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Abstract

:

Phosphates in wastewater at elevated concentrations cause eutrophication of water bodies and their removal from treated wastewater is essential before effluents are discharged to the environment. Phosphates are predominately removed during wastewater treatment by chemical precipitation which is usually expensive and has a significant environmental footprint. The purpose of this study was to investigate the effectiveness of waste recycled bricks as adsorbent for phosphate removal during wastewater treatment. The kinetics, isotherms, and thermodynamics of adsorption were investigated to establish the mechanisms of adsorption. The results showed that adsorption capacities increased with an increase in contact time, adsorbent dosage, and initial phosphate concentration. The kinetic study indicated that adsorption was governed by several mechanisms with various processes dominating different stages of the adsorption. The adsorption process was better represented by the pseudo-second-order kinetics and the Langmuir isotherm adequately described the adsorption of phosphates onto brick particles with a maximum adsorption capacity of 5.35 mg/g. The thermodynamic studies showed that the adsorption process was exothermic and proceeded spontaneously, demonstrating that waste bricks can be used as a sustainable alternative for the effective removal of phosphates from wastewater.
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1. Introduction


Eutrophication remains a major environmental pollution issue affecting 30% to 40% of lakes and reservoirs globally as estimated by the United Nations Environment Programme (UNEP) [1,2]. Phosphate is an essential macronutrient and can accumulate in environmental waters causing eutrophication through the growth and proliferation of algae and aquatic plants [3,4]. It is, therefore, a regulatory requirement in many countries of the world to reduce the level of phosphates in wastewater before effluents are discharged to the receiving water environment [4].



Chemical precipitation using metal salts like aluminum, calcium, and iron are the dominant methods used in the industry to remove phosphates from water to meet the stringent regulatory requirements of 0.1–2 mg/L [5,6]. Adsorption using various adsorbents has been considered as a more sustainable and low-cost alternative to the use of chemical precipitation [7]. Various materials have been investigated including oyster shells [8], waste alum sludge [9], dolomite [10], and oxide tailings [11].



Clay-based materials have also been reported as having the potential to remove phosphate from wastewater. Edet et al. [12] reported on the use of fired clay pellets, Hamdi and Srasra [13] on the use of Tunisian clay minerals. Others include kaolinite [14], used bricks [15], and Al3+/Fe3+-modified bentonite [16]. Used bricks from construction waste could pose an environmental challenge in the disposal. An estimated 31.8 million tonnes per annum of demolition waste is generated in England and Scotland annually [17]. These demolition wastes have a high content of aluminum, calcium, and iron and could be applied for phosphate removal in wastewater [12]. The purpose of this study was to establish the mechanism of removal of phosphates from wastewater using recycled bricks as a sustainable alternative in wastewater treatment applications.




2. Materials and Methods


2.1. Materials


All reagents used in the study were of analytical grade and purchased from Sigma Aldrich or Fisher Scientific UK. All solutions were prepared using Reverse Osmosis (RO) purified water. Phosphate stock solutions were prepared using potassium dihydrogen phosphate (KH2PO4) dissolved in RO water. The artificial wastewater used for the experiments was prepared as has been previously described [18]. The as-prepared wastewater was spiked with additional concentrations of phosphates to achieve the initial concentration of 20 mg/L. Waste recycled bricks used during the study were sourced from southeast England. They were crushed and sieved using a 100 µm mesh. The particles used were those <100 µm. They were washed repeatedly with RO water until the electric conductivity and UV absorbance were approximately zero. The brick particles were then dried in an oven at 110 °C to constant weight and stored in a desiccator before use.




2.2. Characterization of Adsorbent


The key metal oxides were analyzed using the Philips X-ray fluorescence analyzer (XRF). The brick particles were ground in a mortar and the powder was compressed into pellets using a hydraulic press. The pellets were then introduced to the sample chamber of the spectrometer with a 4 kW light element. The morphological features were obtained by using the scanning electron microscope model JSM-6060LV (JEOL Ltd., Tokyo, Japan).




2.3. Batch Adsorption Experiments


Adsorption batch experiments were conducted by using varying weights (1 to 5 g) of brick particles in 150 mL of 20 mg/L phosphate solution in a capped volumetric flask placed on a temperature-controlled orbital shaker and stirred at 170 rpm. After the adsorption process, aliquots of treated wastewater (50 mL) were drawn at intervals and centrifuged at 5300 rpm for 45 min before they were filtered using a grade 1 Whatman filter paper (11 μm pore size). Samples were then analyzed for phosphate using the molybdenum blue method with FOSS FIAstar 5000 analyzer [12]. The batch adsorption was carried out initially at varying contact times and initial phosphate concentrations ranging from 10 mg/L to 50 mg/L. The adsorption capacities were determined according to the following equation:


   q e  =    (   C o  −  C t   )  V  m   



(1)




where qe is the adsorption capacity in mg/g, Co is the initial P concentration, Ct is P concentration at time t, V is the volume of the solution in L, and m is the mass of the brick particles (g).



The experiments for the effects of contact time were carried out at varying contact times ranging from 10 min to 60 min at an adsorbent dose of 4 g, room temperature (25 °C), and pH of 6.7 [12]. The kinetic studies were carried out in batch conditions as above at an adsorbent dose of 4 g, 60 min contact time, pH 6.7, and temperatures of 20 °C, 25 °C, 30 °C, and 35 °C. Isotherm and thermodynamic studies were also carried out under similar conditions.





3. Results and Discussion


3.1. Characterization of Brick Particles


An analysis of chemical composition of the brick particles (percent w/w) showed that the approximate compositions were SiO2 (52.8%), Fe2O3 (8.10%), Al2O3 (16.34%), CaO (21.14%), MgO (1.2%), and MnO (0.23%). SEM micrograph images of the brick particles before adsorption showed a surface morphology with a rough and irregular surface with visible pores measuring between 2 and 10 µm in diameter. The irregular surface and presence of pores could be assumed to contribute to the total surface area, hence acting as active sites for the uptake of phosphates (Figure 1a). The surface of the brick particles used in phosphate adsorption showed the presence of prism-like crystals that are assumed to be phosphate crystallized out from the solution (Figure 1b).




3.2. Effect of Contact Time


The effect of contact time on the adsorption of phosphates using brick particles was investigated by varying the adsorption time from 10 to 60 min. The results are shown in Figure 2.



As shown in the kinetic profile, there was an initial fast uptake of phosphates from wastewater in the first 10 min indicated by a steeper gradient before plateauing at 40 min of contact time. The faster initial uptake can be attributed to the presence of a large number of empty adsorption sites available; as the phosphate is adsorbed onto the adsorption sites of the brick particles, the number of these sites decreases, and the slope flattens as the adsorption rate decreases [19]. All subsequent experiments were conducted at 60 min contact time.




3.3. Effect of Adsorbent Dosage


The effect of the dosage of brick particles on the adsorption of phosphate from wastewater was investigated using various masses of the brick particles (1 to 5 g).



The amount of phosphates adsorbed increased with increasing dosage of brick particles from 1.3 7 mg/g to 2.93 mg/g as the mass of adsorbent increased from 1 g to 5 g (Figure 3). The increased adsorbent dose resulted in an increased number of active sorption sites and surface area available for the phosphate adsorption [20,21]. The amount of phosphates adsorbed per unit mass of brick particles increased with increasing dosage before decreasing after complete adsorption of phosphates in solution due to surplus available sorption sites [22]. The decrease can also be linked with the splitting effect of the concentration gradient [22].




3.4. Effect of Temperature


The effect of temperature on the adsorption process was studied at varying temperatures (20 to 35 °C). The result is presented in Figure 4.



The adsorption of phosphate onto the brick particles decreases with an increase in temperature as shown in Figure 4. This indicates that the adsorption process is exothermic [23,24]. Phosphate ions can exhibit the inclination to migrate to the bulk solution from the solid phase as the temperature of the solution increases [10]. This, coupled with the increase in the rate of desorption of adsorbed phosphate from the adsorbent surface, could result in a decrease in the adsorption [25]. The decrease in phosphate concentrations with increasing temperature indicates a low energy requirement for the phosphate adsorption onto the brick particles. Phosphate adsorption, like most adsorption processes, is usually endothermic, but the result of this study is similar to those of Kose and Kivanc [26]. They reported a decrease in phosphate adsorption with an increase in temperature using calcined waste eggshell.




3.5. Adsorption Kinetics Modeling


The adsorption kinetics of phosphates onto brick particles was investigated using the pseudo-first-order, pseudo-second-order, Elovich, and Bangham’s kinetic models.



The pseudo-first-order kinetic model explains the relationship between the rate the sorption sites of the adsorbents are occupied and the number of unoccupied sites. It is defined using the Lagergren equation [27] as follows:


(qe − qt) = ln qe − (k1t)



(2)




where qe and qt are the amounts of phosphate adsorbed at equilibrium and at time t (mins), respectively, and k1 is the rate constant of adsorption (min−1).



The linear plot of ln (qe − qt) against time was used to determine the rate constant k1.



The pseudo-second-order kinetic model describes the dependency of the adsorption capacity of the adsorbent on time and can be determined based on Equation (3) expressed as:


t/qt = 1/k2qe2 + t/qe



(3)




where qt and qe are the amounts of phosphate adsorbed at equilibrium and at time t (mins), respectively, and k2 is the pseudo-second-order rate constant (g/mg/min).



The linear plot of t/qt against time is used to determine qe and k2 from the slope and intercept, respectively.



The Elovich kinetic model has been used for the chemisorption of gases onto heterogeneous surfaces and solid systems and has also now found an application for the study of the removal of pollutants from aqueous solutions [28]. It describes the second-order kinetics assuming that the solid surface has heterogeneous energy but does not propose any mechanism for adsorption [29]. The Elovich kinetic model is represented as [30]:


    dq   dt   =    a e    − α q    



(4)




where q is the amount of phosphate adsorbed at time t, a is the adsorption constant, α is the initial rate of adsorption (mg/g/min).



Integration of Equation (3) assuming the boundary conditions of q = 0 at t = 0 and q = q at t = t yields:


q = α ln(aα) + α lnt



(5)







The linear form of this equation is expressed as [31]:


   q  t    =    ln α b   b    +  1 b  ln t   



(6)




where α is the initial rate of adsorption (mg/g/min) and b is related to the extent of surface coverage and activation energy for chemisorption (g/mg).



A plot of qt against ln t yields a straight line with α and b determined using the slope and intercept, respectively.



Bangham’s kinetic model is used to evaluate the dominance of pore diffusion in the adsorption process [32] (Subha and Namasivayam, 2008). It can be expressed as:


   Log   [    C o     C o  −  q t  M     ] = Log   [    k o    2.3.3 V   ] + α Log   t   



(7)




where Co is the initial concentration (mg/L), V is the volume of the solution (mL), M is the mass of the adsorbent (g/L), qt is the amount of phosphate adsorbed at time t. ko and α are constant.



The plot of Log log [Co/(Co − Mqt)] against Log t yields a straight line and ko and α were determined from the slope and intercept, respectively.



The pseudo-first-order plot of the experimental data showed a linear relationship (Figure 5a). The rate constant (k1) decreased initially as the temperature increased from 20 °C to 25 °C but showed no further change beyond 25 °C as shown in Table 1. The equilibrium adsorption capacity (qe) calculated from the slope increased from 10.46 to 22.94 mg/g when the temperature increased from 20 °C to 25 °C before reducing to 19.4mg/g when the temperature increased to 35 °C. This inconsistency in the parameters of the pseudo-first-order kinetic model indicates the model does not adequately describe the adsorption process.



The pseudo-second-order kinetic model showed a better fit to the experimental data (R2 > 0.96) compared to the first-order kinetics and also had a better fit at all temperatures studied (Figure 5b). The pseudo-second-order model assumes that each phosphate ion is adsorbed onto two adsorption sites which allows a stable binuclear bond to form. The rate constant (k2) and the initial rate of reaction (h) decreased with increasing temperature. The rate constant decreased from 0.06 to 0.03 g/mg/min while the initial rate of reaction decreased from 0.04 to 0.02 mg/g/min as temperature increased from 20 °C to 35 °C. This decrease in the second-order rate constant with increasing temperature could be attributed to the propensity of adsorbate to migrate from the solid phase to the bulk phase with increasing temperature of the wastewater [10,33]. A similar result has been reported by Karaca et al. [10] using dolomite for the adsorptive removal of phosphate from the solution.



The Elovich equation could also be used to describe phosphate adsorption onto brick particles. The plot of qt against ln t showed a good fit to the experimental data (Figure 5c). The values of the initial adsorption rate (α) and desorption constant (b) varied as a function of temperature. The initial adsorption rate increased from 0.82 to 0.86 mg/g/min as the temperature increased from 20 °C to 25 °C before declining to 0.76 mg/g/min as the temperature increased to 35 °C (Table 1). The desorption constant fluctuated with temperature with b increasing from 5.1 to 5.9 g/mg when the temperature increased from 20 °C to 25 °C before reducing to 5.38 g/mg at 30 °C and increasing slightly to 5.46 g/mg at 35 °C. Overall, the desorption rate was lowest at 20 °C and could explain the higher adsorption at 20 °C reported in the previous section.



Bangham’s kinetic model showed a good fit to the experimental data with R2 values > 0.95 for all temperatures studied (Figure 5d). The kinetic plots showed the best bit of all the kinetic models investigated. Bangham’s constants ko and α fluctuated with variation in temperature. The value of ko decreased from 44 to 39.35 mL/g/L when the temperature increased from 20 °C to 25 °C before increasing to 51.2 mL/g/L and 61.84 mL/g/L as the temperature increased to 30 °C and 35 °C, respectively. α increased from 9.5 × 10−3 to 9.9 × 10−3 when the temperature increased from 20 °C to 25 °C before reducing to 6.07 × 10−3 and 4.07 × 10−3 as the temperature increased to 30 °C and 35 °C, respectively. The fluctuation in the parameters does not show a trend that could be derived as the function of temperature. The high R2 values show some degree of pore diffusion but it was not a rate-limiting step in the adsorption process.




3.6. Adsorption Isotherm


The adsorption isotherm for the adsorptive removal of phosphate by brick particles was investigated using the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm models.



3.6.1. Langmuir Isotherm


The Langmuir model describes monolayer sorption on distinct localized adsorption sites. It indicates no transmigration of the adsorbate in the plane of the surfaces and assumes uniform energies of monolayer sorption onto the sorbent surface [34]. The linearized form of the Langmuir isotherm is expressed as:


     C e     C  ads     =  1   Q b    +    C e   Q   



(8)




where Ce is the equilibrium concentration of phosphate (mg/L), Cads is the amount of phosphate sorbed at equilibrium, b is the sorption constant (L/mg) at a given temperature, related to the energy of sorption, Q is the maximum sorption capacity (mg/g).



The Langmuir isotherm model can also be expressed as [35]:


   q e  =    Q m   K L   C e    1 +  K L   C e     



(9)




where Ce is the equilibrium constant (mg/L), qe is the amount of phosphate adsorbed equilibrium (mg/g), Qm is the maximum monolayer coverage capacity (mg/g), KL is the Langmuir isotherm constant (L/mg).



A dimensionless constant or separation factor (RL) is represented as [36]:


   R L  =  1  1 +  K L   C o     



(10)







RL is used to describe the favorable nature of the adsorption process where RL > 1 is unfavorable, RL = 0 is linear, 0 < RL < 1 is favorable, and RL = 0 is irreversible [28,36] (Foo and Hameed 2010; Yuan et al. 2015). A plot of 1/qe against 1/Ce yielded a straight line graph with the values of Qm and KL calculated from the slope and intercept, respectively.




3.6.2. Freundlich Isotherm


The Freundlich isotherm is used to describe adsorption processes that occur on heterogeneous surfaces and active sites with different energies based on multilayer adsorption and equilibrium [34,37]. The linear form of the Freundlich isotherm model is represented as follows [35,38]:


  lnQ =  lnK f  +  1 n   lnC e   



(11)







The isotherm is expressed as:


Qe = KfCe1/n  n > 1



(12)




where Kf is the Freundlich isotherm constant, n is adsorption intensity, Ce is the equilibrium concentration of adsorbate (mg/L), Qe is the amount of phosphate adsorbed at equilibrium (mg/g).



The linear form of Equation (12) is expressed as:


  Log    Q e  = Log    K f  +  1 n  Log    C e   



(13)







The plot of Log qe against Log Ce yielded a straight line and n and Kf were calculated from the slope and intercept, respectively.



Kf and n are Freundlich constants and represent the adsorption capacity and adsorption intensity, respectively. Kf and n are derived from the intercept and slope, respectively, of a graph of ln Q against ln Ce.



Q is the sorbed phosphate and Ce is the equilibrium concentration of phosphate in the solution.




3.6.3. Tempkin Adsorption Isotherm


The Tempkin adsorption isotherm contains a factor that considers the interaction between adsorbates [35]. The model assumes that the heat of adsorption of all molecules in the layer will decrease linearly rather than logarithmically with coverage at average concentrations [35,36,39]. The heat of adsorption is characterized by a uniform distribution of binding energies up to some maximum binding energy [36]. The model is expressed as:


   q e  =    R T   b    ln   (  A T   C e  )  



(14)






   qe =    R T     b T        ln    A T  + [    R T   b  ]   ln    C e    



(15)






  B =    R T     b T     



(16)






qe = B ln AT + B ln Ce



(17)




where AT is the Tempkin isotherm equilibrium binding constant (L/g), BT is the Tempkin isotherm constant, R is the universal gas constant (8.314 J/mol/K), T is temperature at 298 K, and B is the constant related to heat of sorption (J/mol). AT and bT were determined from the intercept and slope, respectively, of the plot of qt against ln t.




3.6.4. Dubinin-Radushkevich Adsorption Isotherm


The Dubinin-Radushkevich adsorption isotherm is used to describe the adsorption mechanism with a Gaussian energy distribution on a heterogeneous surface [35,40]. The Dubinin-Radushkevich adsorption isotherm does not assume homogeneous surface or constant sorption potential and helps to determine the apparent energy of adsorption [41]. The model is expressed as:


ln qe = ln qs − βε2



(18)




where qe is the amount of phosphate adsorbed at equilibrium (mg/g), qm is the theoretical isotherm saturation capacity (mg/g), β is the Dubinin-Radushkevich isotherm constant (mol2/kJ2), ε is the Polanyi potential, which is equal to


  ε = RT   ln   ( 1 +  1   C e    )  



(19)







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



The model is used to distinguish the physical and chemical adsorption with its mean free energy, E (kJ/mol), required to remove a molecule of adsorbate from its location in the sorption site to infinity. E is computed using Equation (20):


  E = [  1  √ 2 β   ]  



(20)







The Langmuir isotherm showed the better fit of all isotherm models studied except the Tempkin isotherm. Maximum adsorption capacity of Qm = 5.35 mg/g was derived from the evaluation of the Langmuir isotherm plot (Figure 6a). The Langmuir isotherm constant (KL) and RL were determined as 0.25 L/mg and 0.04, respectively (Table 2). The RL value was less than 1, indicating that the adsorption of phosphate onto the surface of the brick particles was a favorable process. It also describes monolayer sorption where each phosphate molecule is adsorbed on distinct localized sorption sites with no transmigration of the adsorbate in the plane of the surfaces giving uniform energies of monolayer sorption onto the adsorbent surface [34]. The good fit of the experimental data to the Langmuir isotherm indicates a more physical sorption mechanism (physisorption). The value of the maximum adsorption capacity obtained for brick particles was similar to the values obtained by [16] using Al3+-modified bentonite for the removal of phosphates.



For the Dubinin-Radushkevich (D-R) isotherm model, the R2 value of (0.9351) was lower than both the Langmuir and Tempkin isotherms (Figure 6d). The value of E is used in the prediction of the type of adsorption; E values < 8 kJ/mol are usually classified as proceeding by physisorption. A value of 1.35 kJ/mol was obtained for the adsorption of phosphates onto brick particles supporting the earlier proposed dominant mechanism of physisorption.



The results of the Freundlich isotherm model showed a good fit to the experimental data (R2 = 0.9777) (Figure 6b). Adsorption intensity n is used to describe the heterogeneity of the adsorption surface; a smaller 1/n value indicates a more heterogeneous surface and an n value between 1 and 10 indicates a favorable process. The values of 0.46 and 2.19 were respectively obtained for 1/n and n (Table 2), indicating that the adsorption of phosphate to brick particles was favorable and happened on heterogeneous surfaces.



The Tempkin isotherm determines the heat of sorption which could be used to describe the adsorption process. The Tempkin isotherm showed a good fit with the experimental data for all isotherms studied (Figure 6c). AT and B values were 1.19 L/mg and 1.89 J/mol, respectively (Table 2). The positive value of B means the adsorption was exothermic, confirming the result of the kinetic study.





3.7. Thermodynamic of Adsorption


The thermodynamic parameters of Gibbs free energy (∆Go), enthalpy (∆Ho), and entropy (∆So) are used in the determination of spontaneity of the adsorption process, the nature of the adsorption process, and also the adsorbent applicability [42]. The parameters ΔG, ΔS, and ΔH were evaluated using the expressions in Equations (21) and (22).


ΔG = ΔHo − ΔSo



(21)




where T is the temperature in Kelvin and ΔH and ΔS correspond to the slope and intercept, respectively, of a graph of ln Kd against 1/K.



The activation energy Ea was derived from the Arrhenius equation:


  lnK  d    = lnA −    E a     R T     



(22)




where Kd is the rate constant, A is the Arrhenius constant (J/mol/K), Ea is the activation energy (KJ/mol), R is the universal constant (J/molK), T is temperature in K. Ea was obtained from the slope of plotting Kd against 1/T.



A plot of ln Kd against 1/T, as illustrated in Figure 7, gave a linear relationship with ∆Ho and ∆So evaluated from the slope and intercept, respectively, of the van’t Hoff plot and ΔG was calculated using Equation (8) [43,44]. The thermodynamic parameters for the phosphate adsorption onto brick particles are shown in Table 3.



A negative value was obtained for ∆Go at all temperatures studied (Table 3). This confirms the spontaneous nature of the adsorption process. The results are similar to those obtained by the use of mixed lanthanum/aluminum pillared montmorillonite for the adsorption of phosphate [23]. The values of ∆Go suggest a physisorption process as values of ∆Go for the physisorption process are generally between −20 KJ/mol and 0 KJ/mol. The negative value of ∆Ho (−0.139 KJ) confirmed the exothermic nature of the process. The positive value of ∆So (1.53 × 10−3 KJ/mol/K) indicated the increased randomness at the solid–solution interface during the adsorption process and a good affinity of phosphate ions towards brick particles [42]. The value of the activation energy Ea (0.012 J/mol) indicated a relatively low energy barrier and confirmed the exothermic nature of the adsorption process. The overall results demonstrate the potential application of recycled bricks as a sustainable adsorbent for the removal of phosphate in a filter bed, post biological treatment.





4. Conclusions


This study demonstrated the applicability of waste recycled bricks as a sustainable adsorbent for the removal of phosphates from wastewater. The results of the batch experiments indicated that the adsorption process was affected by adsorbent dose, contact time, initial phosphate concentration, and temperature. The kinetic study indicated adsorption was governed by several mechanisms with various processes dominating different stages of adsorption. Isotherm studies showed the adsorption could be described by Langmuir, Freundlich, Tempkin, and Dubinin-Radushkevich isotherms with a maximum adsorption capacity of 5.35 mg/g. The thermodynamic investigation showed that removal of phosphates by brick particles was feasible, exothermic, and spontaneous in nature.
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Figure 1. SEM micrograph (a) before adsorption; (b) after adsorption. 
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Figure 2. Effect of t on the sorption of phosphate onto brick particles. At Co = 20 mg/L, pH 6.7, adsorbent dose 4 g, room temperature. 
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Figure 3. Effect of adsorbent mass on phosphate removal; adsorption conditions: Co = 20 mg/L, pH 6.7, 60 min contact time, room temperature (n = 3, error bars represent the standard deviation of the mean of the triplicates). 
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Figure 4. Effect of temperature on phosphate adsorption onto brick particles. Initial concentration 20 mg/L, pH 6.7, adsorbent dose 3 g, contact time 60 min, room temperature (n = 3, error bars represent the standard deviation of the mean of the triplicates). 
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Figure 5. Kinetic model plots for phosphate adsorption onto adsorbent particles (Co = 20 mg/L, pH 6.7, adsorbent dose 4 g, t = 60 min): (a) pseudo-first-order kinetic model; (b) pseudo-second-order kinetic model; (c) Elovich kinetic model; and (d) Bangham’s kinetic model. 
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Figure 6. Adsorption isotherm plots (initial concentration 20 mg/L, pH 6.7, adsorbent dose 4 g, t = 60 min): (a) Langmuir adsorption isotherm; (b) Freundlich adsorption isotherm; (c) Tempkin adsorption isotherm; and (d) Dubinin-Radushkevich adsorption isotherm. 
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Figure 7. Van’t Hoff plot for the adsorption of phosphate using brick particles. 
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Table 1. Parameters for various kinetic models: initial concentration 20 mg/L, pH 6.7, adsorbent dose 4 g, t = 60 min.
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Kinetic Model

	
Parameter

	
20 °C

	
25 °C

	
30 °C

	
35 °C






	
Pseudo-first-order

	
k1 (/min)

	
−0.05

	
−0.03

	
−0.03

	
−0.03




	
qe (mg/g)

	
10.46

	
22.94

	
21.74

	
19.42




	
R2

	
0.818

	
0.9523

	
0.9526

	
0.966




	
Pseudo-second-order

	
k2 (g/mg/min)

	
0.06

	
0.05

	
0.04

	
0.03




	
h (mg/g/min)

	
0.04

	
0.04

	
0.02

	
0.02




	
R2

	
0.9686

	
0.9498

	
0.9601

	
0.96




	
Elovich

	
α (mg/g/min)

	
0.82

	
0.86

	
0.78

	
0.76




	
b (g/mg)

	
5.1

	
5.97

	
5.38

	
5.46




	
R2

	
0.9445

	
0.9326

	
0.9599

	
0.9731




	
Bangham’s

	
ko (mL/g/L

	
44

	
39.35

	
51.20

	
61.84




	
α

	
9.50 × 10−3

	
9.90 × 10−3

	
6.07 × 10−3

	
4.07 × 10−3




	
R2

	
0.9587

	
0.965

	
0.9897

	
0.9803











[image: Table] 





Table 2. Adsorption isotherm parameters for the adsorption of phosphate onto brick particles.
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Adsorption Isotherm Model

	
Parameter

	
Brick Particles






	
Langmuir Isotherm

	
Qm (mg/g)

	
5.35




	
KL (L/mg)

	
0.25




	
RL

	
0.04




	
R2

	
0.9865




	
Freundlich Isotherm

	
kf (mg/g)

	
1.08




	
    1  n     

	
0.4557




	
n

	
2.19




	
R2

	
0.9777




	
Temkin Isotherm

	
AT (L/mg)

	
1.19




	
b

	
1287.51




	
B (J/mol)

	
1.89




	
R2

	
0.9897




	
Dubinin-Radushkevich Isotherm

	
B (mol2/kJ2)

	
2.84 × 10−7




	
E (kJ/mol)

	
1.35




	
R2

	
0.9351
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Table 3. Thermodynamic parameters for the adsorption of phosphate by brick dust.






Table 3. Thermodynamic parameters for the adsorption of phosphate by brick dust.





	Parameter
	Brick Particles





	ΔGo
	−0.595



	ΔHo (KJ/mol)
	−0.139



	ΔSo (KJ/mol/K)
	1.53 × 10−3



	Ea (J/mol)
	0.012



	A
	0.572
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