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Abstract

:

The aim of the work was to evaluate the possibility of using commercial and modified activated carbons for the removal of oxytetracycline from aqueous solutions. The kinetics and statics of adsorption as well as the effect of the activated carbon dose and solution pH on the efficiency of the oxytetracycline adsorption were analyzed. Based on the study of oxytetracycline adsorption isotherms, the activated carbons were ranked in the following order: F-300 > WG-12 > Picabiol > ROW08 > WACC 8 × 30 > F-100 > WAZ 0.6–2.4. The most effective activated carbons were characterized by large specific surfaces. The best matching results were obtained for: Redlich–Peterson, Thot and Jovanovic models, and lower for the most frequently used Freundlich and Langmuir models. The adsorption proceeded better from solutions with pH = 6 than with pH = 3 and 10. Two ways of modifying activated carbon were also assessed. A proprietary method of activated carbon modification was proposed. It uses the heating of activated carbon as a result of current flow through its bed. Both carbons modified at 400 °C in the rotary kiln and on the proprietary SEOW (Joule-heat) modification stand enabled to obtain adsorbents with higher and comparable monolayer capacities. The advantage of the proposed modification method is low electricity consumption.
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1. Introduction


The pharmaceutical industry is one of the most dynamically developing branches of the economy in the world. According to the European Federation of Pharmaceutical Industries and Associations (EFPIA), the production value of the pharmaceutical industry in Europe in 2017 increased by 25.8% compared to 2010 and by as much as 96.8% compared to 2000. The production value of the pharmaceutical industry in Europe (according to EFPIA) in 2018 was around 260 billion Euros. The result of such a large production and consumption of medicines is their presence in the environment. Currently, almost all types of medicines are identified in raw and treated wastewater, surface waters, groundwater and even drinking water [1].



Antibiotics are an important group of pharmaceuticals identified in the environment. The discovery of penicillin by Alexander Fleming almost a century ago started a new era in medicine. However, today there is a great danger of returning to the pre-antibiotic era due to the rapid increase in resistance of many bacterial strains. Currently, there are strains resistant to all antibiotics (superbugs) that can be used in a given disease. The superbugs cause the death of 33,000 people in Europe every year [2]. Antimicrobial resistance is a natural process, but it has been greatly accelerated by the incorrect use of antibiotics. The problem is their excessive, often irrational use in human and animal treatment, but also their use as animal growth promoters [3,4].



On average, 70% of antibiotics used on humans or animals are excreted in their unchanged form into the wastewater [5]. Antibiotics present in wastewater are one of the causes of bacterial drug resistance due to their relatively low concentrations. Antibiotics at such low concentrations do not work bactericidally, but enable the creation of drug resistance of microorganisms [6,7]. It was also found that the continuous activity of antibiotics in human food has a negative effect on health [8,9]. The effect of this is inter alia decreased immunity, obesity, type 2 diabetes, change in the structure of gut microbiota [10,11]. Moreover, antibiotics have carcinogenic, teratogenic and mutagenic properties [12]. Some antibiotics act like hormones and may interfere with physiological functions [12,13].



A large load of antibiotics is introduced along with wastewater. Conventional wastewater treatment plants are often ineffective in the case of these pollutants [14,15]. Moreover, the presence of antibiotics in wastewater may disrupt the operation of the biological part of the sewage treatment plant [16,17]. The consequence of this is the presence of antibiotics in surface waters and groundwater. Furthermore, the great number of antibiotics used in human medicine, veterinary medicine and agriculture can be also found in surface waters.



One of the groups of antibiotics often found in the environment are tetracyclines (tetracycline TC, chlortetracycline CTC, oxytetracycline OTC and doxycycline DOX). They are very often used in pig and poultry farming [18]. Their biodegradation is difficult (24% in 10–180 days) [19]. Their presence is detected in raw and treated wastewater in various parts of the world [15,20]. The result of their presence in treated wastewater and their use in agriculture is their presence in surface waters (Table 1).



Their presence was also found in drinking water: OTC China 0.6 ng/L; TC 1.1 ng/L [26]. The presence of tetracyclines was also found in bottled water in China from China as well as Germany, France, the USA and Japan [27]. It should be emphasized that antibiotic studies in wastewater, surface waters as well as drinking water are carried out randomly and therefore this matter is still not completely understood. Many waters have never been tested in this respect, and the surveying carried out are not only random, but are limited to selected antibiotics only.



In recent years, the literature described various methods of removing antibiotics from water and wastewater: bioelectrochemical systems [28], photocatalytic systems [29], advanced oxidation process [30], microbiological methods [31], adsorption methods [32]. All the aforementioned methods, except from adsorption, can cause incomplete decay of antibiotics (especially in the industrial scale) and the appearance of more dangerous products than the initial compound [33,34]. The methods are also expensive, complex and very often unstable. Adsorption as a method which does not create any by-products is simple to apply, versatile, highly effective, cheap and seems to be the most promising strategy for removing antibiotics of various properties from water [35,36,37,38]. A great number of researchers perceive the activated carbons as very effective absorbents of tetracyclines in connection with their large specific surface area and the possibility of interactions of electrons π–π with the molecules TC [39,40]. In the scientific literature there is described the adsorption of about 30 out of 250 types of antibiotics. Furthermore, the results of the adsorptions depend also on the used sorbent and on the conditions of the ongoing process [41].



The aim of the study is to analyze the possibility of using various commercial activated carbons to remove oxytetracycline from aqueous solutions.




2. Materials and Methods


2.1. Oxytetracycline Adsorption Research


Oxytetracycline used in the research was purchased from Acros Organics Polska (Antwerp, Belgium). Oxytetracycline adsorption measurements (C22H24N2O9 molar mass of 460.46 g/mol) were carried out from one-component aqueous solutions made of deionized water and oxytetracycline (Table 2). Oxytetracycline concentrations were quantified with a UV-Vis spectrophotometer at the wave length of λ = 275 nm. Tetracycline concentration measurements with the spectrophotometric method were also used by other researchers [42,43,44,45].



Both measurements of kinetics and adsorption statics were carried out from 0.1 dm3 solutions to which 0.2 g of sorbent was added and mixed on a mechanical vortexer at a speed of 160 rpm. The adsorption kinetics was measured with the use of solutions with a pH = 6 ± 0.2 and an oxytetracycline concentration of 100 mg/dm3. In order to determine the adsorption kinetics, samples were taken every 0.5 h. The adsorption isotherms were measured from solutions with pH = 3; 6 and 10 ± 0.2 and at concentrations of: 60, 80, 100, 120, 150, 170 and 200 mg/dm3. The desirable pH value was obtained by adding HCl or NaOH solutions. A 10 h time of mixing the solutions with activated carbon was assumed for the measurements of adsorption isotherms. The mixture of the solution with activated carbon was then left for the next 14 h without shaking, which enabled to determine the concentrations on the next day. It was adopted based on the results of the adsorption kinetics study for three selected activated carbons.




2.2. Models for Isotherm and Adsorption Kinetics


The following models of adsorption kinetics were used to describe the adsorption kinetics: pseudo-first-order (PFO, pseudo-second-order (PSO), Elovich and intraparticle diffusion model (Weber–Morris) (Table 3). The oxytetracycline adsorption data can be described by means of models of Freundlich, Langmuir, Tempkin, Redlich–Peterson, Javanovica, Halseya and Thot (Table 4). The constants in the applied models were determined by the nonlinear regression method using the addition of Solver to the Excel spreadsheet.




2.3. Adsorbents Used


Seven commercial activated carbons used in water treatment plants were used in the oxytetracycline adsorption studies. These were 2 formed granulated activated carbons: WG-12 (Gryfskand, Gryfino, Poland) and ROW 08 Supra (NORIT, Pepinster, Belgium) and five gra-activated carbons: Picabiol (Jacobi Carbons, Kalmar, Sweden), Filtrasorb 300 and Filtrasorb 100 (Chemviron, Moon Township, PA, USA; Carbon, Racibórz, Poland), WACC 8 × 30, WAZ 0.6–2.4 (Carbon, Racibórz, Poland) (Table 5).



The surface acidic and basic functional groups were determined with the method developed by Boehm [54].



	
FTIR spectra of the carbon samples were measured by means of a Perkin-Elmer FTIR Spectrum 2000 spectrometer (Perkin-Elmer, Waltham, MA, USA). The measurements were carried out in infrared (wave numbers 4000–400 cm−1) at T  =  22 °C, resolution 4 cm−1 and number of scans 50 was recorded. Before the sample measurement, a “spectrum of atmosphere” was recorded and subtracted automatically as background during the registration of spectra for the investigated samples. The samples were mixed with KBr (in ratio 1/300 mg), heated at 100 °C under vacuum (p = 10–3 Torr) to remove traces of H2O and finally pressed in a hydraulic press.



	
Pore texture parameters were determined from nitrogen adsorption-desorption isotherms measured at 77 K with a Micromeritics model ASAP 2010 sorptometer (Micromeritics, Brussels, Belgium). Surface area measurements were taken from adsorption isotherms using the BET equation. The volume of macropores was determined using the Semilab PS-2000 porosimeter (Semilab, Budapest, Hungary). The pore volume of activated carbon was measured using the Horvath-Kawazoe method. The bulk density was determined in accordance with PN-EN 12915-1 standard, the iodine number (IN) with PN-EN 1290, and the methylene number (MN) with PN-83/C-97555.







2.4. Modification of Activated Carbon


The activated carbon was modified in a rotary kiln and a stand for electric heating of activated carbon (Figure 1 and Figure 2). Modification of carbon WG-12 in a rotary kiln was conducted for 1 h at a temperature of 400 °C with a constant flow of steam, carbon dioxide and air. The starting activated carbon was marked as WG0, and modified as WG-AIR, WG-S (steam), WG-CD (carbon dioxide), respectively.



The second part of the carbon sample was modified on the SEOW stand. In this case, the carbon samples are heated to 400 °C ± 20 °C. The modification of activated carbon on the SEOW stand consisted in heating the carbon bed during the current flow. The carbons were heated to a temperature of 400 °C with air or carbon dioxide flow of 80 L/h and WGE-AIR (air flow) and WGE-CD (carbon dioxide flow) were determined. Carbon samples were taken after the entire volume of the sorbent from the reactor was mixed.





3. Results and Discussion


3.1. Adsorption Kinetics


The adsorption kinetics of oxytetracycline on three commercial activated carbons F-300, WG-12 and ROW 08 Supra was analyzed (Figure 3). The process was conducted with a solution with the oxytetracycline concentration of 100 mg/L, pH = 6, volume = 100 mL, to which 0.2 g of the proper activated carbon was added. The time needed to completely establish the equilibrium on porous sorbents is very long. It was assumed in the study that the time to establish the adsorption equilibrium occurs when the concentration change within 1 h is less than 1% of the initial concentration (i.e., 1 mg/L). It was observed that the adsorption was very fast in the initial stage and then became slower as the adsorption progressed. During the kinetic study, samples of the solutions were taken every 1 h for 10 h. This time was sufficient to establish the adsorption equilibrium on the tested sorbents. For all activated carbons, this time was 8 h. Such similar results are the result of quite a long time between collecting the samples—1 h quite similar porous structure of activated carbons (all carbons are microporous sorbents). The obtained equilibrium time is medium in comparison to the one described in the literature. In the research of Chen et al., concerning the adsorption of tetracycline, the equilibrium time was longer than 200 h while in the work of Yang et al., it was only 2.5 h [55,56].



Four models of adsorption kinetics were used to describe the adsorption kinetics: PFO, PSO, intraparticle diffusion model (Weber–Morris), and Elovich (Table 3 and Table 6). A very high match of the obtained research results was obtained for the Elovich model (R2 from 0.9984 to 0.9998) and the intraparticle diffusion model (R2 from 0.9964 to 0.9993). A good match of the Elovich model would prove the significant importance of chemisorption on the heterogeneous surface of the activated carbon. Copying the experimental values using the Elovich model enabled to estimate the process rate constants α and coefficient β which reflects the number of areas available for adsorption [57]. Carbons WG-12 and F-300 are characterized by very similar values of coefficient β, higher than the value of this coefficient for carbon ROW 08. Adsorption rate constant α is clearly the highest for activated carbon F-300, and the lowest for ROW 08 Supra.



In the case of the obtained results, a long time to achieve the adsorption equilibrium (approximately 8 h) indicates that internal diffusion is probably dominant over the general adsorption kinetics. Basically, adsorption can be controlled by one or two stages [58]. By analyzing coefficients of the Weber–Morris equation k′ (intraparticle diffusion rate constant) and b (thickness, layer depth), the effect of the adsorption stages on the adsorption kinetics can be assessed. The greater the b value, the greater the effect of the boundary layer on the adsorption process. If the intraparticle diffusion is the rate limiting factor, then C = 0. For all three activated carbons, quite high C values were obtained, which proves that the factor limiting the reaction rate may be the boundary layer (film) controlled by the diffusion process.



Only slightly lower correlation coefficients (but above 0.93) were obtained for the PSO model. The weakest match was obtained for the PFO model. In many works there are analyzed only two models of kinetics and on this basis the conclusions are drawn. The tetracycline adsorption kinetics (the antibiotics which is the most widely described in the literature from the group of tetracyclines) is the most often better described by means of kinetic equation PSO [42,55,59,60,61]., There can also be found better matching results to the kinetic equation PFO than to the second order, although less frequently [62].



The results obtained during the study of the tetracycline adsorption kinetics equations carried out by Jang and Kan were similar to the results obtained in this article [63]. The best match was obtained for the Elovich equation, a slightly weaker one for the intraparticle diffusion model, then for PSO and the weakest one for the PFO. The similar results obtained Zhu et al., while examining the adsorption kinetics [64]. The best matching results were obtained for the Elovich model, next for PSO and the weakest for PFO. Additionally, Sun et al., while examining the kinetics of oxytetracycline on activated carbons made of chemically activated cotton fibers, obtained better results for pseudo-second-order kinetics models than for pseudo-first-order one [44]. According to Ahmed et al., a higher R2 of the pseudo-second order kinetic model indicates that chemical adsorption is an important factor deciding about the rate of this process, and the adsorption capacity is proportional to the active areas [65]. According to Płaziński and Rudziński, the PFO and PSO models do not represent any physical model because they are empirical in nature [66]. It is therefore wrong to draw conclusions about the nature of the process on their basis.



Based on coefficient k2 characterizing the adsorption rate, activated carbons can be classified as follows: F-300 > WG-12 > ROW08.




3.2. Adsorption Statics—The Effect of the Type of Activated Carbon


Seven commercial activated carbons used in water treatment plants were assessed. For this purpose, oxytetracycline adsorption isotherms from solutions at room temperature and pH = 6 ± 0.2 were carried out (Figure 4). The activated carbons used in the studies differ significantly in the amount of oxytetracycline adsorption. For the most effective of them, the activated carbon F-300 (qm Langmuir isotherm), the adsorption capacity obtained in the studies was 55.9 mg/g. The smallest adsorption capacity 24.3 mg/g had activated carbon WAZ 0.6–2.4. Taking the possibility of removing oxytetracycline into account, the carbons used in the tests can be ranked as follows: F-300 > WG-12 > Picabiol > ROW 08 > WACC 8 × 30 > F-100 > WAZ 0.6–2.4. Such a rank order does not coincide with the rank order of activated carbons due to the size of the specific surface area: Picabiol > WG-12 > ROW 08 > F-300 > WACC 8 × 30 > WAZ 0.6–2.4 > F-100. However, there are some common features between these ranks. The first four activated carbons in the rank order for oxytetracycline adsorption are also in the top four of the rank orders for specific surface areas, but in a slightly different configuration. The specific surface area is therefore an important parameter, but not the only one that determines the amount of oxytetracycline adsorption. Additionally, in the research of Huang et. al., a greater adsorption of oxytetracycline on activated carbon with a higher specific surface area was observed [67]. The essential influence of the size of the specific surface area on the efficiency of tetracycline adsorption is underlined by many researchers [59,68,69]. Undoubtedly, the porous structure and accessibility, or rather the lack of access to the pores of the smallest diameter, for oxytetracycline particles and the chemical structure of the surface of activated carbons also have the effect. The specific surface area is not always the deciding parameter. Ken et al. while examining three different activated carbons, the greatest oxytetracycline adsorption obtained on the activated carbon which had the smallest specific surface area [70]. The presence of a great number of functional groups on the surface of activated carbons in the case of adsorption from a solution with pH = 6, may be disadvantageous due to the possibility of blocking access to the pores.



The obtained results were described by two-parameter equations: Freundlich, Langmuir, Temkin, Jovanovic, Halsey and three-parameter equations: Redlich–Peterson and Thot (Table 4 and Table 7). The investigators use these models to describe the adsorption of organic compounds, including antibiotics, on activated carbons [65,71,72]. All the used models describe the obtained for oxytetracycline adsorption results well. The lowest R2 obtained is 0.9917. Nevertheless, the best match of the results was obtained for the following models: Redlich–Peterson, Thot and Jovanovic. These are isotherms used to describe adsorption from aqueous solutions, but these isotherms have different assumptions (e.g., for surface heterogeneity and homogeneity). The Jovanovic isotherm assumes surface homogeneity, the Thoth isotherm—heterogeneity, and the Redlich–Peterson isotherm, as the compilation of the Freundlich and Langmuir isotherms, is applicable to both types of sorbent surfaces. Nevertheless, these different oxytetracycline absorption isotherms used have a similar correlation coefficient R2. Such results may indicate slight differences in the adsorption potential of the surfaces of the analyzed activated carbons. Other researchers describing their research with different models also obtained similar correlation coefficients, despite their different assumptions [73,74,75]. Most likely, commercial activated carbons have such a diverse surface that it is difficult to talk about a single adsorption mechanism.



The most commonly used isotherms of Langmuir and Freundlich are marked by high (though not the highest) coefficients R2 (from 0.993 to 0.999). Constant n in the Freundlich equation characterizes the adsorption intensity. For all activated carbons, the values of this coefficient range from 1 to 10, which proves the favorable adsorption of oxytetracycline on all adsorbents. Other authors who examined both the adsorption of oxytetracycline and tetracycline on the different carbon sorbents also claimed that the adsorption is beneficial [44,55,56,60]. The reciprocal of the coefficient n (1/n) indicates the degree of diversity of active areas on the surface of activated carbon. The obtained values of 1/n (from 0.307 to 0.396) are similar for the tested adsorbents. Since they are closer to zero than to one, it proves that the surface of the activated carbons is not very heterogeneous. Capacitive coefficient KF ranges from 5.38 (WAZ 0.6–2.4) to 10.62 mg/g (F-300).



Higher correlation coefficients were obtained for the Langmuir isotherm (0.9973 < R2 < 0.9993). In a great number of scientific studies, the investigators use the description of the tetracycline adsorption from the model of Langmuir and Freundlich. However, on the basis of the literature review, it clearly cannot be claimed which of the aforementioned models describes the tetracycline adsorption in a better way, which is related to the different construction of the activated carbons. In some articles greater R2 was obtained for Langmuir isotherm [42,45,59,62], and in other ones for Freundlich model [55,60,64,76]. In order to establish whether the adsorption is favorable, it is necessary to determine distribution coefficient RL. The ranges of parameter RL values for all activated carbons fitted in range from 0 to 1 (precisely from 0.833 to 0.971), which means that the adsorption in the tested concentration range was favorable. This is consistent with the conclusions drawn from the analysis of the Freundlich equation. A good match of Langmuir isotherms can indicate the monolayer adsorption of oxytetracycline on active centers. The obtained monolayer capacities which were calculated with the usage of the Langmuir equation range from 29.87 (WAZ) to 73.31 mg/g (F-300).



Slightly lower correlation coefficients were obtained for the Temkin isotherm assuming that the adsorption mechanism is chemisorption, and for the Halsey model assuming the formation of a liquid adsorbate film on mesoporous adsorbents.




3.3. Effect of Process Conditions on Oxytetracycline Adsorption


The influence of the adsorbent dose and pH value of the solution on the amount of oxytetracycline adsorption was analyzed for three of the four most effective commercial adsorbents that are already used in Polish water treatment plants: F-300; WG-12 and ROW 08 Supra. Picabiol activated carbon was not included since it is not used in any water treatment plant in Poland.



The influence of the adsorbent dose was assessed for the concentration of oxytetracycline 100 mg/L (Figure 5). The following doses of activated carbon were used: 1, 2, 3, 4, 5, 6, 8 and 10 g/L. Similar doses during the adsorption of various antibiotics were also used by other researchers, e.g., Fen et al., −8 g/L during the adsorption of chloramphenicol or Yazidi et al. 2020 from 0.9 to 14 g/l during the adsorption of amoxicillin and tetracycline [43,77]. The amounts of activated carbon F-300 enabled the removal of oxytetracycline from 50% (dose of 1 g/L) to over 96% (dose of 10 g/L), analogously from 43 to almost 95% for activated carbon WG-12 and from 35% to almost 93% for ROW 08 Supra. The differences in the efficiency of tetracycline removal with the dose of 6 and 8 g/L for carbon F-300 are small and amount to less than 2%, and for the other two activated carbons, such small differences were obtained between the doses of 8 and 10 g/L.



The solution pH may affect the size of the adsorption process due to changes in the surface properties of adsorbents and adsorbates. This parameter often determines the adsorption mechanism. Oxytetracycline, depending on the solution pH, can appear in the following forms: H3L+, H2L±, HL−, and L2− (L means OTC) [78]. In the range of pH 2 to 3.8, there is a transformation of H3L+ to H2L± (pKa1 = 3.22—deprotonating OH3—tricarbonyl group), from pH 5.5 to 12.0, H2L± transforms to HL− and L2− (pKa2 = 7.46 deprotonation phenolic-diketone group, pKa3 = 8.94 deprotonation of the dimethylamine group NH4) (Figure 6).



Oxytetracycline in solution at pH = 3 is present approximately in 80% as an OTC+ cation and in 20% as bipolar OTC±, in solution at pH = 6, the whole compound is in the bipolar form (OTC±). In alkaline solution at pH = 10, it is present as a di- and monovalent anion in equal amounts (about 50% OTC− and 50% OTC−2) [44].



While assessing the effect of the pH of the solution on the amount of oxytetracycline adsorption, a significant importance of this parameter was found (Figure 7 and Table 8). For all the activated carbons used in the research, the same tendencies of the influence of pH on the adsorption of oxytetracycline were observed. The highest adsorption efficiency was obtained when the process was carried out from a solution with pH = 6, and the lowest with pH = 10. The similar influence of pH on the tetracycline adsorption obtained Wand et al., and Liu et al., (the maximum adsorption at pH = 5 and the minimum adsorption in the strongly alkaline solutions) [59,60]. The influence of pH on the tetracycline adsorption is, however, depended on the used sorbent. In the research [55,56] there was observed that the higher pH, the better TC adsorption. Wang et al. in their research observed high and similar adsorption within the range of pH from 4 to 8 [45]. Differences between qm monolayer capacities calculated with the Langmuir isotherm are significant. The largest differences in adsorption capacities qm were observed for activated carbon WG-12, for which qm for pH = 10 is 46.29 and the pH = 6 qm = 65.94 mg/g. The smallest differences were noted in the case of activated carbon F-300: for pH = 10 qm = 63,59 mg/g and for pH = 6 qm = 73.31 mg/g. It is clear that oxytetracycline in the OTC± (pH = 6) form is better adsorbed than in the anionic or cationic form. A similar effect of the pH of the solution on the results of oxytetracycline adsorption was obtained inter alia by Sun et al. [44]. Both basic and acid functional groups are present on the surface of activated carbons produced by the steam-gas method. Their presence was determined by the Bohem method, and the results are presented in Table 9. The tested activated carbons do not differ significantly in the chemical nature of the surface, which was also found on the basis of FTIR tests (Figure 8). Commercial activated carbons used in the research were not additionally oxidized, therefore their surface has relatively few acid-base groups. It can be observed that these carbons have similar amounts of acidic (from 0.434 to 0.586 mmol/g) and basic groups (from 0.467 to 0.592 mmol/g). The simultaneous presence of acidic and basic groups on the surface of activated carbons is characteristic for sorbents produced by the steam-gas method. Carbon ROW 08 Supra, adsorbing the smallest amounts of oxytetracycline, has the lowest amount of acidic groups capable of anion exchange, but the highest amounts of basic groups among the tested sorbents. Activated carbon F-300 with the best oxytetracycline adsorption has moderate amounts of both acidic and basic groups. However, while analyzing the chemical structure of the activated carbons, it is not so obvious to determine simple dependencies between the adsorption capacity and the number of groups on the surface of activated carbons determined by the Boehm method. With such small differences in the chemical structure of the surface of activated carbons, the porous structure and the accessibility of active areas may also be important.



Measurements of the FTIR spectrum of the analyzed activated carbons were also carried out. It is the measurement which is often carried out in order to explain the mechanisms of the tetracycline adsorption [42,60]. Carbon F-300, adsorbing the largest amounts of oxytetracycline, is marked by the highest intensity of phenolic O–H groups forming the hydrogen bond (3200–3500 cm−1). A lower intensity of carbonyl groups > C=O (1740–1500 cm–1) and ester groups C–O–C (1300–1000 cm–1) was observed on carbon F-300 compared to carbon ROW 08 Supra, which absorbs the lowest degree of oxytetracycline. A small peak of carboxyl groups (1732 cm−1) was observed only for activated carbon WG-12. There is a possibility of creating hydrogen bonds between oxytetracycline and phenolic groups on the surface of activated carbon.



In a solution with an acidic pH = 3, dissociated functional groups present on the surface of activated carbons have a repulsive effect on oxytetracycline in the form of OTC+. However, ion exchange (H+ OTC+ functional groups) and electrostatic attraction may occur since some of the oxytetracycline is in the OTC± form. Since oxytetracycline is present in the form of an anion (monovalent and bivalent) in a solution with pH = 10, then the increase of the amount of competing OH– ions and the dissociation of weak acid groups (COO− and O−) on the surface of activated carbons will reduce the adsorption efficiency compared to adsorption from a solution with pH = 6. Therefore, the repulsive interactions between the negatively charged surface and the adsorbate anion may be significant forces, which explains the lowest value of adsorption from such solutions.



Lower adsorption, but not of zero, from solutions with pH = 3 and 10 may indicate the effect of van der Waals forces, ion exchange and electrostatic interactions. In solutions with low pH values, the π–π EDA interaction between the aromatic rings of tetracycline and activated carbons is possible [72,79]. Hydrophobic interactions are also possible [63]. Therefore, oxytetracycline adsorption is most likely the result of various interactions [44,45,80].



The Freundlich, Langmuir, Jovanovic, Redlich–Peterson and Thot isotherms used to describe the results of the research on the influence of the solution pH on the adsorption volume of oxytetracycline describe the obtained results with very high accuracy. The first two isotherms—Freundlich and Langmuir, which are the most widely used, have slightly lower correlation coefficients than other ones (R2 for Freundlich from 0.9903–0.9970, Langmuir from 0.8959 to 0.9993). The isotherms with the highest correlation coefficient (from 0.9953 to 0.9998) are the Jovanovic, Redlich–Peterson and Thot models, whose common feature is that they are a modification, compilation or are based on the assumptions of the Langmuir isotherm (in the case of Redlich–Peterson also the Freundlich isotherms). These isotherms in many cases enable a better match of the results than the Langmuir isotherm [81]. Moreover, the Thot and Redlich–Peterson isotherms are three-parameter equations.




3.4. Oxytetracycline Adsorption on Modified Activated Carbons


The two methods of activated carbon WG-12 modification were compared. One of them is the modification with steam, carbon dioxide or air in a rotary kiln at a temperature of 400 °C. The second method is to use activated carbon as a semiconductor and heat it while the electric current flows to a temperature of 400 °C with the flow of carbon dioxide or air. The carbon used for the modification had quite high values of the adsorption capacity among the sorbents used in the research. The size of the specific surface area, the porous structure and the number of acidic and basic groups for commercial and modified carbon are presented in Table 10. The sorbents formed as a result of the modification of commercial carbon, regardless of its method, were characterized by an increased specific surface area and an increased amount of basic and acidic functional groups. However, the differences are not large and reach a maximum of 10% in the case of the specific surface, up to 15% for basic groups, and up to 50% for acidic groups (for carbon modified with air in a rotary kiln).



Oxytetracycline isotherms were carried out for all modified activated carbons and increased removal of the antibiotic was obtained (Figure 9 and Table 11). Due to the monolayer capacity calculated from the Langmuir isotherm (qm), the tested activated carbons can be arranged in the following order: WG-12 < WG-S < WG-CDWGE-CDWG-AIR ≈ WGE-AIR. A similar, but not identical, order of the activated carbons was obtained by ranking them on the basis of qmax calculated from the Thot and Jovanovic isotherm. According to these models, activated carbon WG-AIR adsorbs more oxytetracycline than carbon WGE-AIR. Such calculated maximum adsorption capacities are consistent with the isothermal diagrams, because the WG-AIR curve lies above the WGE-AIR curve. These differences are not large, but it seems that these isotherms reflect reality better than the Langmuir isotherm. However, the obtained qmax from the Thot and Jovanovic isotherms are closer to the maximum values obtained in the tests, and the Langmuir isotherm determines the capacity of the monolayer.



The Pearson correlation between qm/qmax determined from the Langmuir/Jovanovic/Thot isotherm and the specific surface area/volume of micropores/number of acid groups/number of basic groups was analyzed (Table 12). The strength of the correlation depending on the Pearson coefficient is defined as: weak correlation below 0.2, 0.2–0.4 low correlation, 0.4–0.6 moderate correlation (significant dependence), 0.6–0.8 high correlation, 0.8–0.9 very high correlation, 0.9–1 practically full correlation. A high or very high correlation was found between the maximum adsorption capacity and the specific surface area. A slightly higher Pearson correlation coefficient was obtained when the maximum capacity read from the Thot and Jovanovic isotherm was analyzed compared to qm obtained from the Langmuir isotherm. A high correlation was obtained while analyzing the effect of the number of basic groups on qmax and moderate correlation when the effect of the number of acid groups and value of micropore was analyzed. The dependence of the adsorption capacity counted on the basis of the Langmuir/Jovanovic/Thot isotherm on the specific surface area/volume of micropores/number of acid groups/number of basic groups there was presented in Figure 10.



Comparing both methods of modification, it can be seen that higher adsorption occurred on air-modified carbons compared to modification with carbon dioxide or steam (qmax 66 mg/g for WG-12 and 90 mg/g for WG-AIR and WGE-AIR). The modification on the proprietary SEOW stand gives similar results to the modification in a rotary kiln at the same temperature. However, this method is much less energy-consuming, and this parameter is the major disadvantage of high-temperature modification.



The paper attempts to calculate the amount of energy consumed for both methods of activated carbon modification in an approximate manner. This is an approximate comparison because the rotary kiln is made in a fractional-technical scale, and the SEOW stand is a laboratory scale. 1 dm3 of activated carbon was modified within an hour in the rotary kiln, and 0.38 dm3 on the SEOW. The calculations did not take the amount of current required to heat the rotary kiln into account, because if the kiln were to run continuously, this value would have little effect on the final result.



Calculation of energy consumption for the modification of 1 dm3 activated carbon in a rotary kiln:




	
Work within 1 h



	
Total time of turning on reactor heaters—20 min—power 7.2 kW; 2.4 kWh



	
Continuous operation of receiving chamber heating element—1 h-power 0.5 kW; 0.5 kWh



	
Continuous operation of reactor and feeder drive unit—1 h—power 0.2 kW; 0.2 kWh



	
Total time of turning on gas superheater heaters—25 min—power 4.5 kW; 1.9 kWh



	
Total energy consumption: 5 kWh








In the case of modification on the SEOW stand within 24 min (during that time the activated carbon was heated to 400 °C), the energy consumption was 0.2 kWh. However, since there was 0.38 dm3 of activated carbon in the reactor, the energy consumption per 1 dm3 was about 0.6 kWh.



The above calculations prove a large disproportion in electricity consumption for the modification of activated carbon.



The adsorption capacities of commercial activated carbons obtained in the study are lower than those presented in the literature (Table 13). It should be emphasized that activated carbons are often prepared in a special way due to the adsorbed contamination; therefore, the monolayer capacities qm are higher for such carbons than for the commercial sorbents used in the paper. By analyzing the match of the results to the applied kinetic equations, it can be concluded that the PSO equation describes the adsorption kinetics of tetracyclines better than the PFO. The use of other kinetic equations is not common, but sometimes gives a better match to the results than the PSO. However, it depends on the used adsorbent. It is similar in the case of describing the results of adsorption statics with isotherms. The most popular and widely used Langmuir and Freundlich isotherms are often characterized by a lower correlation coefficient R2 than, for example, the Redlich–Peterson equation.



By analyzing the literature reports on the adsorption of tetracyclines (Table 13), it can be noticed that regardless of the used adsorbent, its production and modification method, the physical adsorption is a very important mechanism, but chemical adsorption may occur as well. In the literature, the forces responsible for the adsorption of tetracyclines are mainly described as van der Waals forces, π–π EDA interactions, hydrogen bonds and electrostatic interaction, depending on the used adsorbent. The dominating mechanisms are different depending on the used adsorbent [45,59,76].





4. Conclusions


	
Commercial micro or micro-mesoporous activated carbons used in water treatment plants: F-100, F-300, ROW 08 Supra, WG-12, Picabiol WAZ 0.6–2.4 and WACC 8 × 30 can be used to remove oxytetracycline from water although they are characterized by not very high adsorption capacities (qm from 37.45 to 73.31 mg/g).



	
The activated carbons used in the research can be ranked according to the adsorption of oxytetracycline in the following order: F-300 > WG-12 > Picabiol > ROW 08 Supra > WACC 8 × 30 > F-100 > WAZ 0.6–2.4. Such a rank order does not fully coincide with the arrangement of activated carbons due to the size of the surface area. However, there are some common features between these ranks. The first four activated carbons in the rank order for oxytetracycline adsorption are also in the top four of the rank order for specific surface areas, but in a slightly different configuration. Therefore, the size of the surface area is an important parameter determining the amount of oxytetracycline adsorption, but not the only one.



	
The results of the adsorption kinetics are best described by the Elovich equation, then by the intraparticle diffusion model (Weber–Morris), pseudo-second-order, with the weakest description by pseudo-first-order.



	
A clear effect of the solution pH on the adsorption process was found. It was observed that the adsorption occurred best from solutions with a pH = 6, where the medicine was in a bipolar form of OTC±. Lower adsorption was observed when the process was conducted from solutions with a pH of 3, in which the dominant form was the OTC+ cation. The lowest adsorption was observed from the solution with pH = 10 in which oxytetracycline is present in the form of a monovalent and divalent anion. The highest adsorption from neutral, slightly acidic or slightly alkaline solutions is favorable when the process is to be used for water treatment.



	
Among the analyzed two and three parameter isotherms (Freundlich, Langmuir, Temkin, Jovanovic, Halsey, Redlich–Peterson and Thot), the highest correlation coefficient was obtained for the Redlich–Peterson, Thot and Jovanovic models. The common feature of these isotherms is that they are a modification, compilation or are based on the assumptions of the Langmuir isotherm (in the case of Redlich–Peterson—also the Freundlich isotherm) and, as a result, describe the adsorption of oxytetracycline with a higher correlation coefficient than the Langmuir equation.



	
The adsorption capacity of carbon WG-12 was increased as a result of modification in the rotary kiln and on the proprietary SEOW stand. Increased similar adsorption capacities were obtained for both methods of modification. The best results of oxytetracycline adsorption were obtained on air-modified activated carbons in the rotary kiln and on the ones modified with air and carbon dioxide on the SEOW stand.



	
Modification of activated carbon WG-12 in the rotary kiln and on the SEOW gives similar results; however, the proprietary method involves a much lower electricity consumption.
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Figure 1. Testing stand for activated carbon modification using Joule heat (SEOW). 
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Figure 2. Testing stand for the high-temperature modification of activated carbon. 
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Figure 3. Oxytetracycline adsorption kinetics. 
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Figure 4. Oxytetracycline adsorption isotherms on tested activated carbons; pH = 6. 
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Figure 5. Effect of activated carbon dose on adsorption efficiency. 
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Figure 6. Oxytetracycline (OTC) molecular structure with marked dissociating groups [69]: tricarbonyl group pKa1 = 3.3; phenolic diketone group pKa2 = 7.68; dimethylamine group pKa3− = 9.69. 
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Figure 7. Oxytetracycline adsorption isotherms on activated carbons from solutions of different pH: (a) ROW 08 Supra; (b) WG-12; (c) F-300. 
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Figure 8. FTIR spectra for activated carbons WG-12, F-300 and ROW 08 Supra. 
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Figure 9. Oxytetracycline adsorption isotherms for the starting activated carbon WG-12 and sorbents resulting from the modification. 
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Figure 10. The dependence of the adsorption capacity on: (a) the specific surface area; (b) micropores volume, (c) basic groups, (d) acid groups. 
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Table 1. Maximum concentrations of tetracyclines in surface water.
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Maximum Concentrations of Tetracyclines in Surface Water




	
OTC

	
CTC

	
TC




	
Location

	
Maximum Concentration

	
Location

	
Maximum Concentration

	
Location

	
Maximum Concentration






	
USA streams

	
320 ng/L [21]

	
USA streams

	
670 ng/L [21]

	
USA streams

	
130 ng/L [21]




	
China Yellow R. Delta

	
83.5 ng/L [22]

	
Australia/South-Easy Queensland

	
600 ng/L [23]

	
China Yellow R. Delta

	
64.8 ng/L [22]




	
China Lake Thina

	
600 ng/L [24]

	
China Lake Thina

	
211 ng/L [24]

	
Australia/South-Easy Queensland

	
80 ng/L [23]




	
Italy/R. Lambro

	
14.4 ng/L [25]

	

	

	
China Lake Thina

	
154 ng/L [24]
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Table 2. Physical and chemical properties of oxytetracycline (OTC) [46,47].
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	Molecular Structure
	Molecular

Formule
	Molecular Weight, g/mol
	logKow
	pKa
	Cross Area, nm2





	 [image: Energies 14 03481 i001]
	C22H24N2O9
	460.45
	−0.9
	3.27
	4.074
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Table 3. Models of adsorption kinetics used in the paper [48,49].
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Models

	
Nonlinear Forma

	
Parameter






	
Pseudo-first-order

	
       dq  t    dt   =  k 1   (   q e  −  q t   )    

	
qe (mg/g)—is the amount of solute adsorbed et equilibrium and qt is the amount of solvent adsorbed at time t




	
k1 (1/h)—the rate constant for the PFO kinetic model




	
Pseudo-second-order

	
       dq  t    dt   =  k 2     (   q e  −  q t   )   2    

	
qe (mg/g)—the amount of solute adsorbed et equilibrium and qt is the amount of solvent adsorbed at time t




	
k2 (1/h) is the rate constant for the PSO kinetic model




	
Elovich

	
       dq  t    dt   =    α e    −    β q   t      

	
α, mg/(g∙h)—the initial adsorption rate




	
β, g/mg—is reflected the number of sites available for adsorption




	
Weber-Morri

	
    q t  =  k p   t  0.5   + C   

	
Kp, mg/(g∙h0.5)—the slope which refer to intra-particle diffusion rate constant




	
C, mg/g—the intercept which is a constant related to the thickness of the boundary layer
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Table 4. Characteristics of adsorption isotherms used in the paper [50,51,52,53].
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Isotherm

	
Assumptions of the Isotherm

	
Equation

	
Parameter






	
Two-Parameter Isotherms




	
Freundlich

	

	−

	
monolayer adsorption







	
   q =  K F   C e   1 n      

	
n—adsorption intensity




	

	−

	
heterogeneous surface










	

	−

	
microporous adsorbents







	
KF, mg/g—Freundlich isotherm constant




	

	−

	
type of adsorption: physicorption and chemisorption










	

	−

	
empirical isotherm










	
Langmuir

	

	−

	
monolayer adsorption







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

	
qm, mg/g—monolayer capacity




	

	−

	
homogeneous surface (it allows for additional interactions resulting in a multi-layer effect)










	

	−

	
type of adsorption: physisorption and chemisorption







	
KL, L/mg—the constant related to the free energy of adsorption




	
Temkin

	

	−

	
monolayer adsorption







	
   q =    B   lnA   T   C e    

	
A, L/mg—Temkin isotherm equilibrium binding constant




	

	−

	
heterogeneous surface, taking into account the interactions between adsorbed substances










	

	−

	
type of adsorption: chemisorption







	
B—Temkin isotherm constant




	
Jovanovic

	

	−

	
monolayer adsorption (it allows for additional interactions resulting in a multi-layer effect)







	
   q =  q ∞  ·  (  1 −  e  −  K j  ·  C e     )    

	
q∞, mg/g—the maximum adsorption capacity, mg/g




	

	−

	
heterogeneous and homogeneous surface










	

	−

	
based on the assumptions of the Langmuir isotherm







	
Kj, L/mg—the constant related to the free energy of adsorption




	

	−

	
type of adsorption: physisorption










	
Halsey

	

	−

	
multilayer adsorption surface







	
   q =   (  K h  ·  C e  )   1 /  n h      

	
Kh, (mg·g−1/mg·L−1   )  1 /  n h     —the Halsey constans




	

	−

	
film theory










	

	−

	
dispersive interactions







	
nh—the Halsey constans




	
Three-Parameter Isotherms




	
Redlicha-Peterson

	

	−

	
monolayer adsorption







	
   q =    K R  ·  C e    1 +  a R  ·  C e β      

	
KR, L/g—Redlich–Peterson isotherm constant




	

	−

	
heterogeneous and homogeneous surface










	

	−

	
compilation of Langmuir and Freundlich isotherms







	
aR, (L/mg)β—constant




	

	−

	
type of adsorption: physisorption and chemisorption










	

	−

	
empirical isotherm







	
β—constant




	
Toth

	

	−

	
monolayer adsorption







	
   q =  q m  ·   b ·  C e      ( 1 +   ( b ·  C e  )  v  )   1 / v       

	
n—parameter characterizing the heterogeneity of the deposit




	

	−

	
heterogeneous surface (it allows for additional side impacts and multilayers)










	

	−

	
adsorption type: physical localized







	
b, mg/g—Toth isotherm constant




	

	−

	
empirical modification of the Langmuir isotherm







	
qm, mg/g—maximum adsorption capacity








Where: Ce—equilibrium concentration of solute in bulk solution (mg/L).
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Table 5. Physical and chemical properties of activated carbons.
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Parameter

	
Activated Carbon




	
F-100

	
WAZ 0.6–2.4

	
WACC 8 × 30

	
F-300

	
ROW 08 Supra

	
WG-12

	
Picabiol






	
Surface area, m2/g

	
674 ± 24

	
820 ± 34

	
839 ± 27

	
847 ± 29

	
897 ± 30

	
1098 ± 38

	
1367 ± 26




	
Bulk density, g/dm3

	
560

	
421

	
483

	
542

	
381

	
424

	
234




	
Iodine adsorption, LI, mg/g

	
850

	
1005

	
1026

	
1065

	
1096

	
1050

	
1071




	
Methylene blue number, LM, cm3

	
28

	
28

	
29

	
28

	
30

	
30

	
30




	
Vmicr., cm3/g

	
0.332

	
0.396

	
0.408

	
0.476

	
0.436

	
0.524

	
0.679




	
Vmeso., cm3/g

	
0.159

	
0.177

	
0.214

	
0.294

	
0.453

	
0.066

	
0.626




	
Vtotal, cm3/g

	
0.700

	
0.816

	
0.889

	
0.987

	
1.135

	
0.99

	
2.103
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Table 6. Kinetic equation constants: PFO, PSO, intraparticle diffusion model (Weber–Morris) and Elovich.
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Parameter

	
F-300

	
ROW

	
WG-12






	
Pseudo-First-Order (PFO)




	
qmax (mg/g)

	
36.05

	
27.56

	
33.50




	
k1 (h−1)

	
1.332

	
0.968

	
1.257




	
R2

	
0.9089

	
0.8322

	
0.8611




	
Pseudo-Second-Order (PSO)




	
qmax (mg/g)

	
34.73

	
28.74

	
33.71




	
k2 (h−1)

	
0.106

	
0.066

	
0.088




	
R2

	
0.9738

	
0.9376

	
0.9612




	
Elovich




	
α, mg/(g∙h)

	
6344.23

	
350.01

	
2852.79




	
Β, g/mg

	
0.256

	
0.227

	
0.251




	
R2

	
0.9984

	
0.9998

	
0.9994




	
Intraparticle Diffusion Model (Weber–Morris)




	
Kp, mg/(g∙h0.5)

	
3.82

	
4.43

	
3.95




	
C, mg/g

	
26.18

	
15.95

	
23.32




	
R2

	
0.9962

	
0.9993

	
0.9981
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Table 7. Constants of oxytetracycline adsorption isotherms on commercial activated carbons.
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Parameter

	
F-100

	
F-300

	
ROW 08 Supra

	
WG-12

	
Picabiol

	
WAZ 0.6–2.4

	
WACC 8 × 30






	
Freundlich




	
1/n, -

	
0.33

	
0.39

	
0.39

	
0.39

	
0.38

	
0.31

	
0.37




	
KF, mg/g

	
6.17

	
10.62

	
6.60

	
8.46

	
7.94

	
5.38

	
5.75




	
R2

	
0.9956

	
0.9957

	
0.9970

	
0.9934

	
0.9967

	
0.9976

	
0.9966




	
Langmuir




	
qm, mg/g

	
37.45

	
73.31

	
55.13

	
65.94

	
59.79

	
29.87

	
44.35




	
KL, L/mg

	
0.030

	
0.043

	
0.028

	
0.033

	
0.033

	
0.031

	
0.026




	
R2

	
0.9982

	
0.9992

	
0.9993

	
0.9973

	
0.9993

	
0.9991

	
0.9989




	
Temkin




	
A, L/mg

	
0.288

	
0.361

	
0.228

	
0.258

	
0.272

	
0.330

	
0.221




	
B, -

	
8.35

	
17.09

	
13,04

	
15.87

	
14.03

	
6.39

	
10.37




	
R2

	
0.9971

	
0.9984

	
0.9988

	
0.9965

	
0.9987

	
0.9985

	
0.9983




	
Redlich–Peterson




	
KR, L/g

	
0.676

	
2.348

	
1.217

	
1.435

	
1.489

	
0.606

	
0.841




	
aR, (L/mg)β

	
0.001

	
0.009

	
0.007

	
0.001

	
0.007

	
0.004

	
0.004




	
Β

	
1.55

	
1.29

	
1.22

	
1.58

	
1.26

	
1.32

	
1.33




	
R2

	
0.9997

	
0.9998

	
0.9998

	
0.9993

	
0.9998

	
0.9996

	
0.9998




	
Jovanovic




	
Kj, L/mg

	
0.029

	
0.044

	
0.029

	
0.035

	
0.034

	
0.028

	
0.027




	
qm, mg/g

	
30.18

	
57.61

	
42.72

	
51.05

	
46.77

	
24.39

	
34.76




	
R2

	
0.9993

	
0.9998

	
0.9998

	
0.9987

	
0.9998

	
0.9996

	
0.9997




	
Halsey




	
Kh, (mg·g−1/mg·L−1   )  1 /  n h     

	
1768

	
1768

	
1768

	
1768

	
1768

	
1768

	
1768




	
n, -

	
3.65

	
2.94

	
3.29

	
3.09

	
3.17

	
3.91

	
3.52




	
R2

	
0.9949

	
0.9948

	
0.9946

	
0.9917

	
0.9951

	
0.9969

	
0.9946




	
Toth




	
qm, mg/g

	
29.39

	
61.23

	
44.28

	
49.02

	
48.61

	
24.59

	
35.06




	
b, mg/g

	
0.02

	
0.04

	
0.02

	
0.03

	
0.03

	
0.02

	
0.02




	
v, -

	
3.33

	
1.70

	
1.91

	
3.21

	
1.90

	
2.38

	
2.27




	
R2

	
0.9999

	
0.9997

	
0.9997

	
0.9997

	
0.9999

	
0.9998

	
0.9998
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Table 8. Constants of oxytetracycline absorption isotherms on activated carbons F-300, WG-12, ROW 08 Supra from solutions with pH 3; 6 and 10.
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Parameter

	
F-300

	
WG-12

	
ROW 08 Supra




	
pH = 10

	
pH = 6

	
pH = 3

	
pH = 10

	
pH = 6

	
pH = 3

	
pH = 10

	
pH = 6

	
pH = 3






	
Freundlich




	
1/n, -

	
0.36

	
0.39

	
0.38

	
0.32

	
0.39

	
0.38

	
0.38

	
0.40

	
0.42




	
KF, mg/g

	
9.86

	
10.62

	
9.96

	
8.10

	
8.46

	
7.32

	
5.14

	
6.60

	
5.02




	
R2

	
0.9931

	
0.9957

	
0.9903

	
0.9943

	
0.9934

	
0.9948

	
0.9967

	
0.9970

	
0.9948




	
Langmuir




	
qm, mg/g

	
63.59

	
73.31

	
69.04

	
46.29

	
65.94

	
56.44

	
42.72

	
55.13

	
50.66




	
KL, L/mg

	
0.039

	
0.043

	
0.038

	
0.036

	
0.033

	
0.030

	
0.024

	
0.028

	
0.022




	
R2

	
0.9974

	
0.9894

	
0.9959

	
0.9973

	
0.9973

	
0.8959

	
0.9987

	
0.9993

	
0.9975




	
Jovanovic




	
Kj, L/mg

	
0.040

	
0.044

	
0.039

	
0.034

	
0.035

	
0.031

	
0.025

	
0.029

	
0.024




	
qm, mg/g

	
50.46

	
57.61

	
54.11

	
37.51

	
51.05

	
44.01

	
33.23

	
42.72

	
38.36




	
R2

	
0.9990

	
0.9998

	
0.9981

	
0.9984

	
0.9987

	
0.9986

	
0.9992

	
0.9997

	
0.9983




	
Redlich–Peterson




	
KR, L/g

	
1.616

	
2.309

	
1.616

	
1.064

	
1.411

	
1.176

	
0.726

	
1.130

	
0.736




	
aR, (L/mg)β

	
0.002

	
0.008

	
0.002

	
0.003

	
0.001

	
0.002

	
0.002

	
0.004

	
0.001




	
Β, -

	
1.52

	
1.31

	
1.53

	
1.42

	
1.63

	
1.43

	
1.38

	
1.32

	
1.63




	
R2

	
0.9995

	
0.9998

	
0.9953

	
0.9987

	
0.9993

	
0.9988

	
0.9993

	
0.9998

	
0.9988




	
Thot




	
qm, mg/g

	
48.97

	
61.22

	
51.50

	
37.40

	
49.02

	
43.88

	
33.88

	
44.28

	
37.08




	
b, mg/g

	
0.03

	
0.04

	
0.03

	
0.03

	
0.03

	
0.02

	
0.02

	
0.02

	
0.02




	
v, -

	
3.19

	
1.70

	
3.99

	
2.55

	
3.21

	
2.39

	
2.11

	
1.91

	
2.82




	
R2

	
0.9999

	
0.9997

	
0.9997

	
0.9986

	
0.9996

	
0.9989

	
0.9993

	
0.9997

	
0.9989
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Table 9. The amount of acidic and basic groups on activated carbons WG-12, F-300 and ROW 08 Supra.
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	Activated Carbon
	WG-12
	ROW 08 Supra
	F-300





	Acidic groups, mmol/g
	0.586
	0.434
	0.544



	Basic groups/sites, mmol/g
	0.467
	0.592
	0.512
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Table 10. Characteristics of modified activated carbons.
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Parameter

	
WG0

	
WG-CD

	
WG-S

	
WG-AIR

	
WGE-AIR

	
WGE-CD






	
Porous Structure




	
SBET, m2/g

	
1098

	
1181

	
1163

	
1208

	
1184

	
1142




	
Vmicro, cm3/g

	
0.530

	
0.551

	
0.541

	
0.538

	
0.539

	
0.538




	
Vmeso, cm3/g

	
0.048

	
0.040

	
0.045

	
0.044

	
0.043

	
0.049




	
Vmacro, cm3/g

	
0.417

	
0.343

	
0.413

	
0.412

	
0.420

	
0.417




	
Surface Functional Groups, mmol/g




	
Basic groups/sites

	
0.467

	
0.535

	
0.521

	
0.525

	
0.522

	
0.518




	
Acid groups/sites

	
0.586

	
0.629

	
0.604

	
0.869

	
0.599

	
0.591
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Table 11. Oxytetracycline adsorption isotherms on modified activated carbons.
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Parameter

	
WG-12

	
WG-S

	
WG-CD

	
WG-AIR

	
WGE-CD

	
WGE-AIR






	
Freundlich




	
1/n, -

	
0.39

	
0.39

	
0.43

	
0.40

	
0.43

	
0.43




	
KF, mg/g

	
8.46

	
10.62

	
10.11

	
13.62

	
10.73

	
11.51




	
R2

	
0.9934

	
0.9879

	
0.9906

	
0.9927

	
0.9911

	
0.9934




	
Langmuir




	
qm, mg/g

	
65.94

	
74.66

	
84.74

	
89.50

	
88.69

	
89.65




	
KL, L/mg

	
0.033

	
0.040

	
0.038

	
0.057

	
0.041

	
0.046




	
R2

	
0.9973

	
0.99334

	
0.9957

	
0.9973

	
0.9959

	
0.9974




	
Jovanovic




	
Kj, L/mg

	
0.035

	
0.042

	
0.042

	
0.060

	
0.046

	
0.050




	
qm, mg/g

	
51.05

	
58.14

	
64.23

	
69.69

	
67.10

	
68.34




	
R2

	
0.9987

	
0.9955

	
0.9975

	
0.9984

	
0.9973

	
0.9984




	
Redlich–Peterson




	
KR, L/g

	
1.503

	
1.90

	
2.136

	
3.711

	
2.508

	
3.014




	
aR, (L/mg)β

	
0.002

	
0.001

	
0.001

	
0.009

	
0.002

	
0.006




	
Β, -

	
1.48

	
1.70

	
1.68

	
1.36

	
1.59

	
1.40




	
R2

	
0.9992

	
0.9970

	
0.9985

	
0.9985

	
0.9980

	
0.9985




	
Thot




	
qm, mg/g

	
49.02

	
54.33

	
60.65

	
70.10

	
63.19

	
67.79




	
b, mg/g

	
0.03

	
0.03

	
0.03

	
0.05

	
0.04

	
0.04




	
v, -

	
3.21

	
4.97

	
3.37

	
2.22

	
3.41

	
2.35




	
R2

	
0.9997

	
0.9981

	
0.9989

	
0.9987

	
0.9988

	
0.9988











[image: Table] 





Table 12. Pearson correlation coefficients.






Table 12. Pearson correlation coefficients.





	Parameter
	Surface Area
	Vmicro
	Basic Groups/Sites
	Acid Groups/Sites





	qm—Langmuir
	0.77
	0.45
	0.79
	0.40



	qm—Jovanovic
	0.81
	0.41
	0.79
	0.49



	qm—Toth
	0.83
	0.31
	0.70
	0.60
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Table 13. Comparison of tetracycline adsorption results based on literature reports.
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qm mg/g

	
Adsorption Isotherms Equations Tested 1/The Equations of Adsorption Kinetics Studied 1

	
Mechanism of Adsorption

	
Adsorption Conditions

	
Reference






	
TC 227

	
L > F > T

PSO > PFO

	

	−

	
filling pores,




	−

	
influence π-π EDA,




	−

	
hydrogen bond,




	−

	
electrostatic interaction







	
coal based on corn straw

	
[42]




	
C = 10–50 mg /L, pH =4.0, T = 303 K




	
SBET = 463.89 m3/g




	
TC 344

	
L > T > F

PSO > PFO

	
coal based on corn straw




	
C = 10–50 mg /L, pH =4.0, T = 323 K




	
SBET = 463.89 m3/g




	
TC 302

	
F > T > D-R > L

E > IP > PSO > PFO

	

	−

	
hydrogen bond,




	−

	
π–π electron–donor–acceptor (EDA),




	−

	
electrostatic and hydrophobic interactions







	
BCA alfalfa biochar

	
[63]




	
C = 10–100 mg/L, pH = 5.0,




	
SBET = 302.37 m3/g




	
CTC 482.466 377.537

	
R-P > F > L = D-R

	

	−

	
− physical adsorption




	−

	
π–π electron–donor–acceptor (EDA),







	
NH4Cl-modified activated carbon

	
[72]




	
R-P > F = L > D-R

	
C = 20–200 mg/L, pH = 6, T = 283–323




	
PSO > PFO > E > M-W

	
NAC; SBET = 1029 m3/g




	
PSO > E > PFO > W-M

	
SAC; SBET = 1024 m3/g




	
OTC 869.57–1340.82

	
PSO > IPD > PFO

L > T > F

	

	−

	
ion exchange




	−

	
electrostatic interactions




	−

	
van der Waals forces







	
activated carbon from cotton fibers modified NaOH

	
[44]




	
C = 308.2–530.3 mg/L, pH = 5–6,




	
T= 292–323 K




	
SBET = 2143 m3/g




	
OTC 534–649

	
L > F = D-R

	

	−

	
-physical adsorption







	
Modified Arundo donax

	
[45]




	
C = 90–660 mg/L, pH = 5; T = 298–318 K




	
SBET = 1443.4 m3/g








* PFO—pseudo-first-order, PSO—pseudo-second-order, IPD—intra-particle diffusion, E—Elovich, D-R—Dubinin–Radushkevich, T—temperature tested, Co—initial concentration. 1—the order of equations based on the correlation coefficient R2.
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