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Sulfate and phosphate are irreplaceable nutrients for living mechanisms. If not present in 

excessive levels, these compounds are not toxic for humans. However, waters highly 

concentrated in terms of sulfate and phosphate cause extraordinary taste and odor in water. 

Sulfate is responsible for water hardness, gastrointestinal problems for humans and corrosion in 

metals. Excessive phosphate amount leads to eutrophication in water sources. Furthermore, 

phosphate is widely used as a fertilizer; therefore, removal and recovery studies of both nutrients 

have accelerated in last decades.  

Zn-Al Layered Double Hydroxides (LDH) with different Zn-Al rates were synthesized and 

characterized, their sulfate (SO4
2-) and phosphate (PO4

3-) removal performances from aqueous 

solutions by adsorptive methods were investigated as a comparative study. The results showed 

that the synthesized adsorbent exhibits outstanding removal performances for both sulfate 

(>80%) and phosphate (>90%). High nutrient uptake was observed in a wide pH range.  

The kinetic data followed the pseudo-second-order model for both compounds suggesting that 

the adsorption processes were controlled by the surface reactions. The Sips isotherm model was 

found to be the best model to define the adsorption equilibrium conditions. Moreover, the slight 

positive effect of temperature increase was observed which confirmed that the adsorption 

process was endothermic. For regeneration of the adsorbents NaCl solution was found to be 

suitable for the regeneration cycle.  

http://tureng.com/tr/turkce-ingilizce/gastrointestinal
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1. INTRODUCTION 

Due to continuous production activities of the industries and population growth, the global 

pollution problem is aggravating. Chemical industry has an important role in global pollution 

due to the enormous waste streams produced and it is responsible for soil, water and air 

pollution. Heavy metals, aliphatic and aromatic organic substances, volatile organic compounds 

and nutrients can be given as the major pollutants caused by chemical industries. As being 

nutrients, excessive amount of sulfate and phosphate in water sources might cause pollution 

problems as well as they deteriorate the quality of drinking water. Therefore, removal of these 

two compounds have attracted a considerable research interest in the last decades (Huang et al., 

2017). 

Most of the natural water sources contains a certain amount of sulfate ion and it occurs when 

several sulfate minerals dissolve in water and when sulfate containing industrial effluents are 

discharged. Acidic sulfate wastewater is introduced from electroplating, steel pickling, flue gas 

desulfurization, textile, landfill, mining and nonferrous smelting processes (Sadik et al., 2015).  

Sulfate does not pose a vital risk on human health unless it is very concentrated in the water. 

Nevertheless, the low amount of sulfate in drinking water leads to unaccustomed odor and taste, 

while catharsis, dehydration, gastrointestinal problems might arise at highly concentrated waters 

in terms of sulfate (Namasivayam and Sangeetha, 2008; Sepehr et al., 2014). In addition, high 

concentrations of sulfate can cause corrosion problems of reinforced steel, might impede scaling 

of the equipment and can increase the formation risk of toxic and highly corrosive hydrogen 

sulfide (H2S), particularly in sewer systems. Sulfate is considered as a major contaminant in 

waters when it exceeds 250 mg/L (Sadeghalvad et al., 2016; Liu et al., 2014). Maximum sulfate 

concentration has been limited in many countries for both industrial and drinking water in order 

to avoid pollution problems and protect the equipment maintenance and human health (Dou et 

al., 2017; Runtti et al., 2016; Silva, Lima and Leao, 2012). 

Phosphate is an indispensable nutrient for all life forms. The productivity of the ecosystems in 

marine environments are limited by phosphate, it has a vital impact in DNA/RNA molecules 

and it plays a very important role in agriculture as it is used as fertilizer. It usually occurs in 

wastewaters in forms of organic phosphates, inorganic phosphates, polyphosphates and oligo 
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phosphates (Novillo et al., 2014). Despite her irreplaceable role above mentioned, excess 

amount of phosphate which is produced as waste from industrial, agricultural and household 

activities leads to eutrophication of lakes, sea, oceans, rivers and lagoons. Thereby, water 

eutrophication has become a global issue in recent years. It is stated that the total phosphorus 

contaminant level in water resources is in the vicinity of 0.01 – 0.1 mg/L. However, the 

requirements have already been exceeded as they are between 0.005 – 0.05 mg/L (Huang et al., 

2017). Consequently, phosphate recovery and removal studies have gained a drastic importance 

in last decades as it provides the opportunity to water protection from pollution as well as 

sustainable and renewable recovery and utilization (Yu, 2015). 

Layered double hydroxides (LDH) are hydrotalcite like materials with brucite-like structure 

(Mg(OH)2) is present where magnesium ions occupy the octahedral sites in the material. 

Hydrotalcites are the one of the oldest LDH groups where trivalent ions like Al3+ take the place 

of divalent cations (Mg2+). The positive charge in the LDH layers are balanced with anions. 

These anions can be either intercalated between the layers or to the surface of the material. Due 

to this structure, LDHs exhibit very good anion exchange capacity; however, the low cation 

exchange capacity is a drawback of these clay minerals (Theiss, 2012, 3-4; Theiss et al., 2016). 
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2. THEORITICAL BACKGROUND 

2.1 Sulfate removal technologies 

Sulfate removal from aqueous solutions can be achieved by biological treatment (Kijjanapanich 

et al., 2013), chemical precipitation (Nurmi et al., 2010; Silva, Codorin and Rubio, 2010), 

crystallization (Tait et al., 2009), electrodialysis (Fu et al., 2009), nano-filtration (Van der 

Bruggen and Vandecasteele, 2003), ion exchange (Apell and Boyer, 2010) adsorption (Sepehr 

et al., 2014) and reverse osmosis (Bódalo et al., 2004), distillation and evaporation (Sepehr et 

al., 2014). Production of high sludge amount volume and the difficulty of pH adjustment of the 

treated waters are the drawbacks of the precipitation method. With addition of barium or calcium 

salts, high removal rates can be achieved in short times; however, the high cost and toxicity of 

barium salts force engineers to develop alternative methods. Moreover, this method is effective 

with highly concentrated waters which brings the difficulty of disposal of solids and appropriate 

separation systems. Lime precipitation is more propitious in terms of price and toxicity but its 

efficiency is limited due to high calcium sulfate solubility (Benatti et al., 2009; Runtti et al., 

2016; Silva et al., 2012). Despite their outstanding sulfate removal performance, high 

operational costs are stipulated by ion exchange, electrodialysis, reverse osmosis and membrane 

filtration systems. In addition, membrane fouling is another risk to be taken into consideration 

(Júnior, Gurgel and Gil, 2010; Sepehr et al., 2014). Biological treatment is feasible for low or 

moderate sulfate loaded wastewater (Qian et al., 2015; Silva et al, 2012). Furthermore, its 

application is constrained by produced hydrogen sulfur, lack of organics in the solution, metal 

ions in the water (Mothe et al., 2017; Runtti et al., 2016). 

Adsorption on the other hand, have been commonly applied method due to its low-cost and high 

efficiency (Dou et al., 2017; Liu et al., 2014; Madzivire et al., 2010; Namasivayam and 

Sangeetha, 2008; Runtti et al., 2017; Sadik et al., 2015; Sepehr et al., 2014) 

2.2 Phosphate removal technologies 

Chemical precipitation is an efficient method for high phosphate concentration; however, it 

requires an elaborative process control as well as an accurate dosing requirement (Tillotson, 

2006). Biological treatment is also commonly applied considering their relatively high removal 
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rates; however, they require complex and expensive cycling systems to remove the aerobic 

effluent (Hesselmann et al., 2000). High cost or inadequate removal performances are 

significant drawbacks of reverse osmosis and electrodialysis methods (Rodrigues and da Silva, 

2009). Although crystallization has been widely utilized and has given promising results, crystal 

size distribution control is still an important obstacle (Qiu et al., 2017). Ultrasonic technology 

has become a considerable technology for this purpose and it was assisted by cavitation effect, 

high temperature pyrolysis, advanced oxidation processes (AOP) (Gordon, Kazemian and 

Rohani, 2012; Patist and Bates, 2008). 

Adsorption is one of the most commonly applied methods for treatment of phosphate 

contaminated water due to its low sludge production, operation ease and rapid adsorption rate, 

superior selectivity, and more rapid regeneration process (Yang et al., 2014). The annual cost of 

chemical precipitation process has been calculated to be 10% lower than adsorption process. 

However, by means of adsorption, it is possible to reduce phosphate level more compared to 

precipitation (Huang et al, 2017; Jiang et al., 2004). 

2.3 Basic concepts of adsorption 

The term sorption has been widely used in several applications such as purification and 

separation in different scales. The word sorption might refer to both adsorption and absorption, 

which are two different processes. Absorption is the process of removing a part of a gas 

compound by means of a liquid in which the gas is dissolved, while adsorption refers to the 

accumulation of the obtained gas or liquid compound on the surface of the solid and remaining 

attached to it. In adsorption process, taken and accumulated ion is called adsorbate where 

adsorbent refers to the solid on which the adsorbate is attached. When saturation point is 

exceeded with maximum amount of adsorbate accumulated on the surface, the adsorbent needs 

to be regenerated. For this purpose, bound gas or liquid is removed from the surface and released 

into a medium; thereby, the adsorbent is restored for multiple operations (Hassan et al., 2015, 

Lefebvre and Tezel, 2017).  

Adsorption process is a surface phenomenon where adsorbent surface area, pore volume, 

temperature, concentration, solution pH, pressure, nature of the adsorbent and adsorbate, and 

adsorbent dosage play a vital role to determine the performance of the adsorbent. Adsorption 
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process can be investigated under two titles: physiosorption where the adsorbate and molecules 

are attached to each other with weak Van der Waals forces. Chemical composition of adsorption 

pair remains the same here unlike chemisorption where different chemical structures occur due 

to electron share between the adsorption pair (Hassan and Mohamad, 2012; Hassan et al., 2015). 

A more detailed description and differences of the parameters in these sorption phenomena are 

provided in Table 1. 

Table 1. Properties of physiosorption and chemisorption (Repo, 2011; Jafari 2016) 

 Physiosorption Chemisorption 

Sorbate structure Monolayer Monolayer, multilayer 

Adsorption kinetics        Fast Slow 

Desorption Reversible Mostly irreversible 

Adsorption enthalpy, kJ/mol 5-40 40-800 

Temperature effect Low temperatures required Occurs at wide temperature 

range 

 

Over the last decade, adsorption has been widely used in different application areas such as: 

petrochemical industry, separation of gases, wastewater treatment and heterogeneous catalysis 

processes (Czelej, Cwieka and Kurzydlowski, 2016). Taking its significant contribution to 

chemical processes into consideration, particularly adsorption equilibrium modeling studies 

have been increased and great achievements have been gained in terms of process optimization. 

2.4 Adsorbents 

Adsorbents are the solid materials whose surfaces are used for the accumulation of the desired 

compounds and they play important roles in the extent of adsorption processes. Activated 

carbon, silica gel, MCM-41, MCM-48, activated alumina, zeolites and molecular sieves, carbon 

nanotubes, pillared clays, polymeric resins have been widely applied in gas – bulk separation, 

gas purification, liquid – bulk separation and liquid purification due to their superior 

characteristics (Yang, 2003). 
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The performance of an adsorbent is dependent on the solid’s performance in equilibria and 

kinetics. High adsorption capacity is an asset; however, if the contact time is too long, the 

efficiency of the adsorbent reduces. Same way, a rapid adsorption with low capacity is also 

undesired. Therefore, optimum solids fulfilling these criteria should be chosen in order to meet 

these needs (Do, 2008). 

i. The adsorbent should comprise high surface area or micropore volume. 

ii. The adsorbent must have large pore network for molecule transformation into the inner layers. 

IUPAC classified the pores and the structure of the sorbent according to the pore diameter as 

follows (Do, 2008): 

Micropores  d < 2 nm 

Mesopores 2 nm < d < 50 nm 

Macropores d > 50 nm 

A favorable adsorbent is also expected to exhibit following characteristics: high energy density, 

high energy efficiency, high adsorption capacity, high adsorbent-adsorbate affinity, satisfactory 

potential for regeneration, ease of operation, cost-efficiency, low desorption temperature, low 

toxicity and low environmental impacts (Lefebvre and Tezel, 2017, Tholiso et al., 2017). 

In this thesis, adsorption performances of layered double hydroxides (LDH) have been 

investigated for sulfate and phosphate; the effect of adsorption parameters has been determined 

and adsorption process has been optimized. 

2.5 Layered double hydroxides (LDH) 

Layered Double Hydroxides (LDH) also known as anionic clays are nanostructured materials 

containing multiple intercalating exchangeable anionic metal layers represented as [M2+
(1-x) 

M3+
(x) (OH)2]

x(An-)x/n.mH2O. M2+ and M3+ denote the divalent and trivalent metallic cations 

such as Mg2+, Cr2+, Ca2+, Fe2+, Mn2+ and Co2+; Al3+, Co3+, Fe3+, Cr3+ and Mn3+ that are utilized 

in the synthesis of the LDH. An- represents the replaceable interlayer ions such as Cl-, NO3-, 

CO3
2-. X values in the formula vary between 0.20 and 0.33 and the molar ratio of M2+ and M3+ 
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vary between 2.0 and 4.0 (Daud et al., 2016; Mallakpour and Hatami, 2017; Sajid and Basheer, 

2016; Zubair et al., 2017).  

The alignment of brucite-like layers stacking determines the configuration of the LDH molecule. 

There are two or three layers per a unit cell which form a hexagonal symmetry or rhombohedral 

symmetry, respectively. In addition, less symmetric alignments can be observed. The interlayer 

of LDHs accommodate both water molecules and interlayer anions. There is a complex 

hydrogen bonds between the layer hydroxyl groups, water molecules and anions causing an 

extremely structured LDH (Duan and Evans, 2006, pp. 11). The structure of a LDH molecule is 

demonstrated in Figure 1. 

 

Figure 1. Schematic representation of LDH structure (Goh et al., 2008) 

An important factor affecting the properties of LDH molecule is its rigidity. If compared, LDH 

is much more rigid than graphite and metal dichalcogenides while they are less rigid than 

vermiculite. LDHs are considered to have relatively rigid layers where strong forces are applied 

towards the interlayer molecules (Duan and Evans, 2006, pp. 12). 

LDH molecules exhibit an outstanding capacity for removal of organics and inorganics due to 

their weak interlayer bonding band. They have very large surface area and good thermal 

stability. In addition, their anion exchange capability is almost as good as commercial organic 
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anion exchangers (Bish 1980; Cavani et al., 1991; Vaccari, 1998; Das et al., 2004; Goh et al., 

2008). 

LDH materials have been applied in several purposes such as supercapacitors (Cai et al., 2015), 

in catalysis (Li et al., 2014; Tichit and Coq, 2003;), in drug delivery (Ladewig, Xu and Lu, 

2009), in fuel cells (Lee et al., 2005), in electrochemical sensors (Du et al 2008) and biosensors 

(Chen et al., 2008; Shan, Cosnier and Mousty, 2003), flame retardants (Matusinovic and Wilkie, 

2012) and as adsorbents in water treatment (Das et al., 2006; Goh et al., 2008). Due to their high 

surface area, non-toxicity, anionic exchange ability, water resistant structure and high porosity, 

their application in water treatment has gained considerable importance (Sajid and Basheer, 

2016, Zubair et al., 2017). 

Several pollutants, nutrients and valuable components have been separated from water by using 

LDH adsorbents. A brief summary can be given as following: chromium (Jaiswal et al., 2015, 

Zhang et al., 2017), borate (Qiu and Wong, 2017), congo red (Long et al., 2016), methyl orange 

(Chen et al., 2016), nitrate (Halajnia et al., 2013), boron (Gao et al., 2017), iodide (Theiss et al., 

2016), copper, lead and cadmium (Rojas, 2014), arsenic (Hong et al., 2014), phenol and 4-

nitrophenol (Chen et al., 2009), nickel (Chen et al., 2016), fluoride (Kameda et al., 2015), 

yttrium, cerium and lanthanum (Iftekhar et al., 2017), 2,5-dihydroxybenzoic acid (Tang et al., 

2015), antimony (Cao et al., 2017), manganese (Bakr et al., 2016), zinc, mercury and silver (Ma 

et al., 2016) and herbicides (Cardoso and Valim, 2006). 

LDH synthesis methods can be listed as follows: co-precipitation method, ion-exchange process, 

reconstruction (memory effect) method, alkoxide and alkoxide-free sol-gel methods, 

preparation using solid precursors, preparation using organic neutralizers, stabilizers or metal 

organic ligands and the urea method (Chubar et al., 2017; Duan and Evans, 2006, pp.92).  

The oldest and most popular method is co-precipitation method where aqueous solutions of M2+ 

and M3+ or their mixtures and caustic compounds with pH of 9-10 are applied. As metal sources, 

metal nitrate and chloride solutions are applied due to LDH's low selectivity for these ions. The 

two solutions are mixed, and the pH is adjusted while with vigorous stirring at high 

temperatures. The slurry obtained is filtered, washed, dried and homogenized (Duan and Evans, 

2006, pp.92; Theiss et al., 2016). 
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Different ratios of the metal compounds generate LDH compounds with different properties. 

For some compounds, a wide range of M2+/M3+ can be applied such as Zn/Al-CO3 while narrow 

range of ratio is acceptable for some types (Duan and Evans, 2006, pp.92). 

Calcination is an important additional step for enhancing the adsorption capability of the 

sorbents. When calcined, following behaviors are obtained in the structure: increase in the 

porosity due to high temperature, increase in the surface area and less carbonate anions in the 

interlayer (Goh et al., 2008).  

It is important to mention various mechanisms facilitating the adsorption of these anions. When 

calcined, layered double hydroxides procure a remarkable ability called memory effect in 

aqueous medium. In case of memory effect, the inner reaction of adsorbent and the adsorbate is 

facilitated and the surface defects are enhanced. This phenomenon can be considered as a 

reconstruction in the structure occurring at a certain high temperature leading a thermal 

decomposition where the water molecules and interlayer anions are destroyed and an oxides-

mixture is obtained. It is possible to introduce numerous species into the interlayer of LDH 

molecule such as organic, inorganic and bimolecular ions. In addition, the effect of ion 

exchange, surface complexation and co-precipitation must be considered (Otgonjargal et al., 

2017). 

To sum up, the removal efficiency of the ions depends on the concentration of the ions, metals 

used for LDH synthesis, molar ratio of divalent and trivalent cations, synthesis method, 

calcination and adequacy of solid crystallinity (Halajnia et al., 2013).  

2.5.1 Literature review for layered double hydroxides application for phosphate and 

sulfate removal 

LDH type adsorbents form an important application area in phosphate and sulfate removal with 

adsorptive methods. Table 2 demonstrates the list of these two nutrients investigated for their 

adsorption characteristics with several LDH materials. 
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Table 2. Literature review for sulfate and phosphate removal with LDH 

Nutrient LDH Type Maximum 

adsorption 

capacity (mg/g) 

Reference 

Sulfate Mg/Al LDH 255.8 Sepehr et al., 2014 

Sulfate 

Sulfate 

 

Sulfate 

Sulfate 

Phosphate 

Mg/Fe LDH 

Mg/Al, Ni/Fe, Ni/Al, Mg/Fe 

Calcined LDH 

Mg/Al LDH 

Mg/Al LDH 

Mg/Al LDH 

68.0 

17.99 

 

840.0 

12.48 

26.6 

Liu et al., 2014 

Sadeghalvad et al., 

2016 

 

Sadik et al., 2015 

Halajnia et al., 2013 

Halajnia et al., 2013 

Phosphate Calcined Mg/Mn LDH 7.3 Chitrakar et al., 2005 

Phosphate Pyromellitic Acid Intercalated 

Zn/Al LDH 

76.0 Yu et al., 2015 

Phosphate Mg/Al, Zn/Al, Ni/Al, Co/Al, 

Mg/Fe, Zn/Fe, Ni/Fe and Co/Fe 

44.0 Das et al., 2006 

Phosphate Zn/Al LDH 68.4 Yang et al., 2014 

Phosphate Biochar with Mg/Al&Mg/Fe 

LDH 

58.1 Wan et al., 2016 

Phosphate Zn/Al LDH 232.0 Zhou et al., 2011 

Phosphate 

Phosphate 

Phosphate 

 

Phosphate 

Mg/Al LDH 

Mg2/Al LDH 

Mg/Fe/Cl LDH 

 

Fe3O4/MgAl-NO3 LDH 

71.2 

5.82 

30.0 

 

33.4 

 

Novillo et al., 2014 

Zhan et al., 2016 

Ashekuzzaman and 

Jiang, 2017 

Koilraj and Sasaki, 

2016 
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3. ADSORPTION PHENOMENON 

3. 1 Isotherm studies 

The relationship between the adsorbate in the liquid phase and the adsorbate adsorbed onto the 

adsorbent on constant temperature is illustrated with adsorption isotherms. An adsorption 

isotherm gives an information regarding to the process as the adsorption capacity and the 

isotherm type is provided. Today, four types of adsorption isotherms are commonly applied to 

reveal the equilibria of the processes: S-type, L-type, C-type and L-type isotherms are 

demonstrated below in Figure 2 (Repo, 2011, pp.26-27). 

 

 

Figure 2. Adsorption isotherm shapes (Repo, 2011, pp.27) 

Among these types, in C-type of isotherm, there is a constant ratio between the amount adsorbed 

and the ions to be adsorbed within the solution and the adsorption sites are unlimited. However, 

the acquisition of this type of data is possible only for a small number of phenomena in presence 

of low concentrations. L-type isotherm suggests the limit of the phenomena and once this limit 

is exceeded, the process decelerates. As being a special version of L-type, H-type isotherm 

proposes a high affinity between the adsorbent and the ion. S-type isotherm is observed less 

often than the other shapes and it shows that low adsorption affinity occurs in low concentrations 
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and the inflection point counteracts the competition between the ions and enhances the 

adsorption (Liubov, 2016, pp.28; Repo, 2011, pp.27,). 

Langmuir isotherm model 

The Langmuir adsorption isotherm was developed in order to understand the efficiency of the 

adsorbents. It is applied when a gas-solid or gas-liquid adsorption phenomenon takes place 

within a homogeneous system. It assumes that the adsorption takes place in adsorbent’s 

homogeneous adsorption sites and all these sites have uniform energy levels. The equation 

3.1shows the Langmuir Isotherm Model: 

1

m L e

e

q K C
qe

KC



                                                         (Equation 3.1) 

Where  Ce Adsorbate concentration at equilibrium, (mg/L) 

qe the amount of adsorbate per unit mass, (mg/g) 

qm Maximum adsorption capacity, (mg/g) 

KL Affinity constant, (L/mg) 

Although, it is used very commonly due to its simplicity, this model can be too simple to 

describe the mechanism where surface heterogeneity and non-uniform structure is involved. 

Therefore, other models have also found application areas in adsorption modeling. 

Freundlich isotherm model 

In this empirical model, surface heterogeneity and energy difference within the sites are also 

taken into account. The Freundlich model is commonly applied for heterogeneous adsorption 

and chemisorption processes, organics adsorption onto activated carbon and heterogeneous gas 

phase systems. However, it has a limitation from thermodynamic point of view as it cannot 

approach Henry’s Law at low concentrations. The Freundlich model is shown in Equation 3.2 

(Kinniburgh, 1986; Repo, 2011). 

1/( ) n

e F eq K C            (Equation 3.2) 
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Where,  Kf is equilibrium binding constant, L/mg 

n is heterogeneity factor 

As expected, when n approaches to unity, the adsorption becomes more linear. When value n is 

getting 10 times larger than unity, the isotherm approaches irreversible isotherm where the 

pressure or concentration must drastically decrease before the adsorbate molecules are desorbed 

from the solid’s surface (Do, 2008). 

Temkin isotherm model 

In the Temkin Isotherm, adsorbent-adsorbate interactions are considered by using a factor. The 

model assumes that the increase in coverage will decrease the heat of adsorption linearly. While 

doing that, very high and low concentrations are ignored. The model equation can be given as 

follows (Foo and Hameed, 2010): 

 ln( )e T e

T

RT
q K C

b
           (Equation 3.3) 

Where  R Ideal gas constant 

RT/bT adsorption heat (J/mg) 

KT equilibrium binding constant (L/mg) 

 

Same as the Freundlich model, it has neither correct Henry`s law limit nor finite saturation limit. 

Therefore, its application is limited in low and high concentration or pressure (Do, 2008). 

Sips (Three-Parameter) isotherm model 

As being a combination of Langmuir and Freundlich Isotherm models, the Sips isotherm is also 

named as Langmuir-Freundlich Model (Hokkanen et al. 2014) and can be illustrated as follows: 

( )

1 ( )

n

m s e
e n

s e

q K C
q

K C



            (Equation 3.4) 

Where,  n heterogeneity factor 
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Ks Sips isotherm affinity constant (L/mg) 

This model provides better accuracy for heterogeneous adsorption processes then the other two 

models. In addition, it eliminates the limitation of Freundlich model to explain at low surface 

coverage and for the saturation of the adsorbed phase (Jafari, 2016). As seen, when n equals to 

1, the equation becomes Langmuir model and can be used for homogeneous adsorption studies. 

At low concentrations, the model approaches to Freundlich model which means that it is a 

heterogeneous adsorbent, while Langmuir model is approached at high concentrations 

(Hokkanen et al. 2014). 

Toth isotherm model 

Sips isotherm removes the limit at high concentration of Freundlich model; however, it does not 

give accurate results in low pressure ranges. In order to address this challenge, Toth Isotherm 

model has been developed and widely applied. Being a three-parameter system like Sips model, 

Toth equation can define many adsorption systems with sub-monolayer and it can be shown as 

follows: 

𝐶𝜇 =
𝐶𝜇𝑠

[1+(𝑏𝑃)𝑡]1/𝑡            (Equation 3.5)

       

Where,  t and b are specific adsorbent-adsorbate parameters. 

Langmuir equation is obtained when t=1; therefore, t is the parameter that determines the system 

heterogeneity. When the parameter t approaches to 1, it can be said that the system approaches 

to be more homogeneous (Do, 2008; Repo, 2011, pp.23). 

3. 2 Kinetic studies 

Adsorption kinetics provides the information to reveal the equilibrium time of the reaction. 

Therefore, kinetic studies are conducted as a function of time. By using obtained removal data 

at different time intervals, equilibrium time can easily be calculated for maximum adsorption 

capacity. Afterwards, the mechanism and order of reaction can be investigated by using kinetic 

models.  
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Adsorption process is accomplished in four stages until equilibrium conditions are reached:  

i. The adsorbate is transferred from the bulk phase to the outer layer of the sorbent.  

ii. Diffusion from the liquid film to the particles (external diffusion) 

iii. Diffusion from the adsorbent particles to the surface (internal diffusion) 

iv. There is either a chemical bond or a physical interaction between the adsorbate and the 

adsorbent which is called the surface reaction. 

One of these above-mentioned steps takes place more slowly than the others and it is called the 

rate determining step as it determines the rate of the overall adsorption process. There are 

different models that have been developed to define the process and they assume the rate 

determining step as either one of the diffusion steps (diffusion models) or the surface reaction 

(reaction models). Major reaction models are Pseudo-first-order, pseudo-second-order and 

Elovich; while, Boyd’s and Intra-particle models are the diffusion models (Liubov, 2016, pp.34; 

Repo, 2011, pp.34). 

Pseudo-first order kinetic model (Lagergren Model) 

The first-rate equation was developed to explain the kinetic process of sorption in solid/liquid 

systems by Lagergren in 1898 and it professes that number of effective adsorption sites has 

direct effect on the adsorption rate. In other words, with the increase of these sites, adsorption 

rate increases. The irreversible reaction applied to reveal the process is as follows: 

A + S →   AS 

Where,  A adsorbate 

  S active sites of the adsorbent 

There are 4 assumptions made in this model: 

1. Adsorbate concentration is constant throughout the process. 

2. The adsorption energy is not affected by surface coverage. 

3. There is no interaction between the adsorbed ions. 

4. Adsorption takes place on localized sites of the sorbent (Largitte and Pasquier, 2016). 
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The model can be shown as follows (Asuquo et al., 2017): 

1( )e

dq
k q q

dt
              (Equation 3.6) 

In the case of integration of this equation with initial and boundary conditions: q=o and q=q; 

t=0 and t=0, following equation is obtained: 

1ln( ) lne t eq q q k t                        (Equation 3.7) 

Where  qe adsorption capacity at equilibrium conditions, (mg/g) 

qt adsorption capacity at t (mg/g) 

k1 pseudo first order rate constant (1/min) 

t time (min) 

It is one of the most commonly applied models to reveal the sorption mechanism. However, for 

some cases, this linear equation may cause significant errors in the results as it is a linearized 

form of a non-linear equation and it is not accurate enough to determine the model parameters. 

For these cases, non-linear pseudo-first model is widely used and it is shown as follows (Asuquo 

et al., 2017): 

1(1 exp( ))t eq q k t              (Equation 3.8) 

2

exp

1

( )
n

t tcalc

i

ERRSQ q q


             (Equation 3.9) 

Where, qe and k are given random values and by using error function, their actual values are 

calculated along with qt. 

Pseudo-second order kinetic model 

The linear model was first developed by Azizan (Azizian, 2004) to explain the kinetics of 

sorption processes for low concentrations of adsorbate. However, according to Liu and Liu (Liu 

and Liu, 2008), the model was applicable for the first stages of adsorption. In addition, they 
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stated that low initial concentration is not needed for the implementation of this model (Repo, 

2011, pp. 37). The Pseudo-second-order kinetic model can be demonstrated as follows: 

2

2 ( )e

dq
k q q

dt
           (Equation 3.10) 

Where,  k2 is pseudo-second order rate constant, (g/mgmin) 

Although it has been used for a long time to reveal the mechanism, like the linear-first order 

model, it has a major drawback in determination of model parameters. Therefore, a non-linear 

version of this model was developed and found to be more accurate after several modelling 

studies. There is one more advantage of this model: equilibrium capacity of the adsorbent can 

be calculated from the model instead of the experiment (Asuquo et al., 2017). If integrated with 

the boundary conditions q=0 and q=q; t=0 and t=0, following equation is obtained: 

2

2
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e
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          (Equation 3.11) 

2

exp

1

( )
n

t tcalc

i

ERRSQ q q


            (Equation 3.12) 

In Equation 3.12, qe and k are given random values and by using error function, their actual 

values are calculated along with qt. 

Same assumptions are made for this model as the pseudo-first-order kinetic model. 

Intra-particle diffusion kinetic model (Weber-Morris equation) 

Diffusion models in mass transfer have found a wide application area in an attempt to study the 

sorption mechanisms. According to Weber and Morris, diffusion is constrained by one of these 

steps: 

i) Diffusion of the adsorbate from the solution to the film of the particle 

ii) Diffusion from the film to the particle (external diffusion) 

iii) Diffusion from the film to the inside layers of the particle (internal diffusions) 

iv) Adsorbate uptake onto the adsorbent 
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The model assumes that the adsorption process is occurring in a way that it is proportional with 

the root square of time (t2) and the equation can be illustrated as follows (Asuquo et al., 2017, 

Ho, 2000, Qiu et al., 2009, Gürses et al., 2014, Alkan, Demirbaş and Doğan, 2007): 

0.5

t id bq K t C           (Equation 3.13) 

Where,  Cb is the constant related to the thickness of the boundary layer (mg/gmin-0.5) 

Boyd’s film diffusion model (liquid film diffusion model) 

According to Boyd’s Diffusion model, the outer layer of the adsorbent is the resistant step to 

diffusion and it can be shown as follows: 

2

6
1 exp( )t

t

e

q
F B

q 
             (Equation 3.14) 

If Bt is left on the left side of the equation: 

0.4977 ln(1 )tB F                         (Equation 3.15) 

Above equation is obtained.  

Where, Bt function of F and 

F fractional attainment of equilibrium at different times 

In order to find the rate determining step, Bt is plotted against t; pore diffusion controls the 

process if the plot is linear and passes through the origin. In case of obtaining a non-linear plot 

not passing through the origin, film diffusion or chemical reaction steps can be determining the 

steps (Ai et al., 2011, Loganathan et al., 2014, Hameed et al., 2008, Sharma and Das, 2013). 

Elovich model 

The model gives accurate results, particularly in case of heterogeneous chemisorption of gases. 

Additionally, soil adsorption and sorption kinetics have been revealed by this model. The 

general equation is as following: 
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qt =
1

β
ln(αβ) +

1

β
ln(t)         (Equation 3.16)

  

Where,  𝛼 is elovich initial sorption rate, (g/gmin) 

  𝛽 is adsorption constant, (g/g) 

When qt versus ln(t) was plotted on a graph a linear relationship is anticipated to obtain and the 

intercept gives (1/𝛽)ln(αβ), while the slope gives 1/β. It has been found out that the Elovich 

Equation is more accurate for short reaction times (Ahoroni and Ungarish, 1977; Inyang et al., 

2016). 
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4. OBJECTIVE OF THE WORK 

The purpose of the overall thesis was to inquire the sulfate and phosphate removal performance 

of Zn/Al layered double hydroxides (LDH). The main objectives of this research were: 

1. Synthesis of Zn/Al and Zn/Fe LDH with different ratios of metals and study on the effect of 

calcination temperature on Zn/Al and Zn/Fe LDH properties. 

2.  To accomplish characterization of synthesized adsorbents. 

3. To compare the removal efficiency of all prepared adsorbents for sulfate and phosphate. 

4. To investigate the effect of various parameters on phosphate and sulfate adsorption. 

5. To fit the experimental data to kinetics and isotherm models. 

6. To reveal the adsorption mechanism for sulfate and phosphate adsorption. 

7. To investigate the thermodynamic of the adsorption process and determination of the 

thermodynamic variables for phosphate and sulfate adsorption. 
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5. MATERIALS AND METHODS 

5. 1 Synthesis of the adsorbents 

In order to test their sulfate and phosphate removal properties, Zn/Fe and Zn/Al layered double 

hydroxides (LDH) were synthesized with different ratios. Afterwards, each adsorbent was 

calcined at different temperatures to find out the effect of the calcination temperature. The 

experiments were performed with Zn/Fe and Zn/Al adsorbents and the ones with different ratios 

and different calcination temperatures. Amongst them, the one exhibited best removal 

performance was chosen continued during the rest of the study.  

ZnAl/LDH was prepared by co-precipitation method. First, 0.75 M ZnCl2 and 0.75 M 

AlCl3.6H2O were dissolved in 100 mL water, while 1M NaOH and 1M NaCl were mixed in 100 

mL water in another beaker for the synthesis of ZnAl/LDH with a Zn/Al molar ratio of 1/1. For 

the preparation of ZnFe/LDH, FeCl2.4H2O was used instead of AlCl3.6H2O. The adsorbents 

with different ratios were calculated based on this concentration range. NaOH/NaCl solution 

was dropwise added to the other solution which was vigorously being mixed at 70 ºC. 100 mL 

water was added in order to facilitate the mixing. Afterwards, solution pH was adjusted to 10 

by using 1 M HCl to reach the supersaturation. The slurry was mixed for 24 hours at this 

temperature for enhancing the crystallinity of the solid, and the obtained precipitate 

subsequently washed until the pH was 7. Samples were dried in an oven at 50 ºC for 24 hours. 

Dried adsorbents were calcined at three different temperatures of 100 ºC, 200 ºC and 300 ºC. 

Finally, the particle distribution was homogenized by grinding and sieving. 

5. 2 Characterization of the adsorbents 

Fourier Transform Infrared Spectroscopy (FTIR, Bruker Vertex 70) and X-Ray Diffraction 

Spectroscopy (XRD, PANalytical X-ray diffractometer) analysis were carried out for 

identification of the functional groups in the structure and to detect the characteristic peaks in 

the LDH structure. The surface morphology of adsorbents was characterized by Scanning 

Electron Microscope (SEM). Brauner, Emmett and Teller surface area and pore volume of the 

adsorbents were measured with BET (BET, Tristar®II Plus) surface area analyzer. Zeta potential 
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measurement of the adsorbent Zn-AL/LDH was also carried out on order to reveal the resistance 

of the solid. 

5. 3 Batch adsorption experiments 

Applicability of LDH adsorbents for SO4
2- and PO4

3- removal was investigated using batch 

experiments. Zn/Al-LDH was used for SO4
2- and PO4

3- removal in order to obtain a comparative 

study for these two compounds. For each study, a certain amount of the compounds was 

dissolved in water and subsequently they were mixed with the adsorbents in centrifuge tubes. 

Agitation of all the solutions was obtained by a shaker with a rotation speed of 220 rpm at 25±2 

ºC temperature. 

For sulfate and phosphate removal studies, Zn-Al/LDH was applied to see the removal rate of 

these two compounds. Experiments for two ions were carried out separately. 1g/L of adsorbent 

dosage and 10 mL of solution volume were selected, after the dosage effect study was 

conducted. pH values between 2 and 8 were studied where 0.1 M NaOH and 0.1 M HCL were 

used for the pH adjustment purposes. Experiments with sulfate and phosphate solutions were 

carried out at four different temperatures from 25 ºC to 55 ºC for 10 different concentrations 

from 24 mg/L to 240 mg/L to reveal the effect of temperature. 

After the required contact time was reached, solutions were separated from the adsorbents by 

filtration and subsequently analyzed with Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) model iCAP 6000 (Thermo Electron Corporation, USA). The 

equilibrium adsorption capacity qe (mg/g) was calculated with Equation 5.1. 

𝑞𝑒 =
(𝐶𝑖−𝐶𝑒)

𝑚
𝑉               (Equation 5.1) 

Where,  Ci the initial concentration of the solution (mg/L) 

Ce equilibrium concentration of the solution (mg/L) 

V solution volume (L) and   

m weight of the adsorbent (mg)  

 



30 
 

5. 3. 1 Adsorption isotherms 

For all the adsorption isotherm studies, solutions with different initial nutrient concentrations 

were used. In accordance with this purpose, optimum conditions were maintained in terms of 

pH, adsorbent dosage and contact time. A wide range of concentration was measured for sulfate 

and phosphate from 24 to 240 mg/L. The Langmuir, Freundlich, Sips and Temkin isotherm 

models were applied to reveal the adsorption mechanisms. Calculations for modelling were 

carried out using Microsoft Office Excel. Minimization of sum of the squares of the errors 

(ERRSQ) function was used as the criterion for this purpose. 

5. 3. 2 Adsorption kinetics 

As the aim of this study was to determine the effect of contact time, with 5 different 

concentrations (48 mg/L, 72 mg/L, 96 mg/L, 120 mg/L and 144 mg/L). The models were applied 

to 96 mg/L concentrated solutions as it was chosen the most favorable condition. For the 

modeling of the kinetics, the Pseudo-first-order, Pseudo-second-order, Intra-particle diffusion 

and Boyd’s diffusion models were studied in this thesis. 

5. 3. 3 Preliminary desorption and regeneration studies 

For the regeneration study, 0.1 M and 0.5 M HCl, HNO3, NaOH and NaCl solutions were used 

as desorption mediums. At first, the adsorbents were loaded by sulfate and phosphate ions with 

initial concentration of 96 mg/L and adsorbent dosage of 1g/L. Loaded adsorbents were 

contacted with these acidic, basic and neutral solutions for 5 hours. The concentration of 

desorbed ions was measured and the best desorbing medium was chosen among all and used for 

the regeneration cycles. The effect of desorbing medium on leaching of Zn, Al and Fe ions from 

adsorbent was also studied by measuring concentration of these ions in aliquot.  

5. 4 Analysis of solutions 

After the experiments and filtration, the solutions were analyzed by Inductively Coupled Plasma 

Optical Atomic Emission Spectrometry (ICP-OES). Sulfate and phosphate removal rates were 

obtained by using conversion factors for sulfur and phosphorus, respectively. 
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6. RESULTS AND DISCUSSION 

6. 1 Characterization of the adsorbents 

XRD analysis of the adsorbents 

The XRD pattern of synthesized Zn-Al/LDH is demonstrated in Figure 3. Due to the fact that a 

cobalt cathode is applied in the XRD system, the results were converted into the traditional XRD 

patterns where copper is used and the converted patterns are shown. Most of the peaks are 

corroborative with the characteristics of a hexagonal structure. The peak (110) appearing at 

62.9º confirms the formation of the layer structure (Li, Bai and Zhao, 2013). Peaks (012) and 

(018) are the characteristic diffraction peaks of a Zn-Al/LDH structure (Iftekhar et al., 2017). 

However, 2 characteristic peaks of LDH (003) and (006) corresponding the degrees around 10 

and 20 theta were not obtained in the pattern. This absence can be explained with the collapse 

of LDH layered structure at 200 ºC and production of ZnO phase. It is assumed that with the 

decrease in calcination temperature, these characteristic peaks will appear again in the structure 

(Ahmed et al., 2012). 

 

Figure 3. XRD patterns of the synthesized Zn-Al/LDH 
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FT-IR (Fourier transform infrared spectrometry) analysis 

The hydroxyl groups and the interlayer anions are revealed with FT-IR; therefore, FT-IR plays 

in important role for the characterization of LDH. Figure 4 shows the FT-IR spectra of 

synthesized Zn-Al/LDH adsorbent. The intense band observed at 3522 cm-1 indicates the O-H 

stretching vibration of water molecular and hydroxyl groups, which confirms the brucite-like 

layers (Li, Bai and Zhao, 2013). The bands detected at 1614.5 cm-1 are attributed to O-H bending 

vibration and it occasionally is overlapped with any other peak (Yu et al., 2015). The bands 

below 1000 cm-1 are attributed to M-O stretching and M-OH bending vibrations in the brucite-

like layer structure (Sepehr et al., 2014). The peaks at 804 cm-1and 665 cm-1 are attributed to 

inorganic anions of NO3
−(Goh et al., 2008). 

 

Figure 4. FTIR patterns of the Zn-Al/LDH 
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SEM analysis  

In order to reveal the morphology of the samples, SEM analyses were carried out and the results 

are provided below. Figure 5, Figure 6 and Figure 7 demonstrate the SEM images of the raw 

Zn/Al LDH, sulfate-loaded and phosphate-loaded Zn/Al LDHs. All the images belong to the 

LDH sample that was calcined at 200ºC. The figures show the characteristic coral-like, 

crystalline structure of double hydroxides; however, due to calcination the structure was partly 

collapsed into small pieces with pores (Figure 5). This might have arisen from the release of the 

water in the structure. Numerous small plate-like structures gathered and formed the non-

uniform, non-porous LDH structure in accordance with the previous studies (Ahgmed et al., 

2012; Barahuie et al., 2014; Yin et al., 2010, Liu et a., 2015).  

 

 

Figure 5. SEM image of the synthesized Zn/Al-LDH adsorbent 

Figures 6 shows the solid structure after sulfate and phosphate uptake.  
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Figure 6. SEM image of Zn/Al LDH after sulfate (a) and phosphate uptake (b) 

Figures 6 shows that after adsorption of sulfate and phosphate the LDH structure is more visible 

compared to Figure 5. The reason for this is so called memory effect, which occurs during 

rehydration and regeneration of interlayer anions (Goh et al., 2008). 

EDS Mapping results 

EDS mapping is another vital characterization method since it reveals the elements present in 

the solid and their distribution within the structure. Expected elements for an LDH molecule 

was found to be present in the structure such as C and O. In addition, the existence of Zn, Al 

and Cl was also proved in Figure 7 below.  

 

 

 

 

(a) (b) 
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Figure 7. EDS mapping of elements in the synthesized ZnAl/LDH adsorbent 

Sulfate and phosphate uptake can also be understood with these results as their amount 

significantly increased inside the pores of the solid as can be seen in Table 3 below. 
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Table 3. Amount of the elements in ZnAl/LDH before and after adsorption 

Element ZnAl/LDH ZnAL/LDH after 

sulfate adsorption 

ZnAL/LDH after 

phosphate 

adsorption 

 Weight, % Weight, % Weight, % 

C 8.65 19.1 9.7 

O 22.33 29.2 26.8 

Al 4.58 2.9 5.1 

Si 0.24 0.2 - 

Cl 7.39 0.4 1.3 

Zn 56.82 46.2 54.2 

S - 2.1 - 

P - - 2.8 

 

Zeta potential results 

Electrical neutrality of the particles can be shown as following: Electrically neutral = Particle 

surface + first layer + second layer. When the particles in the bulk solution move, they cause 

particle shearing on the surface. Thereby, the neutrality of the particles on the diffuse layer 

changes and they gain a potential which is called zeta potential. In other words, it shows the 

potential difference between the shear plane (dispersed particle) of the sorbent and the bulk 

solution (dispersion medium) (Jafari et al., 2016). 

The zeta potential plays a vital role to reveal the stability of the colloidal dispersions. High zeta 

potential (positive or negative) values indicate that the particles are electrically neutral, while 

the small ones refer the tendency to coagulate or flocculate (Greenwood and Kendall, 1999; 

Hanoar et al., 2012). 

The Zeta potential was measured for the adsorbent to support the mechanism of the pH effect 

on the nutrient adsorption. An important criterion for the zeta potential graphs is the isoelectric 
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point (pHzpc) where the potential changes from positive to negative values. For the synthesized 

Zn/Al-LDH, the isoelectric point was 10.06. The high isoelectric value suggests that the surface 

of the material is positive on a wide pH range and able to attract anions effectively. 

 

Figure 8. Zeta potential of Zn-Al/LDH adsorbent 

BET surface area and adsorption – desorption Isotherms 

Brunauer-Emmett-Teller (BET) theory is applied to reveal the adsorption of gas molecules on 

the sorbent surface and identify the specific surface area of the solid materials. Adsorbents with 

high surface area usually exhibit better adsorption performances. Therefore, the BET theory has 

a vital role of adsorbent design and selection. In BET methods, low temperature (77 K) gas 

adsorption process is followed and nitrogen gas is adsorbed due to its inert structure. From the 

adsorbed amount of nitrogen, it is possible to calculate the surface area of the adsorbent (Worch, 

2012). 

Nitrogen adsorption-desorption isotherm of the Zn-Al/LDH is illustrated in Figure 9. As it can 

be seen, the adsorbent exhibits type III isotherm which suggests the mesoporous structure with 

weak affinities. As being a mesoporous material, it has a pore diameter between 2 and 50 nm. 

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

0 2 4 6 8 10 12 14

Ze
ta

 P
o

te
n

ti
al

, m
V

pH



38 
 

 

Figure 9. Nitrogen adsorption desorption graph of Zn-Al/LDH adsorbent 

 

BET Surface area of the synthesized Zn/Al LDH was measured as 85.5 m2/g and the results are 

provided below in Table 4 along with BET surface area of other reported LDH materials in the 

literature. It is clear from Table 3 that BET surface area of Zn/Al LDH is quite comparable with 

other reported LDH materials. 

Table 4. Surface area values of synthesized LDH along with the other studies in literature 

LDH type BET 

surface area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Average 

pore width 

(nm) 

Reference 

Zn/Al 85.5 0.178 8.33 This study 

Ni/Mg/Al 101 0.590 23.4 Lei et al., 2017 

Mg/Al 104 0.683 25.9 Yang et al., 2014 

Zn/Al 135 0.151 4.42 Yang et al., 2014 

Mg/Fe 65 0.530 307 Liu et al., 2014 

Calcined Mg/Mn 84   Chitrakar et al., 2005 
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Mg/Al 109   Sepehr at al., 2014 

ZnAl-LDHs/g-

Al2O3 

165 0.600  He et al., 2017 

Mg/Al 84.5 0.33 15.8 Chubar et al., 2013 

Zn/Al 50   Li et al., 2014 

Zr/Cr2/NO3 

Calcined Mg/Al 

20 

198 

0.05  Koilraj and Kannan, 2013 

Yang et al., 2005 

Cl/Li/Al 18.8   Liu et al., 2006 

Mg/Al 34.8   Lehmann et al., 1999 

 

6. 2 Adsorption studies  

As mentioned before, different LDH materials with different ratios and calcination temperatures 

were synthesized in this study and their sulfate removal performances are illustrated in Figure 

10. According to Figure 10, Zn/Fe LDH does not exhibit a good removal performance in any 

ratio or calcination temperature. In terms of temperature, it is easily noticeable that uncalcined 

and 100ºC calcination temperature do not make any contribution. Zn/Al ratio as being another 

parameter shows that the ratio 3:1 and 4:1 have the highest rates. Finally, when overall results 

were taken into consideration, Zn/Al LDH calcined at 200 ºC with 4:1 Zn:Al ratio was selected 

for the more detailed experiments. 
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Figure 10. The sulfate removal performances of all synthesized adsorbents 

Effect of solution pH 

Sulfate and phosphate removal percentage studies were carried out at room temperature 

(25±2ºC) for 5 hours contact time. Initial concentrations were 118 mg sulfate/L and 116 mg 

phosphate/L with 1 g/L adsorbent dosage. The effect a wide pH range was studied in accordance 

with the purpose. The results are demonstrated in Figure 11. 

As it can be seen from Figure 11, pH does not play an important role on adsorption capacity or 

removal rates of sulfate and phosphate. This result is also supported by the zeta potential analysis 

shown in Figure 9. However, there was a slight decrease with pH 8; therefore, the experiments 

were carried out with the initial pH values varying between 5 and 6. Additionally, it was found 

out that Zn/Al-LDH exhibited better removal rate and adsorption capacity for phosphate over 

sulfate. The decrease of both sulfate and phosphate adsorption with increasing pH is plausible 

since the competition for the available adsorption sites between the sulfate/phosphate and 

hydroxyl ions increase. 
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Figure 11. Effect of pH on sulfate removal rate and adsorption capacity 

Effect of adsorbent dosage 

Another important parameter is the dosage of the adsorbent as it is proportional to the cost of 

the processes. The optimum value was aimed to determine within these experiments where the 

adsorbents exhibit the best performance for both compounds. Figure 12, illustrates the effect of 

adsorbent dosage to the removal efficiency and adsorption capacity values for sulfate and 

phosphate. The initial concentrations were chosen as 148.4 mg sulfate/L and 115.3 mg 

phosphate/L. It shows the drastic effect of the adsorbent dosage, especially for sulfate recovery. 

Removal rate increased proportionally with the dosage for both compounds. However, as it was 

a comparative study for sulfate and phosphate 1.0 g/L dosage was chosen for the rest of the 

experiments as sulfate removal rate exceeded 90% at this value.  
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Figure 12. Effect of adsorbent dosage on sulfate removal rate and adsorption capacity  

Effect of contact time and adsorption kinetics 

All kinetic experiments were performed at 25ºC ±2 at 220 rpm shaker conditions. As mentioned 

before, five different concentrations with different contact times were investigated in order to 

obtain more accurate results with Pseudo-first, Pseudo-second, Interparticle Diffusion and 

Boyd’s Diffusion Model. At first, the adsorption capacities and removal rates were 

demonstrated for different concentrated solutions.  

i. Effect of contact time on sulfate removal 

As seen in Figure 13 and Figure 14, removal rate decreased with the increase in the 

concentration of the solution. As it was decided to perform the other experiments with the sulfate 

concentration of approximately 117 mg/L, it is vital to emphasize the maximum removal rate of 

91% in less than 5 hours with an adsorbent dosage of 1 g/L. In addition, the adsorption capacity 

of this concentration value was calculated as 106.5 mg sulfate/g adsorbent. However, the 

maximum adsorption capacity ascended to 119 mg/g with the higher concentrations. 
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Figure 13. Removal rates for sulfate adsorption 

 

 

Figure 14. The effect of contact time on sulfate adsorption capacity 

Finally, it is vital to mention that the results of this experiment group determined the required 

contact time during the rest of experiments. As it can be seen, after 5 hours there was no 

significant change in the removal rate; therefore, 5 hours was decided to be the optimum contact 

time for sulfate removal in order to minimize the time and energy consumed. 

In Figure 15 and Figure 16, the four kinetic models of adsorption applied are illustrated with 

their equations. In Table 3, the calculated kinetic parameters for these models are represented. 
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There are two important criteria to determine the applicability of the model: the R2 value and 

the discrepancy between the experimental maximum adsorption capacity and the one calculated 

by the aid of the model.  

For adsorption modeling, both linearized and non-linear equations have widely been applied for 

experimental data fitting; however, according to many studies, non-linear equations provide 

more accurate results (Liubov, 2016, pp.45; Lin and Wang, 2009). 

 

Figure 15. Pseudo-first and pseudo-second order model fittings for sulfate adsorption 
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Figure 16. Boyd’s diffusion model (a) and intra-particle model (b) fittings for sulfate removal 

As shown in Figure 15, Figure 16 and Table 5, the pseudo-second-order kinetic model suits to 

the experimental system the most compared to the other ones based on its high R2 value and 

small discrepancy between experimental (106.5 mg/g) and calculated maximum adsorption 

capacity values. These results show that the rate determining step is surface reaction. 

The intra-particle diffusion plot suggests that the diffusion of sulfate occurs through multiple 

stages and plot of qt versus t1/2 did neither exhibit high reliability nor passed through the origin. 

Boyd model also did not pass through the origin even though its reliability was slightly better 

than the Intra-particle model. 

Table 5. Calculated kinetic parameters for sulfate removal 

Pseudo-first-order model 

R2 k1 (min-1) qe (mg/g) 

0.981 0.1208 101.6 

Pseudo-second-order model 

R2 k2 (min-1) qe (mg/g) 
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R2 B  

0.332 -0.006  

Intra-particle diffusion model 

R2 C ki 

0.508 58.0 2.89 

 

ii. Phosphate removal 

The effect of contact time on adsorption capacity for phosphate removal by means of Zn-

Al/LDH is provided in Figure 17 and Figure 18. From the figures, it can be understood that the 

phosphate selectivity of Zn-Al/LDH is higher than sulfate as it has higher removal rates and 

adsorption capacity values. Since this work is a comparative study, approximately 118 mg/L 

phosphate solution was used during the rest of the experiments. > 99% removal rate and 161.7 

mg/g maximum adsorption capacity were reached with 1g/L adsorbent dosage. Additionally, it 

can be predicted that higher adsorption capacity and adequate removal rates will be reached in 

the case of more concentrated phosphate solutions.  

 

Figure 17. Phosphate removal rates as a function of time 
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Figure 18. Effect of contact time to adsorption capacity for phosphate adsorption 

Pseudo-first-order and pseudo-second-order model fittings for phosphate removal are illustrated 

below in Figure 19 along with the experimental results. Figure 20, shows Boyd and intra-particle 

diffusion model fittings. 

Figure 19. Pseudo-first and pseudo-second order model fittings for phosphate removal 
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Figure 20. Boyd’s diffusion model (a) and intra-particle model (b) fittings for phosphate 

removal  

Boyd’s model exhibited more reliable results with a R2 value of 0.861; however, the linear line 

did not pass through the origin neither for Boyd nor intra-particle diffusion model. Among the 

studied reaction models, pseudo-second order model defines the mechanism better as it is more 

reliable with R2 value of 0.995. Similar to sulfate removal, phosphate removal mechanism is 

also found to be controlled by the chemical reaction step. 
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Intra-particle diffusion model 

R2 C ki  

0.363 74.8 2.76  

 

Based on the kinetic results the removal rate of phosphate was also slightly faster compared to 

that of sulfate. This is comparable to the earlier reported selectivity series for uptake of common 

inorganic anions by LDH materials (Halajnia et al., 2013). 

Effect of initial concentration and adsorption isotherms 

Adsorption isotherms are obtained at different aqueous equilibrium concentrations and at 

constant temperature and pressure to determine the adsorption potential of Zn-Al/LDH. In order 

to determine the isotherm model of synthesized LDH for sulfate and phosphate, 4 different 

temperatures (25 ºC, 35 ºC, 45 ºC and 55 ºC) were applied for a wide range on concentration 

varying between 29 mg/L and 290 mg/L. The Langmuir, Freundlich, Sips and Temkin isotherms 

were investigated within this study and the results are illustrated in the following figures. 

 

Figure 21. Adsorption isotherms of phosphate and sulfate onto Zn/Al-LDH 

0

50

100

150

200

250

300

0 5 0 1 0 0 1 5 0 2 0 0

q
e 

(m
g/

g)

Ce (mg/L)

Sulfate

Phosphate



50 
 

In Figure 21, the higher adsorption capacity for phosphate can be seen, as this value exceeds 

250 mg/g while for sulfate 100 mg/g was reached as the highest value. In addition, lower 

removal rate for sulfate is once again corroborated by higher equilibrium concentrations. 

Four isotherm models were investigated by the utilization of equilibrium data as following for 

sulfate and phosphate removal, respectively. 

i. Sulfate removal  

Figure 22 shows the adsorption isotherm results with experimental and model values. As can be 

seen, all three models except Temkin Model, showed good similarity against the experimental 

results. 

 

Figure 22. Adsorption isotherms of sulfate onto Zn-Al/LDH 
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al., 2014). The fitting of the Sips isotherm indicates that the adsorption system was 

heterogeneous. 

Table 7. Isotherm model parameters for sulfate adsorption 

Langmuir 

R2 KL(L/mg) qm (mg/g)  

0.969 5.64 98.44  

Freundlich 

R2 Kf n  

0.877 66.98 11.56  

Sips 

R2 Ks qm (mg/g) n 

0.976 7.28 100.6 0.633 

Temkin 

R2 A (L/g) B (J/mol)  

0.913 - -  

 

ii. Phosphate removal  

Adsorption isotherm of phosphate is shown in Figure 23. Sips and Langmuir Isotherm Models 

exhibited high performance to define the phosphate adsorption process onto Zn/Al-LDH. 

However, due its higher R2 value and predicted adsorption capacity, Sips Model emerged as the 

best Model to define the system. R2 values descended in the order of: Sips > Temkin > Langmuir 

>Freundlich. In addition to its higher R2, Sips isotherm model approached to the experimental 

maximum capacity value better than the Langmuir model. The better fit of Sips isotherm to the 

experimental values can be explained with the fact that it takes three parameters into account. 
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In addition, the adsorbent exhibited better performance for phosphate removal compared to 

sulfate in Figure 21. Based on these results, higher phosphate concentrations could be studied 

with the synthesized adsorbent. 

Figure 23. Langmuir plots for phosphate removal 

Table 8. Isotherm model parameters for phosphate 
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R2 A (L/g) B (J/mol)  

0.986 521.3 25.9  

 

Sorption mechanism 

The adsorbent and the ion to be adsorbed play the most critical roles in the sorption mechanism. 

Commonly observed mechanisms for sulfate and phosphate are as follows: surface adsorption, 

interlayer anion exchange, reconstruction of the structure by the aid of memory effect, and 

precipitation. The determining factors for the mechanism are contact time, concentration and 

pH of the solution (Goh et al., 2008; Wan et al., 2016). 

In the case of surface adsorption, an atomic film is formed due to the attachment of the 

components to be adsorbed to LDH surface. Layer charge density, which is defined as the 

electric charge on the surface for a certain area, plays an important role along with the anions in 

the interlayer (Goh et al., 2008). 

Most common mechanisms for phosphate adsorption onto LDHs are shown in Figure 24 below.  

 

Figure 24. Possible mechanisms for phosphate adsorption onto LDH (Yang et al., 2014) 

Sulfate and phosphate were exchanged with the hydroxyl groups that are represented with Cl- 

and then these ions were released to the solution in case of interlayer anion exchange 

mechanism. Therefore, it is the most plausible mechanism in the studied system due to the 

release of chloride ions into the solution during sulfate and phosphate uptake which is often the 
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case for LDH and is shown in the Figure 25 where there is a significant decrease in terms of 

chloride in the solid structure.  

 
Figure 24. EDS chloride elemental mapping figures of raw ZnAl/LDH (a), after sulfate uptake 

(b) and after phosphate uptake (c) 

Effect of temperature and adsorption thermodynamics  

There are several thermodynamic parameters such as ∆G°, ∆H°, and ∆S° which are dependent 

on the temperature. Therefore, different temperature intervals were applied for revealing the 

adsorption thermodynamics of sulfate and phosphate adsorption by Zn/Al-LDH. 

As mentioned before, Gibbs free energy can be calculated as following: 

∆𝐺° = −𝑅𝑇𝑙𝑛𝐾𝑎𝑑𝑠            (Equation 6.1) 

Where,  ∆𝐺° is the standard Gibbs free energy 

  R is universal gas constant 

  T is temperature 

  Kads is equilibrium constant 

R is a constant independent from any other parameters, while Kads is dependent on the 

temperature; therefore, each condition with different temperature has its unique Kads and the 

appropriate values must be used in the equation. In order to obtain Kads following equation was 

applied for different temperatures. 

(a) (b) (c) 
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     Kads=
𝑞𝑒

𝐶𝑒
           (Equation 6.2) 

Where,  qe is the equilibrium adsorption capacity for a given temperature, mg/g 

  Ce is the equilibrium concentration for a given temperature, mg/L 

i. Sulfate removal 

The effect of temperature is illustrated in Figure 26, where the change in the removal efficiency 

and adsorption capacity are provided for different concentrations. Ten different equilibrium 

concentrations denote the different sulfate concentrations in the experiments. As expected, the 

removal rate slightly increased with the temperature increase. However, there was no drastic 

change in the sulfate removal performance of the adsorbent; therefore, 25 ºC (298 K) can be 

stated as the optimum temperature for the sulfate removal. 

 

Figure 26. The effect of temperature to the sulfate removal rate and adsorption capacity 

The thermodynamics of the adsorption process and thermodynamic variables were calculated 

as below.  
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Figure 27. Van’t Hoff plot for adsorption onto Zn-Al/LDH from sulfate solution 

The equation of the graph is as following: 

y=-3378.5x + 13.002 

According to Van’t Hoff equation: 

lnKads = −
∆H°

R
T +

∆S°

R
                            (Equation 6.3) 

Entropy and enthalpy of the solutions were calculated from the intercept and slope of the 

equation, respectively. The obtained results are demonstrated in Table 9. 

Table 9. Thermodynamic analysis of sulfate adsorption onto Zn/Al-LDH 

T (K) ∆H° (kJ/mol) ∆S° (J/molK) ∆𝐺° (kJ/mol) 

298  

28.10 

 

108.10 

-3.914 

318 -6.996 

328 -6.859 
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i. Phosphate removal 

The change in phosphate removal rates and adsorption capacity of the Zn-Al/LDH with the 

temperature are demonstrated in Figure 28 below. 

 

Figure 28. The effect of temperature to the phosphate removal rate and adsorption capacity 

The variables were calculated similarly as sulfate adsorption as below: 

 

Figure 29. Van’t Hoff plot for adsorption onto Zn-Al/LDH from phosphate solution 
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y=-3149.1x + 17.579  

Similar to sulfate adsorption, with the application of equations 6.1, 6.2 and 6.3, following results 

were obtained for phosphate adsorption thermodynamic parameters: 

Table 9. Thermodynamic analysis of phosphate adsorption onto Zn-Al/LDH 

T (K) ∆H° (kJ/mol) ∆S° (J/molK) ∆𝐺° (kJ/mol) 

298  

26.18 

 

146.15 

-17.33 

318 -18.49 

328 -21.65 

 

As known, positive values of ∆H° indicate the endothermic reaction, while exothermic reactions 

are taking place with negative values of ∆H°. Enthalpy values for both sulfate and phosphate 

are in parallel with the expected results as most of the adsorption processes are endothermic. 

Moreover, these positive enthalpies explain the proportional relationship between the 

temperature and the adsorbed amount of the pollutants. Entropy is the measurement of the 

randomness as its positive values indicate the increase in the randomness in the adsorption 

process. This increase has been connected to the release of hydrated water molecules during 

adsorption. Finally, the positive ∆𝐺° values give the information that the adsorption is 

disfavored while negative values indicate the favored adsorption process and if it is equal to 

zero it means that the equilibrium conditions are reached. Based on this information, favored 

adsorption occurred for both sulfate and phosphate removal processes. Higher values of 

phosphate removal suggest higher attraction between LDH and phosphate compared to that 

between LDH and sulfate, which was also seen experimentally. 

6. 3 Regeneration study 

Reutilization is one of the most important criteria for the adsorbents, particularly for the removal 

/ recovery of non-toxic components by reducing the costs significantly. The reusability of the 

adsorbent Zn/Al-LDH was revealed with the desorption and regeneration study. In accordance 
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with the purpose, nitric acid, hydrochloric acid, sodium hydroxide and NaCl were applied. The 

results of the regeneration study are shown in Table 10. 

Table 10. Regeneration study results 

Regenerate Zn Al S P 

Co, 

ppm 

Cr, 

ppm 

Co, 

ppm 

Cr, 

ppm 

q0, 

mg/g 

qr, 

mg/g 

RE, % q0, 

mg/g 

qr, 

mg/g 

RE, % 

0.1M HCl 7.19 176 0 28 32.5 19.5 60.0 34.6 12.9 37.5 

0.5 M HCl 6.97 177 0 29.3 32.8 19.44 59.3 34.7 13.3 38.4 

0.1 M HNO3 7.84 184 0 32.6 31.4 17.96 57.2 34.6 11.4 32.7 

0.5 M HNO3 7.93 178 0 29.7 32.1 21.04 65.6 34.7 15.3 44.2 

0.1 M NaCl 7.79 6.4 0 0 32.5 27.1 83.1 34.6 34.5 99.6 

0.5 M NaCl 7.37 3.6 0 0 31.3 16.03 51.1 34.6 34.3 99.2 

0.1 M NaOH 7.29 35.7 0 45.5 32.9 10.83 32.8 34.6 0.59 1.71 

0.5 M NaOH 7.42 174 0 35.5 30.9 16.96 54.8 34.5 3.13 9.06 

 

Table 10 shows that the acidic and alkaline regeneration solutions did not work very well for 

the studied material most likely due to the collapse of the LDH structure in these rather harsh 

conditions. The best regeneration results for both sulfate and phosphate were obtained using 0.1 

M NaCl. This means that during the regeneration chloride ions replaced the adsorbed anions 

converting the LDH structure again available for sulfate and phosphate adsorption. This fact 

also supports the anion exchange as the main removal mechanism in the studied system. 
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7. CONCLUSIONS 

The main goal of this work was to inquire the sulfate and phosphate adsorption performances 

of layered double hydroxides as well as to establish the process parameters effects such as 

solution pH, contact time, temperature, and adsorbent dosage and to determine the best fitting 

kinetic and isotherm model. 

Synthesized adsorbents were characterized by FTIR, XRD, SEM, EDS mapping, BET surface 

analyzer and zetasizer in order to verify the functional groups and surface morphology. The 

results confirmed the successful synthesis of the adsorbent. 

Batch adsorption studies were performed in accordance with the above-mentioned purposes. 

The aim here was to reach the highest removal rates for sulfate and phosphate adsorption as well 

as to conduct a comparative study for these nutrients. Kinetic modeling revealed the rate 

determining step of the adsorption process. Adsorption isotherm models were applied to further 

understand the adsorption process and finally, the effect of temperature was established. 

The main findings and the results of this thesis can be listed as follows: 

1. Among the synthesized adsorbents 4:1 Zn:Al/LDH calcined at 200 °C exhibited the highest 

removal rate and the remaining experiments were carried out with this adsorbent.  

2. The adequate removal rates for sulfate (>80%) and phosphate (>90%) were obtained with 

1g/L adsorbent dosage for approximately 118 mg/L concentrations. In addition, the adsorption 

ability of the adsorbent was found to be very high for a large pH range from 2 to 8. Highest 

adsorption capacity values were found to be 119.6 mg sulfate/g and 161.7 mg phosphate/g.  

3. The adsorption process reached the equilibrium conditions within 5 hours of contact time for 

both sulfate and phosphate ions. Kinetic study showed that adsorption of sulfate and phosphate 

ions followed the pseudo-second-order kinetic models which confirmed that the surface 

reactions were the rate determining step. 

4. Adsorption isotherm models were applied and Sips Isotherm was found to be the most 

accurate model for both ions. Least square method error function was applied in the both kinetic 

and isotherm model fittings. 
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5. The predominant adsorption mechanism was suggested to be interlayer anion exchange. 

However, further studies such as FT-IR and XRD after the adsorption are needed for the 

verification of the mechanism. 

6. The thermodynamic mechanism of the process was also revealed. Negative Gibbs Free 

Energy values indicated the favored process while positive enthalpy values were found as 

expected since the adsorption is an endothermic process. 

7. For regeneration of adsorbent, 0.1 M NaCl solution was found to be the best desorbing 

medium. 

The results of this thesis can be applied in the further studies for laboratory and pilot scale 

applications with both synthetic and real wastewater samples. On the other hand, challenges 

such as the negative effect of the calcination temperature must be taken into account and 

overcome. In addition, column studies can be carried out to confirm the stability of the solids 

and making granules might change the capacity and kinetic behavior of the adsorbents. 
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APPENDICES 

 APPENDIX 1. Patterns of the synthesized Zn-Al/LDH where cobalt cathode was used 
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