solid waste from sugar industry) 
Cd(II), 
Ni(II) 

Alinnor (2007) fly ash (From coal-burning) 
Cu(II), 
Pb(II) 

Uysal and Ar., 
2007 

Sawdust treated with 1,5-disodium hydrogen 
phosphate Cr(VI) 

Ghosh et al. (2003) Hydrous Titanium oxide Cr(VI) 

Barakat (2005) Hydrous Titanium oxide Cu(II) 
 

Table 3. Details of removal of heavy metal ions 

c) Adsorption on modified agriculture and biological wastes (bio-sorption) 

The use of agricultural by-products in bioremediation of heavy metal ions, known as bio-

sorption utilizes inactive (non-living) microbial biomass to bind and concentrate them. 

These by-products (e.g. hazelnut shell, rice husk pecan shells, jackfruit, maize cob or 

husk) are used directly or after chemical modification or conversion by heating into 

activated carbon. [25] 

d) Adsorption on modified biopolymers and hydrogels 

Biopolymers are industrially attractive because they are, capable of lowering transition 

metal ion concentrations to sub-part per billion concentrations. Additionally, they have a 

number of different functional groups, such as hydroxyls and amines, which increase the 

efficiency of metal ion uptake and the maximum chemical loading capacity. New 

polysaccharide-based-materials have been described as modified biopolymer adsorbents 

(derived from chitin, chitosan, and starch). 
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4.5.2.2 Membrane based processes 

Membrane based technologies are capable of removing not only suspended solid and 

organic compounds, but also inorganic species. Different types of membranes can be 

used: ultrafiltration, nanofiltration and reverse osmosis and Electrodialysis. [26] 
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5 STATE OF ART 

The possibility of using apatite as reactive material for metal removal was proposed by 

Nriagru and Moore (1984). Chen et al. (1997) used a sedimentary apatite for Pb, Cd, Zn 

removal and stabilization in contaminated soils. They concluded that this apatite was very 

effective to remove Pb and moderately effective for the Cd and Zn according to the 

removal ratios: 100% of Pb, 49% of Cd, 28% of Zn, in a range of pH of 4 to 6.5. Qui et al. 

(1994) tested the effect of the anions    
 ,   ,        

  , or    
   on      removal with 

HAp. Hydroxyapatite immobilize efficiently      in the presence of    
 ,   ,       

  , 

and   
  . Lead concentrations were reduced below the EPA      action level, except at 

high concentrations of      and    
  . The main mechanisms of     removal were 

through the dissolution of HAP and the precipitation of HP (Ca5(PO4)3OH), 

CP(Pb5(PO4)3CI), or FP (Pb5(PO4)3F). Hydroxyapatite was transformed to CP and FP after 

reaction with aqueous      in the presence of     and   , respectively, and to HP in the 

presence of    
 ,    

  , or    
  . Hydroxyapatite dissolution followed by HP, CP, or FP 

precipitation was the main chemical reaction, but      adsorption by HA and cation 

substitution of      for      on HAP may have also occurred. 

Xu et al. (2007) studied the possibilities for removing lead from water by reactions 

involving synthetic hydroxyapatite. Batch experiment showed that the rate of Pb2+ removal 

in these reactions is kinetically  ∼ 100 mg L−1 Pb2+ in the starting solution are reduced 

from the solutions to < 0.5 μg L−1 within several minutes. 

Khim et al. (2012) studied the use of fish bones as an adsorbent for the removal of zinc 

(II) from aqueous solution and the influence of the solution pH; adsorbent dose and 

contact time on the adsorption process. Reaction kinetics of the zinc (II) removal from the 

aqueous solution were identified and correlated to the pseudo-first and second-order 

kinetic models. 

Jellouli et al. (2013) used polyacrylic acid assited-ultrafiltration technique to remove 

Copper and Zinc from aqueous solutions. The Copper and Zinc removal from aqueous 

solution by polyelectrolyte enhanced ultrafiltration (PEUF) process was investigated using 

poly (acrylic acid) (PAA) with average molecular weight 100 kDa. The ultrafiltration studies 

were carried out using a tangential cell system, equipped with 10,000 MWCO regenerated 

cellulose. Removal of Zn2+ and Cu2+ is respectively more than 70% and 93%. A better 

retention was observed at 2 10−3 molL−1 PAA concentration and 3 bar transmembrane 
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pressure. The pH effect on the Zinc and Copper recovery revealed a maximum retention 

around 75% and 97%, respectively, for pH = 5.  

Wanga et al (2014), studied the use of tricalcium aluminate (C3A) for Zn (II) removal. The 

adsorption capacity of C3A was determined as mmol g-1, and the highest zinc removal 

capacity was obtained at neutral pH. The XRD analysis and analysis of solution 

components, proved the existence of both precipitation and cation exchange in the 

removal process. From the experimental results, it was clear that C3A could be potentially 

used as a cost-effective material for the removal of zinc in aqueous environment. 
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6 EXPERIMENTAL PART 

Table 4 summarizes the experiments performed along the project for the different apatites 

with the conditions and variables established for the study. 

Experiments                       
 

Material 
Kinetics 

Fixed Bed 
Column 

Batch 
equilibrium 

Point 
Zero 
Charge 

Reactor 

DCa HAp 
-MilliQ 
-Tap water 

-MilliQ 
-Tap Water 
-Zn+Cd+Pb 

-MilliQ 
-Different pH 
-Different amount 

-MilliQ -MilliQ 

Apatite II TM 
-MilliQ 
-Tap water 

- 
-MilliQ 
-Different amount 

- - 

Combustion 
Apatite 

-MilliQ - 
-MilliQ 
-Different pH 

-MilliQ - 

Table 4. Experimentation performed for DCa HAp, Apatite II TM, and Combustion apatite  

 

6.1 Kinetics 

A series of batch kinetic test were conducted on DCa HAp and Apatite II TM to determine 

the reaction time required establishing equilibrium conditions and the adsorption kinetics 

for Zn using an initial Zn concentration of 6 mg L-1, at an initial average of pH 6.7. The 

experiments have been done changing de type of water, first testing the response of the 

apatites in MilliQ water and then in Tap water to have a more real context. 

Materials: Rotation shaker, 25mL test tubes, 10mL test tubes, beakers, test tube rack, 

spatula, pipet, syringe & 20µm filter 

 

Chemicals  

Chemicals 
Molecular weight 

[g/mol] 
Purity [%] Supplier 

DCa Hap - - - 

Apatite II TM - - - 

Acid Nitric 63.01 69 Panreac 

Zinc sulfate 287.54 99.10 Panreac 

MilliQ - - - 

Tap Water - - - 

 
Table 5. Chemical materials for equilibrium and batch experiments 

Experimental procedure 
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0.2g samples of DCa HAp or Apatite IITM was placed in a 25mL zinc solution (Zn 

(II) - MilliQ or tap water according to the experiment) then put in the rotation shaker 

at 250 rpm. The samples were taken in different intervals of time (i.e., 2min., 5min., 

10min., 20min., 30min., 60min., 120min. and 180min.) the pH of the suspension 

was measured using a pHmeter immediately after tumbling. The suspension was 

filtered with the 20 µm filter and finally stored in the 10mL test tube and acidified 

with nitric acid solution to pH<1.0 to the next analysis with Atomic absorption 

spectroscopy (see point 6.6.1). 

This procedure has been applied for the next experiments: 

 DCa HAp in zinc solution with MilliQ water 

 DCa HAp in zinc solution with tap water 

 Apatite II TM in zinc solution with MilliQ water 

 Apatite IITM in zinc solution with tap water 

 Combustion Apatite in zinc solution with MilliQ water 

 

6.2 Equilibrium studies  

The aim of batch equilibrium experiment is to determine the metal removal efficiency of 

evaluated apatites. The experiments have been performed using the three different types 

of apatites and changing de type of water, firs testing the response of the apatites in MilliQ 

water and then in Tap water to have a more real context. 

Materials: Rotational shaker, 25mL test tubes, 10mL test tubes, beakers, test tube 

rack, spatula and syringe & 20µm filter. 

Chemicals 

Chemicals Molecular weight [g/mol] Purity [%] Supplier 

DCa Hap - - - 

Apatite II TM - - - 

Acid Nitric - - - 
Hydrochloric 
acid 36.46 37 Panreac 
Sodium 
hydroxide 39.99 - Panreac 

Zinc sulfate 287,54 99,10 Panreac 

MilliQ - - - 
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Tap Water - - - 
 

Table 6. Batch Equilibrium chemical material 

 

Experimental procedure 

The procedure is quite similar to the kinetics, first weigh on 0.2g apatite with the spatula 

into the 25mL test tubes and adding zinc solution (Zn with MilliQ or tap water) then put in 

the rotational shaker. Each sample has a different concentration ranging from 10mg L-1 

and 25, 50, 100, 250, 350, 500, 1000 mg L-1 Zn this samples have to remain 24 hours in 

the rotation shaker at 250 rpm. 

After 24 hours of contact time pH was measured by a pHmeter then filtered and stored in 

the 10mL test tubes and acidified with nitric acid to have pH<1.0 for its subsequent 

analysis in the AAS and in the Ionic Chromatography (check point 6.61 and 6.62 

respectively). Half of each sample (4.5mL) goes for the AAS and the rest (4.5mL) for the 

IC. This procedure has been applied for the next experiments: 

 DCa HAp in zinc solution with MilliQ water. 

 Apatite IITM in zinc solution with MilliQ water. 

 Combustion Apatite in zinc solution with MilliQ water. 

A different type of experiment is the study of the influence of the pH. In this case the 

solution has a fixed concentration (117 mg L-1) and the samples have pH ranging from 3 

to 10). DCa hydroxyapatite and combustion apatite were used in these experiments. The 

objective of this type of experiment is to evaluate the influence of the pH on the metal 

removal reactions. The pH of the solution was fixed with hydrochloric acid (concentration 

from 0.025M to 1M) and sodium hydroxide (concentration from 0.025M to 1M). Finally 

experiments to study the effect of the metal/apatite ratio by increasing the ratio of Apatite 

to 0.1g to 0.3g with a solution of 117 mg L-1 Zn concentration. Experiments were 

performed for DCa hydroxyapatite and the Apatite IITM. 

6.3 Fixed bed column 

The objective of these experiments is to determine the dynamic performance of apatite 

materials on zinc solution using fixed bed columns with DCa Hap. Three different types of 
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columns: a) DCa hydroxyapatite and MilliQ with 1mg L-1 Zn as model solution b) DCa HAp 

and tap water with 1mg L-1 Zn as model solution; c) DCa Hap with Zn, Cd and Pb model 

solutions. This last experiment was done to see an approximation of the real industrial 

context in which are present different heavy metals. 

 

Figure 1. Bed fixed Column circuit. (1) Inlet tank, (2) peristaltic pump, (3) column, (4) 
collector, (5) test tubes racks, (6) outlet tank 

Materials: 10mL syringe and 10 mL test tubes 10mL syringe. 

Chemicals 

Chemicals 
Molecular weight 

[g/mol] 
Purity [%] Supplier 

DCa Hap - - - 

Acid Nitric 63.01 69.00 - 

Zinc sulfate 287,54 99,10 Panreac 

Lead Nitrate 331.20 - Panreac 
Cadmium 
nitrate tetra 
hydrate 236.42 - Panreac 

Glass wool    

MilliQ - - - 
Table 7. Fixed Bed Column chemicals materials 

 

Experimental procedure 
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A 10mL syringe is used as a column modifying the inlet and outlet adding tubes to take 

the solution pumped by the peristaltic pump to pass through the column with the apatite 

and ending in the collector ready to take samples every certain interval of time. 

To prepare the column first we put the glass wool and push to make it compact then add 

then add the  DCa Hydroxyapatite and finally adding more glass wool and making it to be 

compact shutting the syringe. 

5L of Zn 1mg L-1 solution is prepare for the tank ready to be pumped by the pump which 

was set to obtain a flow rate of 1,5mL min-1. The collector was also set to collect first every 

6 min during 6 min it means that in the beginning it was collecting continuously 

(9mL/sample), then was set to collect every 30 min during 6 min. then every 60 min. 

during 6 min. and in the end every 240min during 6 min. 

All the samples taken for the analysis had been measured the pH and then saved for the 

AAS (4.5mL) and for the Ionic Chromatography (4.5mL). The rest of the solution that was 

not taken went to the residual deposit for heavy metal. 

6.4 Determination of the point zero charge of apatite 

materials 

The point of zero charge (PZC), in physical chemistry, is relating the phenomenon of 

adsorption, and it describes the condition when the electrical charge density on a surface 

is zero.[27] It is usually determined in relation to an electrolyte's pH, and the PZC value is 

assigned to a given substrate or colloidal particle. The aim of the PZC is used to 

determine how easily a substrate is able to adsorb ions (cations or anions) 

Materials: Rotational shaker, 20mL tubes, dropper, test tube rack, pipet, pH-meter, 

beakers 

Chemicals 

Chemicals Molecular weight [g/mol] Purity [%] Supplier 

Hydrochloric 
acid 36.46 37 Panreac 
Sodium 
hydroxide 39.99 - Panreac 

Zinc sulfate 287,54 99,10 Panreac 

MilliQ - - - 

Sodium Chloride - - - 
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Table 8. Point Zero Charge chemicals 

 

Experimental procedure 

Sodium chloride solutions of 0.01M and 0.05M were prepared using MilliQ water. The 

20mL tubes were weighted with the DCa HAp or combustion apatite, after the 20mL tubes 

with the apatite inside were filled with the solution, 0.01M or 0.05M sodium chloride 

solution or MilliQ water. The initial pH was check immediately after the 20mL tube was 

filled with the solution, the pH was fixed according to the initial pH adding drops (taking 

note of the number of drops to make dilution corrections if necessary) of Hydrochloric acid 

or sodium hydroxide. Once the pH was fixed, the tube was put into the rotational shaker to 

remain in rotation (at 250 rpm) during 24h. The range of the pH goes from 2 to 12 for the 

DCa HAp and for the Combustion apatite the pH goes from 3 to 9. After the 24 hours of 

contact time pH was checked for each sample. In order to fix the pH the concentration of 

the solutions of sodium hydroxide and hydrochloric acid were: 0.025M, 0.05M, 0.1M, and 

1M for both HCl and NaOH. 

6.5 Analytical methods 

6.5.1 Atomic absorption spectroscopy (AAS) 

AAS was used for the quantitative determinations of chemical elements using absorption 

of optical radiation (light) bye free atoms in the gaseous state. 

6.5.2 Chromatography 

Ion-exchange chromatography is a process that allows the separation of ions and polar 

molecules based on their affinity to the ion exchanger. Ion Chromatography (IC) was used 

to analyze the concentration of different ion, cations as Sodium, Calcium, Magnesium, 

Potassium, and Ammonium; anions as Sulphate, Phosphate and Chloride after the 

column test, batch and reactor. The aim is see the ion exchange between the HAp and 

the Zn solution, if the HAp releases Ca or phosphate in that way read the interaction that 

is taking place in the reaction. 

The principle of the IC is that the Ion-exchange chromatography retains analyte molecules 

on the column based on coulombic (ionic) interactions. The stationary phase surface 

displays ionic functional groups (R-X) that interact with analyte ions of opposite charge. 
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Eq. 5 shows the cation reaction, cation exchange chromatography retains positively 

charged cations because the stationary phase displays a negatively charged functional 

group: 

                                                                        (Eq.5) 

Anion exchange reaction in Eq. 6. Anion exchange chromatography retains anions using 

positively charged functional group: 

                                                                          (Eq.6) 

Note that the ion strength of either C+ or A- in the mobile phase can be adjusted to shift 

the equilibrium position, thus retention time. 

 

6.5.3 Molecular spectrophotometry  

A spectrophotometer is employed to measure the amount of light that a sample absorbs. 

The instrument operates by passing a beam of light through a sample and measuring the 

intensity of light reaching a detector. The beam of light consists of a stream of photons, 

represented by the purple balls in the simulation shown below. When a photon encounters 

an analyte molecule (the analyte is the molecule being studied), there is a chance the 

analyte will absorb the photon. This absorption reduces the number of photons in the 

beam of light, thereby reducing the intensity of the light beam. 

First, the intensity of light (I0) passing through a blank is measured. The intensity is the 

number of photons per second. The blank is a solution that is identical to the sample 

solution except that the blank does not contain the solute that absorbs light. This 

measurement is necessary, because the cell itself scatters some of the light. Second, the 

intensity of light (I) passing through the sample solution is measured. (In practice, 

instruments measure the power rather than the intensity of the light. The power is the 

energy per second, which is the product of the intensity (photons per second) and the 

energy per photon.) 

6.5.4 XRD 

The X-Ray Diffraction is used to measure the crystal structure of powders or thin film 

materials. The X-ray is produced in an evacuated tube similar to a cathode ray tube. 
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Applied current heats up a tungsten filament which liberates electrons this liberated 

electrons are accelerated by a high voltage and hit a copper target where copper x-rays 

are generated. The x-rays exit the tube and are incident on the sample which they are 

diffracted into a scintillating type detector. The beam passes through a slit which 

determines the angular width of the beam. 

 

Figure 2. XRD action principles 

Where d is the distance between plates in the crystalline net,   is the incident and 

diffraction angle, n is an integer number, and   is the wavelength. This samples were 

analyzed by CSIC (Consejo Superior de Investigaciones Científicas). 

 

6.6 Modeling 

6.6.1 Thomas model, Yoon-Nelson and BDST model 

Thomas model and Yoon and nelson kinetic models were used to analyze the column 

performance. In order to develop these models it is necessary to explain the variables in 

Eq. 7 and Eq. 8 described next respectively.  

                                                         
 

  
                                                                (Eq.7) 

Where t is the column working time, VB is the volume of the Hap fixed bed (Area of the 

syringe multiplied by the bed height Eq.8). 

                                                              (
     

 
)
 
                                             (Eq.8) 

 

Thomas model 
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Thomas model has been used by many researchers to study packed bed adsorption 

kinetics (Kavak and Öztürk, 2004; Baek et al., 2007 and Sivakumar and Palanisamy, 

2009).The linearized form of the Thomas model is described by Eq. 9 (Kavak and Öztürk, 

2004). 

                                                    (
  

  
  )  

     

 
 

    

 
                                     (Eq.9) 

Where Ce, C0 are the effluent and inlet solution concentrations (mg L-1), Q0 is the 

maximum adsorption capacity (mg g-1), M is the mass of the adsorbent (g), Q is the 

volumetric flow rate (mL min-1), V is the throughput volume (mL) and KT is the Thomas rate 

constant (mL min-1 mg-1). The kinetic coefficient, KT and the adsorption capacity of the bed, 

Q0 were determined from the plot of Ln [(C0/Ce)-1] against V at a given flow rate. 

 

Yoon-Nelson model  

Yoon and Nelson model is used to study the column adsorption kinetics (Tsai et al., 1999; 

Kavak and Öztürk, 2004; Sivakumar and Palanisamy, 2009). Eq. 10 shows the linear form 

of Yoon and Nelson model (Aksu and Gönen, 2004 and Sivakumar and Palanisamy, 

2009). 

                                                  (
  

     
)                                                (Eq.10) 

Where, KYN is Yoon and Nelson rate constant, Ce, Co is the effluent and inlet solute 

concentrations,   is the time required for 50% adsorbate breakthrough (min) and t is the 

breakthrough (sampling) time (min). A plot of Ln [Ce/(Co-Ce)] versus t gives a straight line 

with slope of KYN, and intercept of –   ·KYN. 

BDST model 

The BDST model is based on the physical measurement of the capacity of the bed at 

various percentage breakthrough values. The BDST model constants can be helpful to 

scale up the process for other flow rates and concentrations without further 

experimentation. It is used to predict the column performance for any bed length, if data 

for some depths are known. It states that the bed depth, Z, and service time, t, of a 

column exhibit a linear relationship. The rate of adsorption is controlled by the surface 
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reaction between the adsorbate and the unused capacity of the absorbent. The BDST 

equation can be expressed as Eq. 11: 

                                                 
  

    
  

 

    
   

  

 
                                           (Eq.11) 

where C is the effluent concentration of a solute in the liquid phase (mg L-1), C0 is the 

initial concentration of the solute in the liquid phase (mg L-1), U0 is the influent linear 

velocity (cm min-1), N0 is the adsorption capacity (mg g-1), Ka is the rate constant in the 

BDST model (L mg-1 min-1), t is the time (min), and Z is the bed depth of column (cm). A 

plot of t versus Z should yield a linear relationship where N0 and Ka, which are the 

adsorption capacity and rate constant, respectively, can be evaluated. 

6.6.2 Freundlich & Langmuir 

Langmuir and Freundlich have been used to quantify and evaluate the performance of 

apatites; in many publications these equations are generally used as empirical 

correlations to present the experimental sorption behavior of the system and their 

parameters are useful as a measure of the affinity or capacity of sorbent materials. [28] 

 

Langmuir 

The Langmuir isotherm model was used to describe the sorption isotherm of heavy metals 

on hydroxyapatite in many previous studies (Xu et al., 1994; Cao et al., 2004; Corami et 

al., 2007; Baillez et al., 2007). Langmuir model considers tanking place on the surface of 

metal ions by adsorption monolayer homogenous. Its mathematical expression is:                               

                                                       
  

  
 

  

  
 

 

     
                                                 (Eq.12) 

Where, KL is the Langmuir coefficient related to surface sorption energy (L mg-1), and Qm 

is the maximum amount of heavy metal sorbed on the apatite (mg g-1). The Langmuir 

coefficient (KL) is related to sorption energy. Ce (mg L-1) is the equilibrium concentration 

obtained with atomic absorption and Qe is the adsorbed amount of Zn (II) per unit weight 

of apatite (mg g-1). The adsorbed amount of Zn (II) per unit weight of DCa HAp was 

calculated from the equation 2. 
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                                                  (Eq.13) 

Qe is the metal adsorbed in mg g-1, C0 and Ce are the initial and equilibrium concentrations 

of metal (mg L-1); V is the volume of the solution (L), and m is the mass of the HAp (g). 

 

Freundlich 

Freundlich isotherm is an empirical model used to describe the adsorption in aqueous 

systems. Freundlich isotherm considers constant temperature, localized adsorption only in 

defined surface positions, wrinkled surface micro porosity. It doesn’t considers monolayer 

but multilayer where the adsorption took place, and exponential energy distribution. Its 

mathematical expression is described by Eq. 14: 

                                                                   

 

                                                    (Eq.14) 

It is also written as linear equation Eq. 15: 

                                                                  
 

 
                                           (Eq.15) 

Where Kf and n are the Freundlich constant for a given adsorbate and adsorbent at a 

particular temperature. 

 

6.6.3 Metal kinetic removal modeling  

Pseudo-first-order and pseudo-second-order kinetic models were introduced to the 

experimental data in order to investigate the adsorption kinetics of Zn2+ onto the apatite 

adsorbent.  

Pseudo-first-order 

Pseudo-first-order was reported by Lagergren and Svenska [29]. The pseudo-first-order 

equation can be written as: 
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                                                      (Eq.16) 

Integrating equation X for the boundary conditions t = 0 and t = t and Qt = 0 to Qt = Qt, 

results: 

                                                       (  
  

  
)          (Eq.17) 

Also written as:            

                                                                                                       (Eq.18) 

 

Where K1 is the rate constant (min-1), Qe (mg g-1) is the amount of solute absorbed onto 

the surface at equilibrium, Qt (mg g-1) is the amount of the solute adsorbed at any time t, 

and is provided by the equation 19. 

                                                               
        

 
        (Eq.19) 

Where C0 is the initial concentration, Ct concentration at time t, V is the volume of the 

solution, and M the mass of the adsorbent. 

Pseudo-second-order 

Pseudo-second-order equation can be written as: 

                                                            
 

  
 

 

     
  

 

  
                                                 (Eq.20) 

Where K2 is the second rate constant (g mg-1 min-1), the rest of the variables maintain the 

same meaning. 

Elovich model 

Elovich mathematical expression: 

                                                        
 

 
       

 

 
          (Eq.21) 

The constant a is the initial absorption velocity and b is relevant to surface covered and 

the activation energy chemical adsorption. 
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7 RESULTS AND DISCUSSION 

7.1 Characterization of apatite 

The mineralogical and morphology compositions of the three apatite samples before 

adsorption with Zinc were examined using X-Ray Diffraction (XRD), Emission Scanning 

Electron Microscopy with Energy Dispersive System (FE-SEM-EDS) and the point of zero 

charge (PZC). 

The X-Ray Diffraction (XRD) patterns of calcium deficient apatite DCa Hap (Fig. 6) 

showed the calcium phosphate Ca3(PO4)2 and hydroxyapatite (Hap) Ca10 (PO4)6(OH)2 as 

the predominant phase; The strongest peak intensity of the Hap samples at 2Ɵ = 31.87° 

was of the (211) crystal plan and the other peak at 2Ɵ =25.87° corresponds to the (002) 

crystal plane, also Hap was the main phases identified for apatite II TM (Fig. 4) and as 

trace for the apatite prepared by combustion method and the and Monetite CaPO3(OH)  

was the majority phase for combustion apatite (Fig.5)  

                                   

Figure 3. Before experiments, Combustion hydroxyapatite (left) and Apatite II TM (right), 
SEM (zoom X15000) 

    

 

Figure 4. Apatite II 
TM

 structure analyzed by XRD 
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Figure 5. Combustion initial structure analyzed by XRD 

 

Figure 6. DCa HAp structure analyzed by XRD 

 

The chemical composition of apatite forms materials is listed in Table 9; The EDS analysis 

indicated that the samples were predominantly composed of Ca, P and O, the major 

elements of apatite powders. Which indicates that, the calculated Ca/P ratio was 1.3, 1.51 

and 1.8 for apatite II, combustion apatite and calcium deficient hydroxyapatite 

respectively. Accordingly to the Ca/p theoretical for hydroxyapatite was 1.67, value of 

stoichiometric Hap Ca10(PO4)6(OH)2. 

 



35 
Removal of Zinc (II) from aqueous solution using apatites 

 

Apatite II TM 

Spectrum O (%) Na (%) Mg (%) P (%) Cl (%) Ca (%) Total 

Average 52,2 1,3 1,4 17 2,5 25,6 100 

Combustion Hydroxyapatite 

Spectrum O (%) P (%) S (%) Ca (%) Total 

Average 53,2 19,7 1,4 25,7 100 

DCa Hap 

Spectrum O (%) P (%) Ca (%) Total 

Average 42 20,7 37,3 100 

 

Table 9. Apatite II TM (by EDAX), Combustion Hydroxyapatite (by SEM), and DCa Hap (by 
SEM) composition in weight % 

 

The acid - base characterization provides a pHPZC of 7.1±0.2 for DCa hydroxyapatite and 

5.0±0.2 for combustion apatite Fig. 7 (a) and (b) respectively; which are in agreement with 

values reported for hydroxyapatite synthetic (7.6±0.2) and 6.2 according to Smiciklas et al. 

(2008). In the lower initial pH range, the consumption of protons from the solution by the 

protonation of negatively charged and neutral surface groupes results in final pH increase, 

while in the higher range of initial pH, OH- consumption occurs due to the deprotonation of 

positivly charged surface sites, resiulting in final pH decrease. 

As apatite particle exhibit pH dependent surface charge, and the percent of various heavy 

metal hydrolytic species depend on pH, this parameter significantly infleunces the sorption 

processes.  
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Figure 7 ΔpH curve with MilliQ and 0.01, 0.05 M NaCl for: a) DCa Hap and b) Combustion 
apatite 

7.2 Zinc removal by apatite II, hydroxyapatite synthesized 

by combustion and calcium deficient hydroxyapatite 

(DCa Hap): Equilibrium study 
 

The objectives of the equilibrium study was the determine the Zn(II) reactions occurring 

with the different types of apatite and to correlated these reactions with their structure by 

comparing the changes of concentration after equilibration under different conditions. The 

uptake of Zn (II) increased with increasing solution concentration; however the shape of 

the sorption isotherm obtained for Zn (II) with combustion apatite differs from the others.  

According to this study zinc phosphate precipitation (Fig.13) has been identified in a 
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manner contrary to the case of Zn, where a form of hydroxyapatite was identified where 

Ca was replaced by Zn. 

The Zinc sorption isotherms of DCa Hap, apatite II and combustion Hap are shown in Fig. 

8. The Zn (II) loading capacity for DCa Hap and Apatite II is higher than for combustion 

apatite, e.g.  34±4 mg g-1 in front of 8±1 mg g-1. The larger sorption capacity of the DCa 

Hap compared to combustion apatite is related to its calcium and phosphate content and 

its high availability for reaction, mainly on the ion exchange sites. Surface charge 

properties of active sites comparing the PZC for the both apatite where for combustion 

apatite the PZC was 5.2. The PZC 7.1 for DCa Hap plays an important role in Zn (II) 

removal at neutral pH, and the magnitude of columbic attractive force is reduced as the 

active site become neutral.  

The sorption parameters and regression coefficients (R2) obtained from the linear 

regression of Langmuir Eq.12 and Freundlich Eq.13 for the sorption isotherm are collected 

in Table 10. The experimental and predicted sorption isotherm data by Langmuir and 

Freundlich model with different apatite are shown in Fig. 8  

 

Adsorbent 
Models 

 
DCa 
HAp 

 
Apatite II 

 
Combustion HAp 

 
Langmuir equation 

Qm[mg g-1] 

KL[mg L-1] 

 R
2 

34.0 
0,004 
0,74 

30.5 
0.062 
0.99 

8.30 
0.019 
0.97 

 
Freundlich equation 

Kf 
n 
R2 

2.85 
2.20 
0.94 

2.35 
1.95 
0.83 

0.94 
2.90 
0.87 

Table 10. Langmuir and Freundlich isotherm parameters for DCa HAp, apatite II TM, and 
Combustion apatite 

For the initial Zn (II) concentration <50 mg L-1, the residual concentrations of Zn (II) in the 

solution were nearly the same. Isotherms with similar equilibrium concentration obtained 

from different initial adsorbent indicate a precipitation mechanism according to Echeverría 

et al (1998). Sorption isotherms of Zn (II) with different apatite are similar in shape, all 

showing a gradual increase of sorption with an increase of initial Zn (II) concentration 

although the sorption capacity was different. The shape of theses isotherms reflects 

surface adsorption or a more complex sorption mechanism. 

The Zn (II) removal data with Apatite II and Combustion apatite were a good correlation, 

which was observed between experimental data and the Langmuir equation while for DCa 

Hap the Freundlich isotherm provided better description. Oliva et al. (2011) reported also 
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better description of Zn (II) removal with Apatite II by the Langmuir isotherm. For all the 

apatite forms the values of R2 were > 0.90 indicate that the sorption occurs on a set of 

sites having the some sorption energies independent of surface coverage.  

 

According to Suzuki et al (1982) HAp most selectively sorbent metal cations with high 

electronegativity and ionic radii in the range 0.9-1.30Å (the ionic radius of Ca2+ is 0.99 Å), 

Zn (II) has the electronegativity of 1.65 but ionic radii out of the preferred radii (0.74Å) that 

why in our study as maximum of sorption was for DCa Hap with capacity of Zn (II) sorption 

34 mg g-1.  Generally the similarity between crystallographic radii of an exchangeable 

cation from the sorbent crystal lattice and a cation from the solution is the most important 

factor influencing the ions-exchange component of the sorption mechanism.  

 

According Table 11 for the higher Zn (II) concentrations, the final pH values were 

decreasing with an increase of the amount Zn (II) sorbed metal, decrease in solution by 1 

to 2 units according the initial sorbed powder.  This Zn (II) followed a general trend: the 

greater sorption capacity, the greater final pH decrease. The simple ion-exchange process 

between Ca (II) and Zn (II) ion from the solution would not cause any pH change. Zn (II) 

metal ions affects apatite surface and its specific sorption leads to pH decrease. Therefore 

Zn (II) sorption may cause: a) ion-exchange with H+ of protonated apatite surface group, 

or b) OH- sorption on positive charge produced by Zn (II) adsorption on apatite surface. It 

should be noted that this final pH decrease is small compared with other sorbent material 

as zeolites, due to the good apatite buffer property. 

 

 

 
C0(theorical) 

[mg/L] 

 
CExperimental 

[mg/L] 

 
DCa Hap 

 
Apatite II 

 
Combustion Hap 

pHi pHf pHi pHf pHi pHf 

10 10.23 6.80 6.82 7.17 7.00 6.64 6.28 

25 25.32 6.30 6.52 6.62 7.13 6.35 6.15 

50 44.48 6.14 6.35 6.57 7.09 6.29 6.04 

100 90.62 6.91 6.17 6.76 6.73 6.40 5.92 

250 244.80 5.87 5.46 6.11 6.12 6.10 5.69 

350 389.07 6.28 5.29 6.15 5.97 5.98 5.59 

500 518.58 5.73 5.19 6.10 5.65 6.18 5.49 

1000 932.37 5.53 4.85 5.95 5.26 5.89 5.29 

Table 11. pH results for Zinc removal by apatite II, hydroxyapatite synthesized by 
combustion and deficient hydroxyapatite 
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. 

 

 

Figure 8. Zinc sorption isotherms predicted by the Langmuir and Freundlich model for (a) 
DCa Hap (b) Apatite II and (c) combustion Hap materials. A linear relationship exists 

between the amount of metal sorbed and the amount of Ca2+ released from the apatite 
crystal lattice (DCa Hap and Apatite II) (Fig. 9). although the  Ca/ Zn ratio are close to 
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unity , the final pH decrease which promotes the apatite dissolution (i.e. Ca (II) release), 
indicate the existence of other sorption mechanisms instead of pure ion-exchange or a 

dissolution-precipitation and Zinc phosphate precipitation as present with XRD and EDS 
analysis (Fig.10, Fig.11, and Fig. 12) 

 

The reactions taking place, which explain the above, are: 

a)  Dissolution of hydroxyapatite:  

   Ca5(PO4)3(OH) ↔ 5 Ca2+ + 3 PO4
3- + OH-                  (Eq.22) 

b)  Dissociation of phosphate 

                                       PO4
3- + H2O ↔ HPO4

2- + OH-                                (Eq.23) 

       

                    HPO4
2-+ H2O ↔ H2PO4

- + OH-                               (Eq.24) 

               

                                        H2PO4
- + H2O ↔ H3PO4 + OH-                              (Eq.24) 

     

c) Elimination of  Zn with formation of Zinc phosphate: 

 

                           10Zn2+ + 6H2PO4
- ↔ Zn10(PO4)2 (OH)2+ 10 H+                 (Eq.26) 
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Figure 9. Variation between the amount of sorbed Zn (II) and Ca (II) released from apatite 
(a) DCa Hap and (b) apatite IITM 

 

XRD analysis of samples after sorption experiments detected the presence of Zinc 

phosphate of the analyzed DCa Hap as Hopeite Zn3 (PO4)2·4H2O (Fig. 10), and Zinc 

phosphate (Zn (PO3)2 for Combustion apatite (Fig. 12), while in the case of Apatite II TM, it 

was not detected the presence of Zn-phosphate minerals. This could be due neither to the 

fact that their content on the samples was below the limit or detection or because the 

minerals formed inside the small Lattice of apatite were present as nanocrystals that could 

not be detected (Fig. 13 (b)). This result was improved by the SEM morphology as cubic 

phase present in the surface of the apatite (DCa HAp) (Fig. 13 (a)). The quantity of Zn 

was determined by EDS analysis that we found 6.65% of Zn (II) in the combustion apatite 

powder and 23% of Zn (II) for the DCa HAp and apatite II TM, results shown in table 12. 
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Figure 10. DCa HAp - Zn (II) MilliQ Batch Equilibrium 

 

Figure 11. XRD - Apatite II TM - Zn (II) MilliQ Batch Equilibrium 

 

Figure 12. XRD - Combustion hydroxyapatite - Zn (II) MilliQ Batch Equilibrium 
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DCa Hap 

Spectrum O (%) P (%) Ca (%) Zn (%) 

Average 47.10 16.11 13.91 22.88 

Apatite II TM 

Spectrum O (%) Mg (%) P (%) Ca (%) Zn (%) 

Average 48.25 0.46 14.96 13.57 22.76 

Combustion apatite 

Spectrum O (%) F (%) Mg(%) Al(%) Si(%) P (%) S (%) Ca (%) Fe(%) Zn(%) 

Average 51.73 4.40 0.41 0.52 0.41 15.60 0.72 18.20 1.50 6.65 

 
Table 12. XRD after Batch Equilibrium for DCa HAp, Apatite II TM, Combustion apatite. Al 

values in weight percentage 

 

 

     

 

 

Figure 13 SEM morphology for: (a) Combustion apatite, (b) Apatite II TM and (c) DCa HAp. 
(Zoom X3000) 

c 

a b 
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7.2.1 Effect of adsorbent dose    

The effect of adsorbent dose on the removal of zinc was studied at ambient temperature 

25±2 °C and contact time of 24h. The quantities considered ranged from 0.1 to 0.3 g using 

two different sorbent DCa Hap and apatite II TM with initial concentration 110 mg L-1 of zinc 

solution preparing by MilliQ water. With DCa Hap, the removal efficiency increase by 

increasing the initial quantity from 48 to 80% for 0.1 and 0.3 g respectively.   With apatite 

II the efficiency was around 90% for different initial amount (from 0.1 to 0.3) as present in 

Fig. 14.   

The percentage of removal is clearly higher for the Apatite II TM removing almost the 

double that the DCa HAp at 0.1 g, as the amount is increased the %removal efficiency 

seems to converge to a stable value approaching to a stable value. The adsorption 

capacity is higher for the Apatite II TM and it decreases for both; at 0.3 g of apatite the 

adsorption capacity is similar between both apatite (1.56 mg g-1 and 1.83 mg g-1) Fig.15. 

 

Figure 14.Effect of adsorbent dose, removal efficiency for DCa HAp and Apatite II TM 
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Figure 15. Effect of adsorbent dose, adsorption capacity for DCa HAp and Apatite II TM 

 

 

7.3 Effect of the pH of Zn (II) removal processes 

- Case of DCa HAp  

The effect of solution pH on the Zn (II) removal was studied by varying the initial pH of the 

Zn (II) solution. The experiments were carried out with 0.25 g of DCa HAp and 20 mL of 

110 mg L-1 initial zinc concentration at room temperature for 24 h equilibrium time at 

different initial pH range (3 to 10). The equilibrium concentration are for the pH 3 to 10 

decreasing from 47.46 to  0.61mg L-1; and the percentages of removal efficiency 

increasing from 59.49 to 99.48 % . Seems that as the pH increase the removal efficiency 

improves and it favors the zinc removal. 

At low pH, low metal adsorption has been caused by the competition of metal ions with 

hydrogen ions for the available adsorption sites as well as the positive charge density on 

the metal binding sites where high concentration of protons in solution inhibiting metal 

removal. In contrast, the negative charge density on the adsorbent surface increases as 

pH increases due to deprotonation of metal binding sites and thus enhance the adsorption 

efficiency [30]. 

- Case of Combustion Apatite  

The equilibrium concentration of Zn (II) in solution decreases from 101mg L-1 to 8.6 mg L-1 
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to 93 %. The combustion apatite shows the same behavior that DCa HAp, when pH 

increase the removal efficiency improves and it favors the zinc removal. 

Comparatively for DCa HAp and Combustion apatite, the removal efficiency depends on 

the initial pH. Zn aqueous concentrations diminished rapidly with the increase of final pH, 

due to both sorption of hydrolytic species and precipitation of insoluble hydroxides. The 

apatite surface for the both sorbent becomes negatively charged at pH> pHPZC (5.1 and 

7.0 for combustion and DCa Hydroxyapatite) due to adsorption of OH- from the solution. In 

fact our study presents that at pH > 10 sorption of Zn become unfavorable and this can be 

explained on the basis of Zn ionic species distribution with pH. Formation of negatively 

charged Zn(OH)3
- species begins at pH>10, therefore repulsive force are likely to appear 

between them and the negatively charged apatite surface Fig.16. 

 

Figure 16. Effect of pH, removal efficiency for DCa HAp and Combustion apatite 

 

7.4 Zn (II) removal kinetics 
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concentration with time and the (Ct/Ci) ratio for different contact times (2, 5, 10, 20, 30, 60, 

120 and 180 min). 

 
DCa Hap Apatite II TM Combustion apatite 

t [min] Ct [mg/L] Ct/Ci Ct [mg/L] Ct/Ci Ct [mg/L] Ct/Ci 

0 6.06 1.00 6.07 1.00 5.75 1.00 
2 4.24 0.67 2.07 0.34 0.52 0.09 
5 2.98 0.49 1.44 0.24 0.40 0.07 

10 1.97 0.33 0.72 0.12 0.32 0.06 
20 1.51 0.25 0.51 0.08 0.28 0.05 
30 1.24 0.20 0.54 0.09 0.24 0.04 
60 0.65 0.10 0.42 0.07 0.20 0.04 
120 0.35 0.05 0.43 0.07 0.18 0.03 

180 0.31 0.05 0.39 0.06 0.16 0.03 

Table 13. Atomic Adsorption analyze for DCa HAp, Apatite II TM, and Combustion apatite 

  

In Fig.17 is shown the evolution of the Ct/Ci ratio vs t (min) for the three apatites. 

Combustion apatite is the first to reach the saturation point, at 2 min, then the Apatite II TM 

at 10min, and finally DCa HAp at 60min. 

 

Figure 17. Kinetics for DCa HAp, Apatite II TM, and Combustion hydroxyapatite 

 

DCa HAp 

Table 14 summarizes the parameters involved in DCa HAp modeling, where the pseudo 

second model fits better to the experimental values with a R2 of 0.9998, Qe’ for the 

pseudo-second-order model is 0.30 mg g-1 in 3 hours. 
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Pseudo-first Pseudo-second Elovich 

m -0.0007 m 3.4 m 0.0428 

n -1.8059 n 1054 n -0.0898 

R2 0.9881 R2 0.9998 R2 0.9447 

K1 [min-1] 0.0007 K2 [g mg-1 min-1] 0.0109 a 0.0053 

Qe'[mg g-1] 0.16 Qe'[mg g-1] 0.30 b 23.40 

 
Table 14. DCa HAp Modeling parameters of Pseudo-first, Pseudo-second, and Elovich 

models 

 

Fig. 19 shows the experimental adsorption capacity vs time for DCa Hap with Pseudo-

first, Pseudo-second, and Elovich model. Experimental values adjusts to Pseudo-second-

order model, 0.29 is maximum adsorption capacity (in 3 hours) for experimental value, 

and it is a slightly lower but near to the value given by the Pseudo-second-order model 

0.30. 

  

Figure 18. Kinetic results from Zinc (II) - DCa HAp 

Apatite II TM 

The parameters involved in the kinetics modeling for Apatite II TM are shown in table 3, in 

this case the also the Pseudo-second-order is the model that adjusts better to the 

experimental values with an R2 equal to 1 and the Qe’ is 0.28 , this value compared with 

the Qe experimental of 0.28 (in 3 hours) shows us that this values are almost the same. 
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Pseudo-first Pseudo-second Elovich 

m -0.0005 m 3.5 m 0.0172 
n -3.6643 n 167.0 n 0.1378 
R2 0.56 R2 1.0 R2 0.76 

K1 [min-1] 0.0005 K2 [g mg-1 min-1] 0.07 a 52.9 
Qe'[mg g-1] 0.03 Qe'[mg g-1] 0.28 b 58.3 

 
Table 15. DCa HAp Modeling parameters of Pseudo-first, Pseudo-second, and Elovich 

models 

Fig. 19 shows the adjust of the experimental value to the Pseudo-second-order model, 

which it is expected to find if reactions Zn removal of the aqueous phase are associated 

with the exchange of Ca2+ ions of the crystal lattice with Zn+2 ions in solution to form such 

phases Ca5-xZnx(PO4)3(OH) or of superficial complexation reactions.  

 

 

Figure 19. Kinetic results from Zinc – Apatite II TM 

 

Combustion apatite 

Combustion apatite kinetics experiment shows in table 16 the parameters involved, being 

R2 1.0 and Qe’ equal to 0.28 that compared with the Qe experimental 0.28 (in 3 hours) can 

show that is the same. 
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Pseudo-first Pseudo-second Elovich 

m -0.0004 m 3.5926 m 0.0038 
n -4.4782 n 69.0618 n 0.2443 
R2 0.9236 R2 1.0000 R2 0.9465 

K1[min-1] 0.0004 K2[g mg-1 min-1] 0.1869 a 2.29·1025 

Qe'[mg g-1] 0.0114 Qe'[mg g-1] 0.28 b 261.8 
 

Table 16. DCa HAp Modeling parameters of Pseudo-first, Pseudo-second, and Elovich 
models 

Experimental values fitting the pseudo-second-order model showed in Fig. 20. Showing 

the same characteristics as the DCa HAp and the Apatite II. 

 

Figure 20. Kinetic results from Zinc – Combustion apatite 

 

Table 5 summarizes the kinetic parameters for DCa HAp, Apatite II TM, and Combustion 

apatite. In order to compare the values has been divided by the molar mass. DCa HAp 

reported the highest Qmax compared with the other apatites and apatite synthesized by 

combustion have the best 2nd order rate constant as it was show in Fig.17. 

Largergen's 2nd order kinetic model parameters 

 
K2 [g mmol-1min-1] Qmax[mmol g-1] R2 Qe/Qe' 

DCa HAp 0.71 0.0045 0.9998 0.970 

Apatite II TM 4.87 0.0043 1.0000 0.997 

Combustion 
apatite 

12.22 0.0043 1.0000 0.999 

 
Table 17. Pseudo-second-order parameter for DCa HAp, Apatite II, Combustion apatite 
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7.4.2 Zn (II) removal kinetics in solutions simulating tap water 

composition 

The study of the potential influence of ionic species present in natural waters (main 

cations and anions) was carried out using tap water. Results with DCa HAp and Apatite II 

TM are collected in figure 21. 

 

Figure 21. Kinetics for DCa HAp and Apatite II TM in tap water 

The removal of Zn (II) with Apatite II faster and more than 90% is achieved after 10 

minutes while only 70% is achieved with DCa HAp for the same contact time. However 

both materials have shown for higher contact time similar removal ratio, for both materials 

is similar (90%). Both kinetics data set can be adjusted by the pseudo-second-order 

model with the maximum experimental capacity of adsorption in 3 hours of 0.29 mg g-1 for 

DCa HAp and 0.29 mg g-1 for Apatite II TM. 

 

Largergen's 2nd order kinetic model parameters 

 
K2 [g mmol-1 min-1] Qmax[mmol g-1] R2 Qe/Qe' 

DCa HAp 1.05 0.0049 0.9999 0.997 

Apatite II TM 2.87 0.0045 0.9985 0.962 

 
Table 18. Pseudo-second-order parameter for DCa HAp, Apatite II – Tap water 
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Apatite II TM has reported higher adsorption capacity Qmax and higher 2nd order rate 

constant than the DCa HAp, it means that given a dose of apatite in certain time it can 

remove faster the zinc. However the DCa HAp shows a good kinetic response. 

 

7.5 Removal of Zn (II) using fixed bed column operation 

7.5.1 DCa HAp – Zn (II) deionized water  

The evolution of Zn (II) along the experiment expressed as the ratio Ct/Ci as a function of 

the treated influent in the form of bed volumes (BV) are shown in figure 23. The predicted 

values using the Thomas, Yoon and Nelson, and BDST models are also shown. Fig. 23 

presents the performance of breakthrough curve at flow rate 1.5 mL min-1 using 1mg L-1 

zinc solution. From the start there is an initial increase of the ratio from Ct/Ci from 0 to 0.1 

while the pH decreases slightly up to 6.5. From this point the shape of the breakthrough 

curve became flatter with time as the adsorption rhythm decreases. Along the experiment 

the pH value moves around 7, decreasing at the end of the experiment to values of 6.7, 

indicating a reduction on the dissolution of the apatite and then reducing the H2PO4
-/HPO4

- 

ratio. This reduction could be due to the consumption of the apatite of due to the reduction 

of readily available apatite for the influent solution. This last situation could be due to the 

precipitation of zinc-phosphates on the apatite surface. 

 

Figure 22.Breakthrough curve for DCa HAp – Zn (II) MilliQ water 
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The saturation point of the column is at the value of Bv = 14529 approximately that in 

terms of time it is 36615.7769min (25 days approx.), the pH is in the range of 6.8 and 

7.3(green line in Fig. 23). 

 

  Thomas   Yoon Nelson BDST 

R2 0.9490 R2 0.9051 R2 0.9427 

KT [mL min-1 
mg-1] 

0.1912 KYN[min-1] 0.0002 
K [L mg-1 
min-1] 

0.0001 

Q0[mg g-1] 7.3306 t[min] 12110 No [mg g-1] 407349 

 
Table 19. Parameters for Thomas, Yoon Nelson, and BDST models for DCa HAp – Zn (II) 

MilliQ water 

Table 19 summarizes the column modeling parameters. The Thomas model with a R2 of 

0.95 provides the better description a provides a Zn (II) sorption capacity of 7.9 mg g-1  

using Eq. 27.Qe was also calculated by integration of the C-C0 –BV function by Matlab eq. 

27.. 

                                                         
 

    
∫        
       

   
            (Eq.27) 

Were C-C0 is the difference between the concentration in time t and initial concentration in 

mg L-1, Q is the flow rate and V the volume in mL. Qtotal is expressed in mg. As for the Qe 

for the model is calculated by Eq. 28. 

                                                                   
      

 
                                                  (Eq.28) 

Where m  is the dosage of adsorbent packed within the column (3g). 

 

7.5.2 DCa HAp – Zn (II) using solutions simulating tap water  

The evolution of Zn (II) along the experiment expressed as the ratio Ct/Ci as a function of 

the treated influent in the form of bed volumes (BV) are shown in Fig. 23. The predicted 

values using the Thomas, Yoon and Nelson, and BDST models are also shown. Fig. 23 

presents the performance of breakthrough curve at flow rate 1.5 mL min-1 using 1mg L-1 

zinc solution. From the start there is an initial increase of the ratio from Ct/Ci from 0 to 0.15 

while the pH increase from t up to 7.5. From this point the shape of the breakthrough 

curve became flatter with time as the adsorption rhythm decreases. Along the experiment 

the pH value moves around 7.8 indicating a constant dissolution rate of apatite. The 
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presence of bicarbonate on tap water provides a better buffering capacity, in comparison 

with experiments using deionized water. 

 

Figure 23.Breakthrough curve for DCa HAp – Zn (II) Tap water column 

Saturation point start at the Bv = 3198.86, this experiment last 13064.36 min (9 days 

approx.), pH was in the range from 7.29 to 8.49 increasing as the time goes. 

 

  Thomas   Yoon Nelson BDST 

R2 0.9760 R2 0.9760 R2 0.9760 
KT [mL 
min-1 mg-1] 

0.55 
KYN[min-1] 

0.0006 
K [L mg-1 
min-1] 

0.0001 

Q0[mg g-1] 1.86 t[min] 3361 No [mg/g] 407350 
Table 20. Parameters for Thomas, Yoon Nelson, and BDST models DCa HAp – Zn (II) 

Tap water column 

In this case both three models fits the experimental curve as they have the same statistic 

value R2. Qe experimental is 1.54 mg g-1 that is a little bit lower than the theoric one that is 

1.857mg g-1 from Thomas model. 
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7.5.3 Characterization DCa Hap after the bed fixed column with MilliQ 

water 

The DCa HAp used in the column is formed by Hydroxyapatite Ca5 (PO4)3(OH), 

whitlockite, Ca3 (PO4)2, and zinc phosphate Zn (PO3)2. It means that the mechanism to 

remove the zinc is the formation of zinc phosphate. 

 

Figure 24. XRD – DCa HAp Zn MilliQ Fixed Bed Column 

SEM analysis semi-quantitative results shows the next elements in weight percentage 

51.18% oxygen, 0.16% aluminum, 0.36% silicon, 16.87% phosphor, 30.24% calcium, 

0.26% iron, 1.33% zinc, as it is show in table 21 . The rate Ca/P is 1.79. 

Spectrum In 

stats. 

O Al Si P Ca Fe Zn Total 

Average  51.2 0.2 0.4 16.9 30.2 0.3 1.3 100 

Table 21. SEM semi-quantitative analyze for DCa HAp - Zn (II) MilliQ Column in weight 
percentage 
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Figure 25. DCa HAp from Zn (II) MilliQ Column by SEM (zoom x 3000) 

Fig. 26 and Fig. 27 shows the variation of Ca2+ and PO4
-3. As BV increases a dissolution 

of DCa HAp is observed as the Ca+2 and phosphates concentration increases. The 

phosphate concentration then decreases due to fact that it is involved on the Zn (II) 

removal process by formation of zinc phosphate. 

 

Figure 26 Calcium, Phosphates and Ca/P rate vs Bv in DCa HAp Zn (II) MilliQ Column 
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Figure 27. Calcium, Phosphates and Ca/P rate vs Bv in DCa HAp Zn (II) Tap water 
Column 

7.5.4 Characterization DCa Hap after the bed fixed column with tap 

water 

The DCa HAp used in the column is after the column is formed by Hydroxyapatite 

Ca5(PO4)3(OH), whitlockite Ca3(PO4)2, and zinc phosphate Zn(PO3)2. It means that the 

mechanism to remove the zinc is the formation of zinc phosphate Fig. 28. 

 

Figure 28. XRD – DCa HAp Zn MilliQ Fixed Bed Column 
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SEM analysis semi-quantitative results in table 22, it shows the next elements in weight 

percentage 53.45% oxygen, 16.59% phosphor, 28.92% calcium, 1.04% zinc. The rate 

Ca/P is 1.74. 

Spectrum In 

stats. 

O P Ca Zn Total 

Average  53.5 16.6 28.9 1.0 100 

Table 22. SEM semi-quantitative analyze for DCa HAp - Zn (II) Tap water Column in 
weight percentage 

Comparing results from both columns (deionized and tap water) with the XRD and SEM 

data, it could be postulated that the Zn (II) removal proceeds following similar reactions. 

Also the weight percentage of zinc present in the DCa HAp 1.3 % for deionized water is 

close to 1.1% zinc for tap water. However the dynamic operation shows a higher capacity 

of retention for deionized water as indicates the Qe (mmol g-1) provide in table 23. 

 
Qe[mmol g-1] Model R2 

Column Zn MilliQ 0.1205 Thomas 0.9490 

Column Zn Tap Water 0.0236 
Thomas , Yoon Nelson, 

and BDST 
0.9760 

 
Table 23. Column Parameters, Qe (adsorption capacity), Model, R2 

The capacity of adsorption of the DCa HAp MilliQ column is higher than the Tap water 

column, as the MilliQ water has no presence(or very low presence) of ions compared with 

tap water, the absence of this ions make the Hydroxyapatite with MilliQ water to adsorb 

more zinc. In the other case zinc has to compete with the other ion. 

 

7.5.5 DCa HAp for removal of Zn (II), Pb (II), Cd (II) from deionized 

water in fixed bed columns 

The conditions in this experiments tries to simulate the presence of more heavy metal 

aside from the zinc, as in the industry context. Given this case, the heavy metals were 

studied separately. 

-For the zinc (II): 

The evolution of Zn (II) along the experiment expressed as the ratio Ct/Ci as a function of 

the treated influent in the form of bed volumes (BV) are shown in figure 29. The predicted 

values using the Thomas, Yoon and Nelson, and BDST models are also shown. Fig. 29 
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presents the performance of breakthrough curve at flow rate 1.5 mL min-1 using 1mg L-1 

zinc solution. From the start there is an initial increase of the ratio from Ct/Ci from 0 to 0.25 

while the pH is kept constant around 7. From this point the shape of the breakthrough 

curve became flatter with time as the adsorption rhythm decreases. 

 

Figure 29. Breakthrough curve for DCa HAp – Zn, Cd, Pb (Zn) MilliQ column 

The saturation point is placed at Bv = 7905 and this experiment last 28317.56 min (19 day 

approx.), and the pH range was from 6.20 to 7.50. 

  Thomas   Yoon Nelson BDST 

R2 0.9746 R2 0.9746 R2 0.9734 
KT [mL 
min-1 mg-1]  0.1902 KYN[min-1] 0.0002 

K [L mg-1 
min-1]  0.0001 

Q0[mg g-1]  2.79 t[min] 5561 No [mg/g] 159134 
Table 24 Parameters for Thomas, Yoon Nelson, and BDST models DCa HAp – Zn, Cd, 

Pb (Zn) MilliQ column 

 

The experimental model fits the three models with a R2 of 0.9746. Qe experimental is 

2.88mg g-1 that is very near to the theoric value that is 2.79 mg g-1 from Thomas model. 

 

-For the cadmium (II): 

The evolution of Cd (II) along the experiment expressed as the ratio Ct/Ci as a function of 

the treated influent in the form of bed volumes (BV) are shown in figure 30. The predicted 

values using the Thomas, Yoon and Nelson, and BDST models are also shown. Fig. 30 
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presents the performance of breakthrough curve at flow rate 1.5 mL min-1 using 1mg L-1 

Cd solution. From the start there is an initial increase of the ratio from Ct/Ci from 0 to 0.22 

while the pH is kept constant around 7. From this point the shape of the breakthrough 

curve became flatter with time as the adsorption rhythm decreases. 

 

Figure 30. Breakthrough curve for DCa HAp – Zn, Cd, Pb (Cd) MilliQ column 

The saturation point is placed at Bv = 9765, and this experiment last 24609.91 min (19 

day approx.), and the pH range was from 6.20 to 7.50. 

The experimental model fits the Thomas model with a R2 of 0.9746. Qe experimental is 

3.54 mg g-1 that is very near to the theoric one that is 3.3 mg g-1 from Thomas model. 

  Thomas   Yoon Nelson BDST 

R2 0.8861 R2 0.9611 R2 0.9611 

KT [mL 
min-1 mg-1] 

0.2482 
KYN[min-1] 

0.0001 
K [L mg-1 
min-1] 

0.0001 

Q0[mg g-1] 3.3 t[min] 10773 No [mg g-1] 317208 

 
Table 25 Parameters for Thomas, Yoon Nelson, and BDST models DCa HAp – Zn, Cd, 

Pb (Cd) MilliQ column 

Fig. 31 show the variation of Ca2+ and PO4
-3. As BV increases a dissolution of DCa HAp is 

observed as the Ca+2 and phosphates concentration increases. The phosphate 

concentration then decreases due to fact that it is involved on the Zn (II), Cd (II) and Pb 

(II) removal process by formation of corresponding metal-phosphate. 
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Figure 31.Calcium, Phosphates and Ca/P rate vs Bv in DCa HAp Zn (II) mix (Zn, Cd, Pb) 
Column 

 

Table 25 summarizes column parameters, adsorption capacity, type of model, and 

statistical parameter R2. DCa Hap Zn MilliQ column has the higher capacity of adsorption 

value, the interaction between zinc and the DCa HAp is more favorable compared with the 

other columns in which the zinc has to compete with other ions as in the case of the mixed 

metals column where DCa HAp adsorbs zinc, cadmium, and lead. Column with tap water 

shows that the dissolution of DCa HAp is influenced by the buffer capacity of the solution 

(presence of bicarbonate) and then the metal-phosphate precipitation reactions. 

 

 
Qe[mmol g-1] Model R2 

Column Zn MilliQ 0.1205 Thomas 0.9490 

Column Zn Tap Water 0.0236 All 0.9760 

Column mix Zn 0.0440 Thomas, Yoon Nelson 0.9746 

Column mix Cd 0.0315 Yoon Nelson, BDST 0.9611 

Table 26. DCa HAp column parameters 
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8 ENVIROMENTAL IMPACT ANALYSIS 

This project has a huge environmental impact, as it was said at the beginning one of the 

concerns of this project was the contamination due to zinc in the water and the effects of 

this in human’s health. 

Zinc water pollution could be effectively reduced and the positive effect is reflected in 

natural effluents and the subsequent chain of all living things. In the other side apatite is a 

consumable material with a limited time uses, until it reach saturation as has been seen in 

e.g. columns, and equilibrium batches or permeable reactive barriers, according to this is 

necessary to treat the residual apatite material. 

In real life context, it necessary to bear in mind the chemical material needed for the 

performance of the experiments and analyze of the samples after experiments, as the 

nitric acid (AAS) and eluents for IC although the amount of this material is minimum. 

Waste has to be stored and treated by competent authorities. 

At the end the positive impact of the project, improving humans the quality of life, and 

taking care of the environment is bigger than the wastes that generates involved in the 

removal of heavy metals. 
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9 PROJECT COST. ECONOMIC AVALUATION 

This section computes the project cost overcome along the realization of the experimental 

work. It has been considered just disposable materials and chemicals used to perform the 

experiments. Laboratory material as glassware will be not taken in consideration. The cost 

of apatites will be not taken in consideration also because they were provided by to 

research universities groups. Tables 27-29 summarize the costs taken into account. 

9.1 Material expenses 

 

Concept Price per unit Quantity Total 

Zinc patron solution 
(100mL) 

53.47 €/u 20mL 10.69€ 

Cadmium patron 
solution (100mL) 

53.47 €/u 20mL 10.69€ 

Hydrochloric acid 
37% (1L) 

32.84 €/u 80mL 2.63€ 

Nitric acid solution 
65%(1L) 

36.89 €/u 150mL 5.53€ 

Zinc sulfate 7 hydrate 
(500g) 

34.79 €/u 30g 2.09€ 

Cadmium nitrate 4 
hydrate(250g) 

41 €/u 0.6g 0.10€ 

Glass wool(250g/u) 6.17 €/u 3g 0.07€ 

Nitrile gloves 0.062 €/u 20u 1.24€ 

Syringe 9.70 €/100u 20u 1.94€ 

Filters 1.15 €/u 20u 23.00€ 

Parafilm paper  0.63 €/m 3.5m 2.21€ 

Transparent plastic 
tubes for pump 

2.23€/u 4u 8.92€ 

Sodium chloride 
(1000g) 

23.15 €/u 0.05g 0.001€ 

Sodium 
Hydroxide(500g) 

25.70 €/u 0.05g 0.003€ 

TOTAL   69.12 € 

Table 27 Project material expenses 
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9.2 Personal expenses 

Table 28 summarizes the dedicated time to experimental part and time to prepare the 

memory considering the mentoring time to perform the experiments by the PhD student 

Hermassi Mehrez. 

Concept Time[h] Price[€/h] Total 

Experimental  320 20 6400€ 

Memory 220 20 4400€ 

Mentoring 216 60 12960€ 

Total 
 

23,760€ 
Table 28 Personal expenses 

 

Finally, Table 29 shows the cost of the XRD analysis carried out by IDAEA-CSIC and 

FSEM-EDAX analysis carried out at UPC. 

Concept Analysis Price [€/analysis] Total 

XRD 8 20 160€ 

SEM 6 60 360€ 

Total 
 

520€ 
Table 29. CSIC analysis cost 

 

 

 

 

 

 

 

 

 

 



67 
Removal of Zinc (II) from aqueous solution using apatites 

 

10 CONCLUSIONS 
 

Considering that the objective was to determine the behavior of apatite based materials 

(Deficient calcium hydroxyapatite, apatite II TM, and combustion synthesized apatite) in 

zinc (II) removal from aqueous solutions, the following conclusions may be drawn: 

-) Point Zero Charge studies shown that the pHPZC of DCa HAp and Combustion Hap are 

7.1±0.2 and 5±0.2 respectively. 

-) Zn(II) removal equilibrium data showed that for the experiments conducted with 

deionized water that combustion hydroxyapatite and Apatite II TM are better described by 

the Langmuir model, and for the Deficient Calcium hydroxyapatite (DCa HAp) are better 

described by the Freundlich model.  

-) Zn(II) removal equilibrium also reported that maximum adsorption capacity was for DCa 

Hap, then apatite II TM and finally the apatite synthesized by combustion. 

-) The  pH influences the Zn (II) removal capacity of the apatites. Zn (II) removal efficiency 

for combustion hydroxyapatite is higher than DCa HAp at acid pH but in basic pH reached 

the maximum removal efficiency and almost converge to the same value. 

 

-) Comparing the dose effect, Apatite IITM has higher removal efficiency with lower doses 

than DCa HAp that needs almost three times the dose of the apatite to reach the same 

ZN(II) removal capacity. 

-) Zn(II) removal kinetics data using deionized water are well described by the Pseudo-

second-order model for the three apatites. The apatite material synthesized by 

combustion has the faster removal process. 

-) Zn(II) removal using kinetics experiments with tap water reported a better adsorption 

capacity in three hours for the Apatite II TM as well as a higher rate constant than DCa 

HAp. 

-) Zn(II) removal using fixed bed column experiments showed that Thomas model 

describes appropriately the performance of DCa Hap. The material Zn(II) removal 
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capacity was higher with deionized water solutions than with tap water due to the 

interactions with tap water ions. 

-) Metal column data with mixtures of Zn(II), Cd(II) and Pb(II) were well described by the 

Thomas model in agreement with results from the single experiment. Zinc removal 

capacity decreased compared the single experiment due to the competence with 

cadmium and lead ions. 

-) XRD and SEM analyses showed that the removal mechanism for the DCa HAp and the 

apatite synthetized by combustion could be explained by the precipitation of zinc 

phosphates and Hopeite, depending of the conditions. For fixed bed columns with DCa 

HAp and combustion apatite zinc phosphate was identified while for DCa HAp in batch 

equilibrium experiments Hopeite was identified by XRD 

-) For Apatite II TM zinc-phosphate minerals were not detected by XRD and then Zn(II) 

could be introduced inside the small lattice of apatite or it could be present as nanocrystal 

that could not be detected, nevertheless SEM analysis showed the presence of zinc in 

Apatite II TM samples. 

Summarizing, the use of apatites to remove zinc from aqueous solution has shown to be 

effective and efficient.  
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