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Abstract

:

This work aims to use a green, economical and efficient adsorbent to remove organic matter from Tunisian industrial wet phosphoric acid (WPA: 52% P2O5). For this purpose, a natural and abundant clay is extracted from the Douiret, Tataouine deposit in southern Tunisia. This clay is being tested for the first time as an adsorbent in WPA medium. The raw clay and purified clay are analysed using standard analytical techniques such as Fourier transform infrared spectroscopy, X-ray diffraction, and BET methods. The results show that the raw clay is a mixture of illite and kaolinite, with other mineral impurities, mainly quartz. Organic matter adsorption tests show that the purified clay exhibits greater effectiveness than raw clay. The parametric study with purified clay indicates that temperature, contact time, and clay dosage strongly influence organic matter adsorption. The highest adsorption occurs at 60 °C after 50 min, reaching 56% with 8 g of purified clay per kg of WPA. Among several recognised models, the pseudo-second-order kinetic model and the Sips isotherm model are the most suitable for modelling the experimental data. This study suggests that Douiret clay can be considered an effective, inexpensive and environmentally friendly adsorbent for eliminating organic matter in industrial phosphoric acid.
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1. Introduction


Phosphoric acid ranks as the second-most extensively manufactured acid on a global scale [1]. According to the IFA “International Fertilizer Industry Organization”, the world production of phosphoric acid was estimated at 59,936 t of P2O5, in 2021. In addition to its primary role in the fertiliser sector, phosphoric acid also has various other uses, such as in food processing, detergents, medicine, and water treatment.



Phosphoric acid is industrially manufactured from phosphate rock in two main ways: thermal or wet processes [2]. The thermal process enables the production of high-quality phosphoric acid, but at a very significant energy cost and with severe environmental impacts [3]. Therefore, manufacturers prefer the wet process, which accounts for approximately 90% of the global production of phosphoric acid [4]. During this process, the phosphate rock reacts with a powerful mineral acid such as hydrochloric, nitric, or sulfuric acid [5]. Among these, sulfuric acid is predominantly utilised due to its lower cost, simple operation, and ability to exploit lower-quality phosphate rocks [6]. Unfortunately, undesirable impurities from phosphate rock such as fluoride, heavy metals, and organic matter (OM) are inevitably leached out with the phosphorus [7]. Some of these elements affect the acid quality and limit its end use. Indeed, regulatory standards for industrial phosphoric acid quality are gradually becoming stricter, particularly in applications related to fertilisers, detergents, food processing, pharmaceuticals, and electronics [8].



Organic matter includes humic substances, aromatic compounds, phthalates, and many other carboxylic acids [7]. Based on its geological source, the organic matter content in sedimentary phosphates rocks varies between 1% and 3.5% [9]. This confers a dark colour to wet acid and considerably limits its uses. Furthermore, OM can induce odour issues during fertiliser production [10] and create stable toxic complexes with heavy metals and other elements in phosphoric acid [11]. Some of these undesirable complexes may accumulate in both soil and water before eventually reaching humans through the various stages of the food chain [8,12]. In addition, organic matter can strongly impact the efficiency of solvent extraction due to its interaction with organic solvent [13,14]. Therefore, it is crucial to decrease the concentration of the organic compounds in wet phosphoric acid to achieve the required acid quality for the production of environmentally friendly fertilisers, and various industrial and food-grade phosphate derivatives. Several techniques have been deployed to eliminate organic substances from wet phosphoric acid, such as chemical oxidation [7], ion exchange [15], solvent extraction [16], ionic flotation [17], membrane processes [18], extraction with impregnated resins [19], and crystallisation [20]. Nevertheless, the use of these techniques has been consistently limited because of their high energy requirements, significant costs linked to organic solvents, oxidants, and resins, as well as the inherent risk of secondary pollution [21]. Conversely, adsorption is often preferred in many cases thanks to its considerable effectiveness, broad applicability, and simple implementation [22].



Activated carbon is widely acknowledged to be the most extensively employed adsorbent due to its exceptional adsorption properties [23]. However, its practical use is limited by its high cost, lack of environmental friendliness, and heavy dependence on imports, particularly in countries like Tunisia. Consequently, research has focused on finding new green and sustainable alternatives, such as generating activated carbon from agricultural residue [11,24] or using natural clays. Clay materials are among the abundant and inexpensive natural resources that can be used and easily modified thanks to their height exchange cationic capacity [25]. Smectite clay, in particular, has been the subject of some papers [26]. In this study, we conducted the first-ever test on an illite/kaolinite clay extracted from the Douiret, Tataouine deposit in the southern region of Tunisia, commonly used in cosmetic and ceramic applications [27,28]. Our objective is to evaluate its effectiveness as an adsorbent for organic matter found in Tunisian wet phosphoric acid. After characterising raw (RD) and purified clays (PD), as well as industrial phosphoric acid, a series of experiments were performed in batch mode. The experiments involved varying the applied adsorbent dosage, adjusting the adsorption duration, and controlling the temperature. The primary objective was to attain the highest level of adsorption performance. Equilibrium adsorption data were modelled using the Freundlich, Redlich–Peterson and Sips isotherm models. Additionally, the pseudo-first-order, pseudo-second-order and intraparticular diffusion kinetic models were used to identify the kinetic parameters and to describe the adsorption process. Thermodynamic functions were also calculated in order to shed light on the nature of the sorption process.




2. Materials and Methods


2.1. Materials


This study incorporates three distinct groups of material, specifically:



Concentrated wet phosphoric acid manufactured by the Tunisian Chemical Group situated in Gabes, south of Tunisia. The blackish green colouration (Figure 1) of this acid (containing 52% P2O5) is attributed to its elevated concentration of organic matter.



The raw clay selected was mined from the Douiret, Tataouine deposit, which is one of the major clay reserves in Tunisia [29].



Analytical-grade chemical reagents are utilised without further purification, and distilled water is employed to prepare different solutions. Sodium hydroxide (NaOH, purity > 99%), sulfuric acid (H2SO4 98% wt) and potassium bromide (KBr, purity ≥ 99%) were sourced from Merck. Potassium dichromate (K2Cr2O7, purity > 99%) was purchased from Labokem. Mohr’s salt ((NH4)2Fe(SO4)2.6H2O, purity = 99%) and sodium citrate (HOC(COONa)(CH2COONa)2 2H2O, purity = 99%) were supplied by Sigma-Aldrich. Bromocresol green and phenolphthalein, coloured indicators used to measure P2O5, were obtained from Atlanticlabo.




2.2. Methods


2.2.1. Clay Purification


The refining process for untreated raw clay involves successive stages of grinding, dispersing, sedimentation, and centrifugal separation. Initially, the untreated raw clay is smashed using an agate mortar and then sifted with stainless-steel sieves to collect particles smaller than 160 µm. These particles are spread out in distilled water with a mass ratio of 10 wt%. [30]. Next, the mixture is subjected to intense mechanical stirring for a minimum duration of 4 h to ensure effective homogenisation. Following this, the mixture is moved to a 2 L graduated cylinder for sedimentation at room temperature. The time required to recover the finest fraction (with a particle size ≤ 2 µm) is determined according to Stokes’ law [31], expressed as:


  t = 190  x   d 2     



(1)




where t is the sedimentation time (min), x is the siphoned depth (cm), and d is the particle diameter (µm).



Supernatants containing clay-sized particles are pipetted and then centrifuged at 7000 rpm. The resulting purified clay is then dried at a temperature of 60 °C for a duration of 24 h, followed by additional grinding and sieving through a 125 µm sieve. The clay obtained through this process is used throughout this work.




2.2.2. Industrial Phosphoric Acid Characterisation


The main characteristics of WPA are determined as follows:



The P2O5 content is determined via an alkalimetric assay using a standard sodium hydroxide solution with bromocresol green and phenolphthalein as a colour indicator [20].



The elemental composition is determined using an atomic absorption spectrophotometer coupled with inductively coupled mass spectrometry [32] at the Tunisian Chemical Group laboratories in Gabes.



The analysis of fluorine is carried out using the potentiometric method with a specific fluoride ion electrode (Thermo Scientific Orion, Dual StarpH/ISE, Waltham, MA, USA) in the presence of a buffer based on sodium citrate [33].



The OM content is quantified using a redox titrimetric method involving a heated mixture of K2Cr2O7 in a sulfuric acid solution. The excess of Cr2O72− is back titrated with a standardised solution of Fe2+ [20].




2.2.3. Clay Characterisation


The elemental analyses of raw clay are performed by X-ray fluorescence (XRF) using an Oasis 9900 spectrometer (Thermo Fisher, Waltham, MA, USA). Ignition loss is measured by calcination at 1000 °C.



The mineralogical analysis is performed using a Bruker AXS D8 X-ray diffractometer (XRD) (Billerica, MA, USA) operating on monochromatic Kα1 radiation from copper (40 kV, 40 mA, λ = 0.15406 nm). The Fourier-transform infrared (FTIR) spectra of raw clay and purified clay are recorded using a Bruker Alpha ATR (Billerica, MA, USA) spectrometer operating in the interval of 400–4000 cm−1 at a resolution of 2 cm−1. Potassium bromide (KBr) is used as a substance to dilute the samples. The Quantachrome instrument from Nova Instruments, Boynton Beach, FL, USA (a division of Anton Paar Quanta Tec Inc., Boynton Beach, FL, USA) is employed to generate nitrogen adsorption–desorption isotherms in order to determine the specific surface area. The data are recorded and evaluated with Quantachrome NovaWin version 11.06 software. Before conducting the analysis, all samples are subjected to vacuum degassing process at 105 °C for 12 h.




2.2.4. Adsorption Experiments


Organic matter adsorption experiments are conducted in batch mode within a specified temperature range of 25 to 75 °C. Different doses of PD are added to 100 g of WPA, and the mixtures are magnetically stirred at a speed of 400 rpm. This procedure follows the steps described by Hamza and EL-Naggar in their published work [11,34]. Afterward, the samples are collected at the desired time and subjected to centrifugation at a speed of 6500 rpm for a duration of 3 min. Subsequently, the supernatants are analysed to determine the residual concentration of organic matter. This analysis enables the removal efficiency (RE in %) and OM adsorbed amount (qt in mg·g−1) to be computed. These calculations are performed using Equations (2) and (3).


   R E  =      C O  −  C t       C O    ⋅ 100  



(2)






   q t  =      C O  −  C t     m  ⋅ w  



(3)







Here, C0 and Ct (mg·kg−1) represent the organic matter concentrations of phosphoric acid initially and at time t, respectively, m (g) is the mass of the clay, and w (kg) is the mass of the phosphoric acid sample. Once equilibrium is achieved, Ct and qt transform into Ce and qe, respectively. Additionally, it is important to mention that, for the sake of accuracy, all experiments are conducted in triplicate.




2.2.5. Kinetics Model


Kinetic studies can determine the contact time and expression of the rate law required to achieve optimal adsorbent efficiency. This allows the implementation of the adsorption process on a large scale. To characterise the adsorption kinetics of organic matter on purified clay, the pseudo-first-order and pseudo-second-order kinetic models and the intraparticular diffusion model are adopted to fit the experimental data conducted at various temperatures.



	-

	
Pseudo-first-order kinetic model: Its linear equation was defined by Lagergren as follows [35]:








   ln    q e  −  q t    = −  k 1  ⋅ t + ln    q e      



(4)





	-

	
Pseudo-second-order Kinetic Model: Its linear equation can be expressed as follows [35]:








    t   q t    =  t   q e    +  1   k 2  ⋅  q e 2      



(5)





	-

	
Intraparticular Diffusion Model: This model, suggested by Weber, is used to examine the mechanism of the adsorption process. Its linear equation is as follows [35]:








    q t  =  k  i n   ⋅  t  0.5   + C   



(6)





Here, qe and qt (mg·g−1) are the quantities of organic matter adsorbed at equilibrium and at time t. k1 (min−1) and k2 (g·mg−1·min−1) represent the rate constants of the pseudo-first-order and pseudo-second-order reactions, respectively. kin (mg·g−1·min−0.5) is the intraparticular diffusion rate constant and C is the intercept that reflects the significance of the external diffusion.




2.2.6. Adsorption Isotherm Models


The amount of adsorbate fixed on the adsorbent surface at equilibrium (qe) is connected to the remaining concentration of the same adsorbate in the liquid phase at equilibrium (Ce) at a constant temperature, as described by the adsorption isotherm. According to Hinz (2001), the plot of the distribution coefficient (KD = qe/Ce) against qe forms a linear line. The direction of the slope on this line assists in the identification of the isotherm shape and the selection of an appropriate model from those available in literature.



In the present study, three nonlinear models, namely, the Freundlich, the Redlich–Peterson, and the Sips models, are applied to fit the experimental isotherm data.



	-

	
Freundlich Model: This empirical approach is frequently employed to describe the adsorption on heterogeneous systems possessing active sites with various affinities. Its expression is given by Equation (7) [36].








    q e  =  K F  ⋅  C e   1 / n      



(7)





Here, KF (mgl−(l-n)·Ll/n/g) is the Freundlich constant, and 1/n is the heterogeneity factor.




	-

	
Redlich–Peterson Model: This hybrid model combines the Langmuir and Freundlich isotherms, and may be adopted for either homogeneous or heterogeneous systems. It is expressed as [36]:











   q e  =    K R  ⋅  C e    1 +  a R  ⋅  C e g     



(8)




where KR (L·g−1) and aR (L·mg−1)g are parameters of the Redlich–Peterson isotherm and g is a dimensionless constant.



	-

	
Sips Model: This isotherm model, similar to the Redlich–Peterson model, is a combination of the Freundlich and Langmuir models and is applied for heterogeneous systems. The sips model equation is given by [36,37]:








    q e  =    q  max       b ⋅  C e       1 / n      1 +     b ⋅  C e       1 / n        



(9)





The maximum adsorption potential is represented by qmax (mg·g−1), and the Sips isotherm constant is denoted by b (L·mg−1), while the Sips model exponent is indicated by n.



Thanks to advancements in computer technology, the nonlinear regression approach has been gaining significant popularity in recent years. In this approach, the model parameters are obtained by minimising the squared error between the experimental values and the predictions made by the model.



The correlation coefficient (R2), Chi-square (χ2) and the sum of squared errors (SSE) are among the techniques used to select appropriate models. All these parameters are calculated using the following equations [38]:


   R 2  = 1 −      ∑     q  e , mod   −  q  e , exp        2       ∑     q  e , exp   −  q  e , m e a n        2     



(10)






   χ 2  =  ∑         q  e , mod   −  q  e , exp      2     q  e , mod        



(11)






  S S R =    ∑     q  e , mod   −  q  e , exp        2   



(12)







Here, qe,exp is the experimental value of adsorption capacity, qe,mod is the value predicted by the tested model using solver 2, while qe,mean (mg·g−1) is the mean of the experimental values.




2.2.7. Adsorption Thermodynamics


	-

	
Thermochemical Parameters







To check the feasibility of the adsorption process, a thermodynamic study is necessary. The impact of temperature on organic matter adsorption allows the identification of thermodynamic variables such as enthalpy (ΔH°), entropy (ΔS°), Gibbs free energy (ΔG°) and the dimensionless distribution coefficient KD [11,39]. The variables are quantified using the following equations:


   K D  =    q e     C e     



(13)






  Δ  G °  = − R ⋅ T ⋅ ln    K D     



(14)






  L n    K D    =   Δ  S °   R  −   Δ  H °    R ⋅ T    



(15)







R represents the ideal gas constant with a value of 8.314 J·mol−1·K−1, where T is the adsorption temperature (in K). The determination of ΔS° and ΔH° can be accomplished using Van ’t Hoff’s plot, as outlined in Equation (15).



	-

	
Activation Energy







According to Arrhenius’ law, the rate constant (k) is linked to temperature by Equation (16) [40]:


  k =  A 0  ⋅  e    −    E a    R ⋅ T        



(16)







In our case, k (g·mg−1·min−1) is equivalent to k2, which stands for the pseudo-second-order constant, A0 represents the temperature-independent rate constant (g·mg−1·min−1), and Ea (J·mol−1) is the activation energy of adsorption.



The linear form of Arrhenius’ law is:


  l n    k 2    = −    E a    R ⋅ T   + ln    A 0     



(17)







Ea and A0 are defined, respectively, on the basis of the slope and the y-intercept of the plot showing ln(k2) as a function of 1/T.






3. Results and Discussion


3.1. Industrial Phosphoric Acid Characterisation


The analysis of WPA shows a percentage of P2O5 content of 51.63 wt% and an organic matter content of 570 ppm (Table 1). The other main impurities are aluminium, magnesium, iron, and fluorine. The most detected heavy metals are chromium and zinc. It should be mentioned that the organic composition content and the percentage of P2O5 content were determined before each experimental campaign.




3.2. Douiret Clay Characterisation


	-

	
Chemical Analysis of Raw Clay: Table 2 presents the results of chemical analysis of the raw clay sample using X-ray fluorescence. As intended, the main constituents of RD are silica (SiO2) and alumina (Al2O3). It can be observed that the iron content is quite high, which is characteristic of Tunisian clays [41]. In contrast, the calcium content is very low, indicating a limited presence of calcite content. This is further validated through a negative hydrochloric acid test.







	-

	
Mineralogical Analysis: The X-ray diffraction patterns of raw clay in Figure 2 show that the raw material is mostly made up of illite (I), as identified by reflections at 9.8 Å (2Ɵ = 8.94°); 4.47 Å (2Ɵ = 19.95°); 2.98 Å (2Ɵ = 29.31°) and 2.56 Å (2Ɵ = 34.91°) and kaolinite (K) as indicated by the appearance of reflections at 7.1 Å (2Ɵ = 12.47°); 3.76 Å (2Ɵ = 23.59°) and 3.55 Å (2Ɵ = 25.06°) [41]. The spectrum highlights the presence of a non-swelling phase (impurities) primarily consisting of quartz, characterised by reflections 4.27 Å (2Ɵ = 20.76°); 3.33 Å (2Ɵ = 26.72°); 2.44 Å (2Ɵ = 36.69°) and 2.27 Å (2Ɵ = 39.53°). Finally, a peak reflection at 3.04 Å (2Ɵ = 29.31°) indicates the presence of calcite in trace amounts [42].







The X-ray diffractogram analysis of the purified sample (Figure 3) reveals an intensification of illite’s characteristic peaks (10.022 and 2.58°A). Furthermore, a more significant decrease in the level of the characteristic quartz peaks is observed, indicating a reduction in the concentrations of associated minerals in the samples after the purification process.



	-

	
Functional Group Analysis: The existence of a band situated within the 3200–3800 cm−1 range is recorded in the infrared spectrum of the raw material, as depicted in (Figure 4). Peaks at 3621 and 3419 cm−1 are related to the stretching vibrations of the OH groups of the octahedral layer. The first peak corresponds to AlMgOH and/or Al2OH [28]. The second peak is linked to the deformation vibrations of water molecules. The peak centred near 1632 cm−1 is linked to the deformation vibrations of the H2O molecules adsorbed between the sheets. Furthermore, Al-OH bending bands in the 690–705 cm−1 range are a distinctive feature of kaolinite and other di-octahedral clays [28]. The identification of illite clay using infrared techniques has been reported to be quite difficult [43]. Quartz, the most important non-clay mineral, is found at 798 cm−1 [28]. The wide band of 1032 cm−1 is related to the Si-O stretching vibration. The bending bands for Si-O-Al are located at 540–555 cm−1, and for Si-O-Si, they are at 425–480 cm−1.







By comparing the infrared spectra of two clay samples (RD) and (PD), similar absorption bands are detected. However, a significant decrease in the intensity of the peak associated with quartz (798 cm−1) is observable. Conversely, there is a noticeable increase in the signals corresponding to the kaolinite mineral (700 cm−1), with the spectral range indicating bending vibrations of Si-O-Al bonds (532 to 470 cm−1) and elongation vibrations attributed to the hydroxyl (OH) groups within the octahedral layer (3700 to 3620 cm−1). These results validate the effectiveness of the clay purification.



	-

	
BET Specific Surface Area and Porosity Analysis: Figure 5 displays the nitrogen adsorption–desorption isotherms in raw clay determined at 77 K. According to the nomenclature of the IUPAC (International Union of Pure and Applied Chemistry), these isotherms can be classified as type IV, exhibiting a hysteresis cycle denoted as H3. This designation implies a mesoporous clay structure [44].







The specific surface are, and porosity of the clay are evaluated, respectively, using BET method and the Barrett–Joyner–Halenda model, as illustrated in Table 3. The mean pore size suggests a mesoporous structure of the raw clay.




3.3. Adsorption Study


3.3.1. Effect of Purification on Efficiency of Organic Matter Removal


To compare the organic matter retention efficiency in WPA of both raw and purified clays, adsorption tests are conducted under similar conditions. These conditions include a clay dose of 8 g·kg−1, a reaction temperature of 60 °C, and an adsorption time of 60 min with an agitation velocity of 400 rpm. According to Figure 6, organic matter removal is enhanced by purification, resulting in an increase from 38% with raw clay to 56% in purified clay. Therefore, only the purified clay is retained for additional examination.




3.3.2. Effect of Clay Dose and Temperature


The variation in organic matter removal efficiency as a function of the purified clay dose (1 to 15 g·kg−1) at various temperatures is shown in Figure 7. According to this figure, the removal efficiency of organic matter improves when the adsorbent dose is increased from 1 to 8 g·kg−1. This is primarily due to the enhanced availability of active sites when increasing the adsorbent dose. However, once the adsorbent dose goes beyond 8 g·kg−1, the increase in the percentage of organic matter elimination becomes less sensitive to further increases in adsorbent dose. This behaviour can be attributed to the creation of clusters by the adsorbent particles leading to a reduction in both the surface area and the number of active sites on the adsorbent material [45].



Furthermore, higher temperatures enhance the elimination of organic matter. Consequently, with a purified clay dose of 8 g·kg−1, the percentage of OM elimination increases from 42% to 57% with an increase in temperature from 25 to 60 °C. This shift can be explained by the fact that organic matter adsorption on purified clay below 60 °C is an endothermic process. Additionally, the mobility of organic species in the acid medium is improved by the decrease in viscosity with increasing temperature, which in turn facilitates their transfer to the adsorbent.



Nevertheless, as depicted in Figure 8, the efficiency of MO adsorption declines at temperatures above 60 °C. In fact, increasing temperature (beyond 60 °C) promotes the desorption phenomenon, and hence reduces the efficiency of adsorption. Based on the obtained results, 60 °C is identified as the best temperature to achieve optimal organic matter adsorption onto purified clay.





3.4. Effect of Contact Time


It is well known that contact time is a key parameter in all transfer phenomena, especially in the adsorption field. Therefore, the effect of contact time on the efficiency of eliminating organic matter is investigated at various temperatures (25 to 60 °C), while using the same optimal dosage of 8 g·kg−1 of purified clay. The results, as depicted in Figure 9, illustrate that, initially, the adsorption process occurs rapidly at each specified temperature. This phenomenon is attributed to the abundance of active sites available on the clay surface. However, as the adsorption process progresses, the number of available active sites decreases, leading to a slower adsorption rate. A state of equilibrium is achieved at around the 50 min. Furthermore, Figure 9 indicates that, regardless of the contact time, better organic matter removal performance is achieved at 60 °C. This observation aligns with the findings highlighted in the previous section.




3.5. Kinetic Results


The linear plots of ln(qe − qt) versus time and t/qt versus time are shown in Figure 10 and Figure 11, respectively.



The parameters of each model are calculated based on the slopes and y-intercepts of the obtained straight-line curves. These values are presented in Table 4 along with related R2 correlation coefficients.



From the data in Table 4, the R2 values associated with the pseudo-second-order model are close to 1 for all tested temperatures. Moreover, the qe values predicted by this model are in closer agreement with the experimental values compared to those predicted by the first-order model. Consequently, it can be inferred that the kinetics of adsorption of organic matter on purified clay are governed by a pseudo-second-order model. This kind of behaviour is frequently observed when clays interact with organic substances [46].



According to Weber and Morris [47,48], the adsorption of a fluid solute on the surface of the adsorbent occurs in four successive steps:




	-

	
Migration of the adsorbate from the bulk liquid phase to the boundary layer of the liquid film, which is bound to the solid particle.




	-

	
Transfer of the adsorbate through the liquid layer to the external surface of the adsorbent (external diffusion).




	-

	
Diffusion of the adsorbate inside the adsorbent pores (intraparicular diffusion).




	-

	
Finally, adsorption of the solute on the active site.









The first and fourth steps tend to proceed faster compared to the second and third steps. Consequently, these stages are not considered in the overall kinetics of the adsorption process [49].



In the case of the adsorption of organic matter onto purified clay, the plots of qt versus t1/2 (Figure 12) show two linear trends. These trends indicate that the adsorption procedure takes place in two distinct phases. The initial phase occurs within the first 10 min, and is associated with the external diffusion process. The second phase occurs between 10 and 50 min, corresponding to the process of intraparticle diffusion within the clay particles.



The parameters of each step are deduced based on the slopes and y-intercepts of the obtained straight-line curves. Their numerical values are tabulated in Table 5, with their corresponding R2 correlation coefficients.



It can be seen from Table 5 that the increase in temperature slightly affects the kinetics of intraparticular diffusion, with kint2 decreasing from 4.26 to 3.26 mg·g−1·min−1/2. In contrast a strong increase in the values of kint1 and C with temperature can be noted. Indeed, kint1 rises from 5.09 to 10.32 mg·g−1·min−1/2 and C increases from 3.81 to 21.76 mg·g−1 when varying the temperature from 25 to 60 °C. This finding suggests that the temperature elevation promotes external diffusion due to the reduced viscosity of the medium. The results indicate a dual control mechanism for the adsorption process involving both intraparticle and external diffusion.




3.6. Adsorption Isotherm Models


The plot of the distribution coefficient (KD) against the adsorption capacity (qe) in Figure 13 shows a linear curve with a positive slope. This linear curve signifies that the isotherm falls under the “S”-type classification. The presence of this S-shaped curve can be ascribed to the collaborative adsorption of organic molecules or to the competitive interactions among the various impurities present in WPA. Based on this result, the Freundlich, Redlich–Peterson and Sips models are adopted to fit the experimental data obtained at equilibrium. The Langmuir model, a commonly used adsorption model, is excluded, because it is unsuitable for S-type isotherms involving multiple types of activated sites.



The experimental isotherm at 60 °C and the nonlinear plots of the Freundlich, Redlich–Peterson and Sips isotherms models for the adsorption of organic matter by purified clay are illustrated in Figure 14. It can be observed that the Sips and Freundlich models appear to be more appropriate than the Redlich–Peterson model for describing the adsorption isotherm. This observation is validated by the error values presented in Table 6. The Sips model yielded a higher R2 value, as well as lower values of χ2 and SSR error, indicating a maximum adsorption capacity of 364.5 mg·g−1.




3.7. Thermodynamic Parameters and Activated Energy of Adsorption


The Van ’t Hoff plot (Figure 15) allows the calculation of ΔH° and ΔS° from the slope and y-intercept of the obtained straight-line curve. The estimated values are listed in Table 7.



Negative ΔG° values can be observed, and their magnitude decreases with increasing temperature. This confirms the spontaneous character and the beneficial effect of temperature on MO adsorption. The positive ΔH° values imply an endothermic adsorption process, which aligns with the experimental results. The value, which is lower than 40 KJ·mol−1, denotes the physical nature of the adsorption. The positive ΔS° points to increasing disorder at the solid–liquid interface during adsorption.



Based on the graph depicted in Figure 16 (ln(k2) versus (1/T)), the activation energy (Ea) is estimated to be 29,704 kJ·mol−1, while the constant (A0) is found to be 366.720 g·mg−1·min−1. Equation (18) can be used to express the correlation between the pseudo-second-order constant (k2) and temperature.


   k 2  = 366.720   exp   −   29704.259   R ⋅ T     = 366.720   exp   −   3572.8  T     



(18)







Understanding of the nature of adsorption is provided by the level of activation energy. Weak activation energy values, ranging between 5 and 50 kJ·mol−1, indicate physical adsorption, while higher activation energy values, ranging between 60 and 800 kJ·mol−1, indicate chemical adsorption [50,51]. The Ea value obtained in this study confirms the physical nature of the organic matter adsorption by purified clay.





4. Comparison of Douiret Clay with Bentonite Clays


Table 8 compares the maximum adsorption capacity of organic matter by purified Douirat clays and various bentonite clays (currently used in WPA purification) [26,34,52]. It can be seen that Douiret’s illite/kaolinite exhibits significantly higher efficiency. Therefore, the Douiret clay proves to be a highly promising alternative to bentonite clay for industrial phosphoric acid purification.




5. Conclusions


In this study, the adsorption of organic matter from Tunisian industrial wet phosphoric acid (51.63 wt% P2O5) was investigated using a local illite/kaolinite clay extracted from the Douiret, Tataouine region. The results indicated that the purification of the raw clay improved the reduction of organic matter content, which increased from 38% to 56%. A parametric study revealed that the optimal removal of organic matter occurred at a temperature of 60 °C, using a dose of purified clay of 8 g·kg−1, and a contact time of 50 min. The kinetic study indicated that the organic matter adsorption followed a pseudo-second-order kinetic model and was simultaneously controlled by the intraparticular and external diffusion mechanisms.



The experimental data at equilibrium at 60 °C were accurately described by both the Sips and Freundlich models, with a maximum adsorption capacity of 364.47 mg·g−1 being estimated by Sips model.



This value significantly surpassed those obtained for bentonite-type clays. The thermodynamic study revealed that the organic matter adsorption was an endothermic, physical, and spontaneous process. Finally, the Douiret clay seemed to be more efficient at removing organic matter from wet phosphoric acid compared to bentonite clays. Douiret clay offers great potential as a sustainable, environmentally friendly, inexpensive, and efficient material for the purification of wet phosphoric acid.
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Figure 1. Photos of concentrated wet phosphoric acid sample: (a) before treatment and (b) after treatment with purified Douiret clay. 
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Figure 2. X-ray diffraction pattern of raw clay sample. 
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Figure 3. X-ray diffraction pattern of purified clay sample. 
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Figure 4. Infrared spectra of raw and purified Douiret clay samples. 
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Figure 5. Nitrogen adsorption–desorption isotherm at 77 K of Raw Clay. 
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Figure 6. Influence of clay purification on the organic matter removal efficiency (T = 60 °C, time = 60 min, and clays dose = 8 g·kg−1). 
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Figure 7. Variation in organic matter removal efficiency versus purified clay dose at different temperatures (time = 60 min). 
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Figure 8. Temperature effect on removal efficiency of organic matter (time = 60 min, purified clay dose = 8 g·kg−1). 
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Figure 9. Effect of contact time on organic matter removal efficiency at different temperatures (purified clay dose = 8 g·kg−1). 






Figure 9. Effect of contact time on organic matter removal efficiency at different temperatures (purified clay dose = 8 g·kg−1).



[image: Materials 16 06228 g009]







[image: Materials 16 06228 g010] 





Figure 10. Pseudo-first-order plots of organic matter adsorption on purified clay at different temperature (purified clay dose = 8 g·kg−1). 
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Figure 11. Pseudo-second-order plots of organic matter adsorption on purified clay at different temperature (purified clay dose = 8 g·kg−1). 
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Figure 12. Diffusion plots of organic matter adsorption on purified clay at different temperatures (purified clay dose = 8 g·kg−1). 
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Figure 13. Plot of distribution coefficient vs. adsorption capacity. 
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Figure 14. Equilibrium isotherm of organic matter absorbed onto purified clay at 60 °C. 
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Figure 15. Van ’t Hoff plot for organic matter adsorption on purified clays (purified clay dose = 8 g·kg−1; time = 60 min). 
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Figure 16. Arrhenius plot for organic matter adsorption on purified clays (purified clay dose = 8 g·kg−1; time = 60 min). 
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Table 1. Chemical composition of industrial wet phosphoric acid.
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	Element
	OM
	Al
	Fe
	Mg
	F
	Cd
	Cr
	Mn
	V
	Zn





	Content

(ppm)
	570
	4127
	3420
	7522
	3700
	24
	312
	41
	82
	157










 





Table 2. Chemical analysis of raw clay.
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	Constituent
	SiO2
	Al2O3
	Fe2O3
	CaO
	SO3
	K2O
	Na2O
	Cl
	MgO
	P2O5
	LOI
	Total





	Content

(wt%)
	53.27
	19.29
	8.81
	traces
	0.79
	4.06
	0.12
	0.07
	2.18
	0.12
	10.86
	99.57










 





Table 3. Specific surface area and porous properties of the raw Douiret clay.
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	Parameter
	BET Surface Area

(m2·g−1)
	Mean Pore Diameter

(A°)
	Total Pore Volume

(cm3·g−1)





	Value
	76.784
	31.336
	0.127










 





Table 4. Parameters of the pseudo-first-order and pseudo-second-order kinetic models for organic matter adsorption on purified clay (purified clay dose = 8 g·kg−1).
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T (°C)

	
qexp

(mg·g−1)

	
Pseudo First Order

	
Pseudo Second Order




	
R2

	
qe

(mg·g−1)

	
k1

(min−1)

	
R2

	
qe

(mg·g−1)

	
k2

(g·mg−1·min−1)






	
60

	
41.36

	
0.961

	
26.28

	
0.0806

	
0.999

	
43.86

	
0.0092




	
50

	
39.50

	
0.963

	
26.08

	
0.0712

	
0.999

	
42.37

	
0.0051




	
40

	
36.58

	
0.948

	
26.19

	
0.0615

	
0.999

	
40

	
0.0037




	
30

	
34.02

	
0.983

	
27.27

	
0.0644

	
0.999

	
38.16

	
0.0029




	
25

	
30.66

	
0.998

	
29.04

	
0.0697

	
0.998

	
36.90

	
0.0024











 





Table 5. Parameters of the intraparticular diffusion model for organic matter adsorption onto purified clay at different temperatures (purified clay dose = 8 g·g−1).
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T (°C)

	
First Step

	
Second Step




	
kint 1

(mg·g−1·min−1/2)

	
R2

	
kint 2

(mg·g−1·min−1/2)

	
C

(mg·g−1)

	
R2






	
60

	
10.32

	
0.9946

	
3.26

	
21.76

	
0.9673




	
50

	
9.31

	
0.9964

	
3.31

	
18.65

	
0.9788




	
40

	
7.51

	
0.9980

	
3.63

	
13.33

	
0.9642




	
30

	
6.26

	
0.9930

	
3.83

	
9.04

	
0.9642




	
25

	
5.09

	
0.9903

	
4.26

	
3.81

	
0.9862











 





Table 6. Characteristic parameters of different isotherm models.
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Model

	
Equation

	
Parameter

	
Unit

	
Value






	
Freundlich

	
(7)

	
KF

	
(mg·g−1)1−1/n

	
2.289 × 10−10




	
n

	
-

	
0.214




	
R2

	
-

	
0.969




	
χ2

	
-

	
12.413




	
SSR

	
-

	
973.907




	
Redlich–Peterson

	
(8)

	
g

	
-

	
−11.451 × 10−3




	
KR

	
mg·g−1

	
−11.067 ×10−4




	
aR

	
kg·mg−1

	
−1.072




	
R2

	
-

	
0.929




	
χ2

	
-

	
30.611




	
SSR

	
-

	
2247.477




	
Sips

	
(9)

	
n

	
-

	
0.145




	
qmax

	
kg·mg

	
364.473




	
b

	
(kg·mg)g

	
2.784 × 10−3




	
R2

	
-

	
0.982




	
χ2

	
-

	
7.338




	
SSR

	
-

	
570.452











 





Table 7. Thermodynamic parameters of organic matter adsorption on purified clay.
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T (K)

	
ΔG° (kJ·mol−1)

	
ΔH° (kJ·mol−1)

	
ΔS° (J·mol−1·K−1)






	
298.15

	
−11.527

	
10.329

	
73.008




	
308.15

	
−12.111




	
318.15

	
−12.752




	
328.15

	
−13.660




	
333.15

	
−14.075











 





Table 8. Comparison of Douiret clay to some bentonite clays.
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	Adsorbent
	Temperature (°C)
	Sorbent Dosage
	Contact Time (min)
	qmax

(mg·g−1)
	Isotherm Model
	Reference





	Tunisian bentonite (Gafsa)
	50

30
	-
	30
	18.52

14.71
	Langmuir
	[26]



	Tunisian bentonite (EL-Hamma)
	35
	20 g·L−1
	90
	17.26
	Langmuir
	[34]



	Algerian bentonite
	30
	8 g·L−1
	95
	153.28
	Langmuir
	[52]



	Tunisian illite (Douiret)
	60
	8 g·kg−1
	50
	364.47
	Sips
	This study
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