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Abstract

:

The fabrication of carbon materials from biomass residues can be a promising economical approach for absorbing various target pollutants from aqueous phase. In the study, the adsorption of diphenolic acid (DPA) is investigated on activated carbons fabricated from wheat straw (ACWS) and commercial-activated carbon cloth (CACC). Adsorption kinetics, isotherms, and operational variables (solution pH and ionic strength) are analyzed for the adsorption capacity of the DPA on both carbons. The results show that the ACWS has a higher surface area (1164 m2/g) and volume of micropores (0.51 cm3/g) than those of the CACC. The second-order kinetics model fitted the experiment data better than the first kinetics models with a lower percentage of deviation. The adsorption capacity of the ACWS (264.90 mg/g) is higher than the CACC (168.19 mg/g) because of the higher surface area and volume of micropores of the ACWS. The adsorption isotherm shows that the adsorption of the DPA on the ACWS and CACC is consistent with the Langmuir and Freundlich isotherm models, respectively. The pH has a significant effect on DPA adsorption onto both carbons. The adsorption process is favored at the acidic pH, but the presence of electrolytes has no effect on the adsorption capacity of both carbons due to the screening effect. Thus, the preparation of activated carbon from wheat straw is an attractive option to recycle the wheat straw to added-value materials that can be used for the removal of such pollutants from aqueous solution. These findings can increase the research knowledge about the management of different straws in a sustainable way to produce activated carbon for different applications.
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1. Introduction


Many synthetic chemical compounds are currently used throughout the world and, depending on their application, many of them are continuously accumulated in urban landfills [1,2]. The low biodegradability that they can present causes their gradual appearance in the composition of the leachates that are produced in solid waste deposits, which, in turn, causes a serious environmental problem that requires correct handling and treatment [3]. Organic pollutants detected in the composition of landfill leachate and different water types; one such pollutant is diphenolic acid (DPA) [4,5], which is an endocrine disruptor [6]. Moreover, more attention has been paid to replacing bisphenol A (BPA) with DPA in the fabrication of polyesters, due to its lower price compared to BPA with the same function [7]. Unfortunately, DPA has the same effect as BPA on the environment and has been associated with cancer, liver damage, and obesity epidemic [8].



Few studies have investigated the degradation or elimination of DPA from polluted water via photo-oxidation and adsorption processes. Abdel Daiem et al. [6] investigated the degradation of DPA by using gamma radiation, and they found that the degradation rate increased at higher irradiation, and there was a slight dependence on the dose rate and a major influence of pH on the degradation rate. Abdel Daiem et al. [5] investigated the single and competitive adsorption of DPA and BPA onto two commercial-activated carbons (ACs). The results showed that the both ACs have a lower adsorption capacity for DPA than for BPA that maybe related to the contaminant molecular size and chemical characteristics of the contaminant and adsorbents. Furthermore, the amount of BPA and DPA in competitive adsorption showed a decrease by 50% and 70% for BPA and DPA, respectively. Guo et al. [9] studied the removal of DPA under ultra-violate (UV) radiation in the presence of β-cyclodextrin (β-CD), reported its enhancement in the presence of β-CD. Guo et al. [10] studied the photochemical remediation of DPA in the absence of β-CD and TiO2 and found the presence of TiO2 improves the removal ratio, basically due to the adsorption of DPA on the TiO2 surface. Abdel Daiem et al. [11] investigated the adsorption of DPA onto rice straw-activated carbon and the results showed that the fabricated AC using ZnCl2 (RSZ) and H3PO4 (RSP) has a slight surface area of 771 m2/g and 613 m2/g, respectively, meanwhile, the adsorption capacity was higher in case of RSZ than that of RSP.



The removal of DPA from aqueous solution can be efficiently addressed by means of different technologies such as physicochemical, biological, and advanced oxidation reduction processes (AORPs) [2]. The highest yields were detected for the removal of DPA or a similar contaminant by using the physicochemical processes [2]. The adsorption process onto ACs are considered one of the most reliable and effective physicochemical processes for the treatment of water and wastewater, achieving a higher reduction in organic and inorganic contaminants in comparison to other methods [2,11]. Moreover, it has many advantages such as cheap technology, low energy consumption, and its ability to remove the contaminant from aqueous solution, and there are no by-products or new generated contaminants such as other processes. Furthermore, this process is considered a very important treatment that can be applied at the end of the water or wastewater treatment plants. Since the soluble compound to be removed must be concentrated on the surface of the carbon material, a determining parameter of the process will be the high surface area of the carbon material. Currently, the carbon material universally used as an adsorbent in water treatment is AC, due to its greater capacity for the extraction of organic and inorganic compounds that have not been completely treated. ACs are materials that have a high adsorption power; as a result, among other characteristics, they have an important and varied network of pores. The AC can be defined as a material that has been manufactured from a raw material (lignocellulosic residue) with a high carbon content and that develops its porosity through a specific activation process in different applications [11,12,13,14]. In consequence, the fabrication of ACs from lignocellulosic biomass residues is considered an attractive option from an environmental point of view, where it is a recycling option for those residue and solve their disposal problems, as well as produce ACs that have a high potential to remove pollutants from aqueous solutions. Moreover, the saturated ACs fail to be reused and are landfilled or incinerated. It can be regenerated by different methods that make it a suitable material for multiple adsorption [15]. Thus, making activated carbon from renewable resources such as waste biomass is more intriguing because it is sustainable [16].



The quantity of biomass residues is considered very high in different countries [17,18,19]. The conversion of these residues to added-value materials could be used in different applications [11,13,20,21,22]. Previous studies investigated the fabrication of ACs from different biomass residues and the factors affecting production and adsorption mechanism [23,24,25,26,27]. Wheat straw is considered one of the highest biomass residues in different countries [28]. Moreover, few studies have investigated converting the wheat straw to activated carbons [29,30]. Ma [30] investigated preparing ACs from wheat straw via ZnCl2 and KOH to remove methylene blue (MB) from aqueous solution. He demonstrated that ZnCl2-AC had a higher surface area, more micropores, developed an aromatic structure and high adsorption capacity (265.96 mg/g) in comparison to that via KOH (146.84 mg/g). Moreover, the regeneration efficiency was higher than 70% after five regeneration cycles. Mao et al. [29] prepared activated carbon from pinewood and wheat straw by KOH and microwave heating. They found that ACs from pinewood and wheat straw have high surface areas of 2044 and 1250 m2/g, respectively.



From this background, the studies that investigated the adsorption of DPA from contaminated water are very limited. Thus, the main objective of this work is to investigate the adsorption of DPA from aqueous phase onto commercial and fabricated activated carbons from wheat straw. Moreover, the adsorption kinetics, isotherms, and the influence of the solution pH and ionic strength on the adsorption of DPA will be studied to determine the adsorption mechanism.




2. Material and Methods


Figure 1 illustrates the methodology of the current study. It includes details about the characterization of wheat straw and DPA, the fabrication of activated carbon from wheat straw (ACWS) and the characterization of carbons and adsorption process.



2.1. Reagents


All chemical reagents used in this study (diphenolic acid, sodium chloride, sodium hydroxide, potassium hydroxide, hydrochloric acid, and silver nitrate) were high purity analytical grade reagents supplied by Sigma-Aldrich. All solutions were prepared with ultrapure water obtained from Milli-Q® equipment (Millipore). Table 1 presents physicochemical properties of DPA that were calculated by using ChemIDplus advanced database. Figure 2 depicts the species distribution, chemical structure, and molecule size of DPA. Concentrations of DPA were determined by UV-visible spectrophotometer (DRB200 Reactor 1 Block 9 × 16 MM/2 × 20 MM) at a wavelength 279 nm.




2.2. Adsorbent Materials


The prepared ACWS and commercial-activated carbon cloth (CACC) were used in this study. The raw wheat straw samples were collected from Al-dawadmi, Saudi Arabia. The lignocellulose composition, proximate analysis, ultimate analysis, thermogravimetric analysis (TGA and DTG) and scanning electron microscopy (SEM) of wheat straw samples were investigated according to previous studies [13,31].



The ACWS was prepared from wheat straw samples, which were shredded into a small size (<4 mm) then washed to remove any impurities with distilled water and dried at 105 °C. The dried samples were mixed with KOH with impregnation ration (1:1) by weight (wheat straw: KOH) for 48 h at 60 °C. Then they were pyrolyzed under N2 (flowrate = 350 cm3/min) at 300 °C for 2 h and then activated at 800 °C for 1 h at a heating rate of 10 °C/min. The obtained ACWS was washed with 0.10 M HCl to remove KOH, then the samples were washed with distilled water until the chloride ions were no longer detected by using AgNO3 solution. The washed samples were then dried at 105 °C for 24 h.



Both the ACWS and CACC samples were chemically and texturally characterized, recording the surface area, pore size distribution, oxygen surface groups, and pH of the point of zero charge (pHpzc). A detailed description for the measurement procedures was previously reported [32].




2.3. Adsorption Processes


2.3.1. Adsorption Kinetics


The adsorption kinetics of DPA on the ACWS and CACC samples were investigated by adding 100 mg of carbon in 0.20 L Erlenmeyer flasks containing 25, 50, and 100 mg/L of the initial concentration of DPA. The solution pH was kept in natural condition without any addition. More details about the kinetics processes were described in previous study [2]. The adsorption kinetic models frequently used are represented as the first- and second-order kinetic equations shown in Equations (1) and (2).


     q = q     pred , 1     (   1  −    e    −  k 1  t    )   



(1)






   q =     q   pred , 2   2   k 2  t      1 + q     pred , 2     k 2  t    



(2)




where q: mass of adsorbate adsorbed, mg/g, qpred,1: mass of adsorbate adsorbed predicted from the first-order kinetic model, mg/g, qpred,2: mass of adsorbate adsorbed predicted from the second-order kinetic model, mg/g, k1: the rate constant of the first-order kinetic model, L/h, k2: the rate constant of the second-order kinetic model, g/mg/h, and t: time, min.



Equation (3) is used to calculate the average absolute percentage deviations for both kinetics models.


   % D =   1 N    ∑    i = 1   N   |     q  exp   −  q  pred      q  pred      |  ×  100 %   



(3)




where %D: percentage of deviation, N: number of points, qexp: mass of adsorbate adsorbed experimentally, mg/g, and qPred: mass of adsorbate adsorbed predicted, mg/g.




2.3.2. Adsorption Isotherm


The adsorption isotherms on carbon samples were performed by using different initial concentrations of DPA (50, 100, 200, 300, 400, and 500 mg/L). To determine the adsorption type and mechanism, Equations (4) and (5) represent the Langmuir and Freundlich adsorption isotherm models that are considered the most widely used models for adsorption process:


   X  eq    =      BX  m   C e       1 + BC   e     



(4)
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(5)




where Xeq: quantity adsorbate adsorbed per unit mass of adsorbent (mg/g), Xm: adsorption capacity (mg/g), B: Langmuir constant (L/mg), Ce: concentration of adsorbate at equilibrium (mg/L), 1/nF: sorption intensity or surface heterogeneity, and KF: relative adsorption capacity.




2.3.3. Operational Parameters


There are different variables that were investigated on the adsorption isotherm such as the solution pH (3, 5, 6, 8, and 10) and the presence of electrolytes (0, 0.0001, 0.001, and 0.01 M of NaCl) at the initial concentration of DPA 500 mg/L at ambient temperature 25 °C.






3. Results and Discussion


3.1. Wheat Straw Characteristics


As indicated in Table 2, the lignocellulose composition showed that cellulose is the highest component followed by hemicellulose and lignin with values of 37.50%, 27.80%, and 18.40%, respectively. Cellulose would have contributed positively to the forming of micropores in the resulting activated carbon and increased the opportunity to produce activated carbon with high porosity. The proximate analysis indicated high volatile content (86.70%). The volatile matter would greatly contribute to the porosity formation in the ultimate product (active carbon) during the carbonization of biomass stuffs. The ultimate analysis showed a high carbon content (44.82%) that can increase the potency toward high fixed carbon [33].



The TGA and DTG curves in an air atmosphere for the wheat straw sample have been detected to determine the thermal nature, as shown in Figure 3. The TGA curve indicated the mass loss in the sample. The initial weight loss was due to the drying moisture content, followed by a sharp decrease in the mass loss due to the high decomposition rate of straw, and finally small a mass loss was detected. The nature of the TGA curve in combination with the corresponding DTG peaks indicates the number of stages of thermal degradation. The DTG curve reveals three differentiated stages. The first peak in the burning profile, which occurs at temperatures below 100 °C, is corresponding to the drying stage; the second stage, corresponding to straw de-volatilization, begins over 200 °C, where the weight loss is due to decomposition and the emission of volatiles from cellulose and hemicellulose; and the third stage starts after 300 °C, and the weight loss correspond to lignin decomposition [34].



The SEM inspection and related observations were conducted to determine the surface morphology of straw. Cavities (particularly void spaces in the cells) have been observed, as indicated in Figure 4. During the activation process, the cavities will act as media to distribute the activator into the carbon structure (impregnation) and concurrently release water vapor as well as gaseous matter. This condition will facilitate the porosity formation and produce activated carbon with high porosity [33].




3.2. Characteristics of Activated Carbons


Table 3 shows the textural and chemical characteristics of the used carbons ACWS and CACC. Both the ACWS and CACC carbons have a large surface area (1164 and 951 m2/g, respectively) and large micro-pore volumes (W0) obtained by N2 adsorption (0.51 and 0.37 cm3/g, respectively) and by CO2 adsorption (0.48 and 0.22 cm3/g, respectively). However, the ACWS has a higher surface area and larger micro-pore volume compared to the CACC. The pH of point of zero charge was 5.99 and 4.70 for carbons ACWS and CACC, respectively, which means that both carbons have a chemical nature acidic, which is due to the higher concentration of acidic groups (Table 3).



Table 4 presents a comparison between the fabricated ACWS in the current study and other adsorbents in previous studies based on the used chemical agent, applied heating source, and surface area of ACs. As indicated in the table, the ACWS obtained in the current study showed a higher surface area than the other ACs fabricated from wheat straw and other biomass residues such as rice straw and corncob under conventional heating sources and using different chemical agents, which were obtained from previous studies. In contrast, the AC fabricated from wheat straw using a microwave as a source of heat showed a higher surface area than that obtained from the current study. However, using the microwave consumes more energy and leads to high-cost requirements. Thus, the obtained ACWS in the current study has advantages compared to adsorbents in previous studies.




3.3. Adsorption Kinetics


Figure 5 presents the adsorption kinetics of the first-order and second-order kinetic models. Moreover, Table 5 represents the values of the adsorption kinetic models’ constants that were calculated by using Statistica software (release 7). By using equation (3), the %D was calculated. The second-order kinetic model fitted the experimental data better than that for the first-order kinetic model with lower %D for both carbons except in the case of 100 mg of ACWS, where the %D was close to the first order (Table 5). Moreover, the theoretical maximum adsorption at equilibrium calculated by the second-order model was in agreement with the experimental data. Furthermore, by increasing the carbon mass, the kinetic constants for most of the experiments increased. This means that the adsorption rate increases by increasing the amount of carbon material [2,35].




3.4. Adsorption Isotherms


Figure 6 depicts the adsorption isotherms of DPA at T = 25 °C and pH (4.90) on both carbon samples. Both adsorption isotherms showed L-behavior agreeing with Giles classification [36,37], which means that the ratio between the remaining DPA’s concentration in the solution and the adsorbed portion on the carbon is reduced when the DPA concentration increases, yielding a concave curve. Moreover, it confirmed a high affinity between the adsorbate molecules and the adsorbent surface. Finally, it also confirmed that the two aromatic rings associated with the DPA were adsorbed parallel to the activated carbon surface [5].



Table 6 indicates the comparison between the parameters obtained by applying the Langmuir and Freundlich isotherm models on the experiment data. The Langmuir model fitted the experiment data on the ACWS slightly better than the Freundlich model. However, the Freundlich model fitted the experiment data on CACC better than the Langmuir model. This means that the adsorption mechanism of the DPA on the ACWS was a monolayer, though it was a multilayer on CACC. This is confirmed by the adsorption capacity (Xm) of the ACWS (264.90 mg/g), which was higher than that of the CACC (168.19 mg/g). The adsorption capacity of carbons per area (X’m) was found to be higher with the ACWS than that with the CACC for the DPA, see Table 6,. This is due to the high surface area of the ACWS compared to that of the CACC. The adsorbent–adsorbate relative affinity (BXm) obtained for the ACWS and CACC was 12.45 L/g and 35.99 L/g, respectively. This is consistent with that has been previously reported for the adsorption of aromatic compounds [38]. However, the relative adsorption capacity (KF) of the DPA was higher on the CACC (86.51 L/g) than that on the ACWS (58.73 L/g); nevertheless, the ACWS has a higher surface area than the CACC. This confirms that the adsorption mechanism of the DPA on the CACC was a multilayer mechanism, whereas it was a monolayer mechanism on the ACWS.




3.5. Operational Parameters


Figure 7 shows the influence of the solution pH on the adsorption of the DPA onto both carbon materials, showing the significant effect of the solution pH. Thus, the adsorption capacity was improved at the acidic pH. The adsorption capacity of the ACWS is markedly decreased with a higher solution pH up to 6 and then remained virtually constant at higher solution pH values above 6. However, the CACC has a higher adsorption capacity at a solution pH around 5 compared to the rest of the solution pH. Both carbons have a negative charge density at a solution pH higher than 5.99 and 4.70 for the ACWS and CACC, respectively. The species distribution of the DPA has a negative charge density at a pH higher than 4.66. This means that the adsorbent–adsorbate electrostatic interactions play a major role in the adsorption process on the ACWS and are affected by the solution pH, and depend on the pHpzc of the carbon and the species distribution of the DPA.



Figure 8 represents the results of the adsorption of the DPA on the carbon samples in the presence of NaCl ions at a pH of around 5. As shown, the presence of ionic strength in the solution had no influence on DPA removal. A slight increase in DPA adsorption was detected with the presence of NaCl ions. This is explained by the positive net charge of the molecular form of DPA and the carbon at the solution pH around 5. The presence of NaCl ions therefore favors adsorbent–adsorbate dispersive interactions through a screening effect [5].



Thus, the ACWS is an effective material for the adsorption of DPA at different solution pH; however, the highest adsorption yield was recorded for the acidic solution (pH 5). Moreover, the recycling of the saturated ACs is very important from an environmental point of view for safe disposal or reuse due to stringent environmental regulations. The regeneration of the saturated ACs can be conducted by various physical or chemical techniques with the objective of restoring the original porous structure with no damage [25].





4. Conclusions


The adsorption of diphenolic acid (DPA) was investigated on ACWS and CACC via adsorption kinetics and isotherms. Moreover, the influence of the solution pH and the ionic strength on the adsorption capacity of the DPA on both carbons were analyzed. The results showed that both the ACWS and CACC carbons have a large surface area (1164 and 951 m2/g, respectively) and large micro-pore volumes (W0) obtained by N2 (0.51 and 0.37 cm3/g, respectively) and by CO2 adsorption (0.48 and 0.22 cm3/g, respectively). The second-order kinetics model fitted the experiment data better than the first kinetics models, with a lower %D. The adsorption capacity of the ACWS (264.90 mg/g) is higher than that of the CACC (168.19 mg/g) because of the higher surface area and volume of micropores of the ACWS. The adsorption isotherm showed that the adsorption of the DPA on the ACWS and CACC was consistent with the Langmuir and Freundlich isotherm models, respectively. The solution pH had a major effect on DPA adsorption on both carbons; moreover, the adsorption process is favored at the acidic pH but was not affected by the presence of electrolytes in the solution. These findings support the use of wheat straw-activated carbon for DPA adsorption. Moreover, it could be used to adsorb other similar contaminants from aqueous solution and from other water types (surface and groundwater, and municipal and industrial wastewater). Thus, the conversion of wheat straw to activated carbon and its utilization as an adsorbent can possibly help to solve the problems of pollution caused by DPA in aqueous phase and straw open burning.
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Figure 1. Research methodology for the preparation of carbon and the adsorption of DPA onto activated carbon. 
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Figure 2. Species distribution, chemical structure, and molecule size of DPA. 
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Figure 3. TGA/DTG for wheat straw sample. 
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Figure 4. The SEM inspection for wheat straw sample at 500 µm and larger magnification at 100 µm. 
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Figure 5. Adsorption kinetics of DPA onto (a) ACWS and (b) CACC at [C]o = 100 mg/L, T = 25 °C, pH ≈ 5 and at 25 mg (○), 50 mg (□), and 100 mg (∆). 






Figure 5. Adsorption kinetics of DPA onto (a) ACWS and (b) CACC at [C]o = 100 mg/L, T = 25 °C, pH ≈ 5 and at 25 mg (○), 50 mg (□), and 100 mg (∆).



[image: Water 15 00555 g005]







[image: Water 15 00555 g006 550] 





Figure 6. Adsorption isotherm of DPA onto ACWS (○) and CACC (□) at T = 25 °C, pH ≈ 5 and carbon mass 100 mg. 
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Figure 7. Influence of solution pH on the adsorption of DPA on ACWS (○) and CACC (□) at T = 25 °C and [C]o = 500 mg/L. 






Figure 7. Influence of solution pH on the adsorption of DPA on ACWS (○) and CACC (□) at T = 25 °C and [C]o = 500 mg/L.



[image: Water 15 00555 g007]







[image: Water 15 00555 g008 550] 





Figure 8. Influence of ionic strength on the adsorption of DPA on ACWS (○) and CACC (□) at T = 25 °C, pH ≈ 5.00, and [C]o = 500 mg/L. 
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Table 1. Physicochemical properties of DPA.
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	Molecular Weight (g/mol)
	VA (a) (cm3/mol)
	S (b) (g/L)
	log Kow (c)
	pKa1 (d)
	pKa2 (e)
	pKa3 (f)





	DPA
	286.33
	315
	0.40
	3.58
	4.66
	9.70
	10.45







Note(s): (a) Liquid molar volume at the normal boiling point. (b) Solubility in water. (c) Log octanol-water partition coefficient. (d–f) Corresponding to the successive deprotonations.
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Table 2. Wheat straw analysis data.
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Analysis (a)

	
Element

	
Value (%)






	
Lignocellulose composition

	
Lignin

	
18.40




	
Cellulose

	
37.50




	
Hemicellulose

	
27.80




	
Proximate analysis

	
Moisture

	
7.12




	
Ash

	
10.41




	
Volatiles

	
86.70




	
Ultimate analysis

	
C

	
44.82




	
H

	
7.32




	
N

	
1.50








Note(s): (a) Based on dry weight except moisture content.
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Table 3. Textural and chemical characteristics of activated carbons ACWS and CACC.
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	Carbon
	SN2 (a)

(m2/g)
	Wo (N2) (b)

(cm3/g)
	Wo (CO2) (c)

(cm3/g)
	AGC (d)

(meq/g)
	BGC (e)

(meq/g)
	pHpzc (f)





	ACWS
	1164
	0.51
	0.48
	8712
	3631
	5.99



	CACC
	984
	0.37
	0.22
	6290
	0.0
	4.70







Note(s): (a) Surface area. (b) Volumes of micropores (N2). (c) Volumes of micropores (CO2). (d) Acidic groups concentration. (e) Basic groups concentration. (f) pH of the point of zero charge.
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Table 4. Comparative between the fabricated ACWS in the current study and other adsorbents in previous studies.






Table 4. Comparative between the fabricated ACWS in the current study and other adsorbents in previous studies.





	Biomass Used for ACs
	Chemical Agent
	Heating
	Surface Area

(m2/g)
	Reference





	Wheat straw (ACWS)
	KOH
	Conventional
	1164
	Current study



	Wheat straw
	ZnCl2
	Conventional
	907
	[30]



	Wheat straw
	KOH
	Conventional
	552
	[30]



	Wheat straw
	KOH
	Microwave
	1250
	[29]



	Rice straw
	ZnCl2
	Conventional
	771
	[11]



	Rice straw
	H3PO4
	Conventional
	613
	[11]



	Corncob
	H3PO4
	Conventional
	658
	[26]
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Table 5. Adsorption kinetics data of DPA on activated carbons ACWS and CACC after applying the first and second-order models.
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Carbon

	
Mass

(mg)

	
qe (exp.)

(mg/g)

	
First-Order

	
Second-Order




	
qpred,1

(mg/g)

	
k1 × 10−2

(L/h)

	
%D

	
qpred,2

(mg/g)

	
k2 × 10−4

(g/mg/h)

	
%D






	
ACWS

	
25.00

	
72.65

	
71.79

	
2.43

	
19.69

	
84.85

	
3.37

	
16.27




	
50.00

	
95.35

	
91.74

	
4.56

	
6.98

	
103.03

	
5.53

	
5.86




	
100.00

	
124.74

	
118.79

	
4.79

	
18.24

	
133.30

	
4.46

	
18.49




	
CACC

	
25.00

	
60.03

	
57.39

	
2.47

	
20.61

	
59.23

	
4.42

	
16.68




	
50.00

	
75.98

	
69.80

	
3.45

	
11.94

	
80.68

	
5.11

	
7.01




	
100.00

	
102.35

	
92.71

	
2.98

	
21.32

	
107.05

	
3.51

	
18.58
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Table 6. Parameters calculated by applying the Langmuir and Freundlich isotherm models of DPA adsorption isotherms onto ACWS and CACC.
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Isotherm Model

	
Constants

	
ACWS

	
CACC






	
Langmuir

	
Xm (a) (mg/g)

	
264.90

	
168.19




	
B (b) (L/mg)

	
0.047

	
0.214




	
BXm (c) (L/g)

	
12.45

	
35.99




	
X´m (mg/m2/g)

	
0.23

	
0.17




	
%D

	
2.52

	
2.73




	
Freundlich

	
KF (d) (L/g)

	
58.73

	
86.51




	
1/nF (e)

	
0.26

	
0.12




	
%D

	
7.03

	
2.41








Note(s): (a) Xm: Adsorption capacity, (mg/g). (b) B: Langmuir constant, (L/mg). (c) BXm: Adsorbent–adsorbate relative affinity, (L/g). (d) KF: Relative adsorption capacity, (L/g). (e) 1/nF: Sorption intensity or surface heterogeneity.
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