
 

Application of adsorption on activated carbons and natural 

zeolite for the removal of lincomycin from wastewater of swine 

production industry 

 

A Thesis Submitted to the College of 

Graduate and Postdoctoral Studies 

In Partial Fulfillment of the Requirements 

For the Degree of  

Master of Science 

In the Department of Chemical and Biological Engineering 

University of Saskatchewan 

Saskatoon, Saskatchewan 

Canada 

 

By 

 

Oscar Balladares Moyano 

 

 

 Copyright Oscar Balladares Moyano, July, 2017. All rights reserved. 

  



i 

 

PERMISSION TO USE 

 

In presenting this thesis in partial fulfillment of the requirements for a Postgraduate 

degree from the University of Saskatchewan, I agree that the Libraries of this University may 

make it freely available for inspection. I further agree that permission for copying of this 

thesis/dissertation in any manner, in whole or in part, for scholarly purposes may be granted by 

the professor or professors who supervised my thesis work or, in their absence, by the Head of 

the Department or the Dean of the College in which my thesis work was done. It is understood 

that any copying or publication or use of this thesis or parts thereof for financial gain shall not be 

allowed without my written permission. It is also understood that due recognition shall be given 

to me and to the University of Saskatchewan in any scholarly use which may be made of any 

material in my thesis. 

Requests for permission to copy or to make other use of material in this thesis in whole or 

in part should be addressed to:  

Head of the Department of Chemical and Biological Engineering 

College of Engineering, 57 Campus Drive 

University of Saskatchewan 

Canada S7N 5A9 

 

 



ii 

 

ABSTRACT 

 

The occurrence of antibiotics in natural water bodies have concerned the scientific 

community because of the potential development of antibiotic resistance in bacteria. Lincomycin 

is a lincosamide antibiotic used in the Saskatchewan swine industry for infection treatment, 

prevention, and possibly weight gain. The dose recommended for swine contains 22 g of 

lincomycin per metric ton of feed. Due to partial metabolization, part of the lincomycin is 

excreted through manure. It has been reported that after 5 weeks of storage, 74 % of this 

compound is degraded by natural processes in the manure. Therefore, it is important to remove 

the remaining lincomycin from manure before its application to land.  

Adsorption on activated carbons and zeolites was used for removing lincomycin from 

water and synthetic manure. For activated carbons, lincomycin adsorption was greater at solution 

initial pH 10, above the lincomycin’s pKa (7.8), than at initial neutral pH of 6.5. On the other 

hand, increasing the pH value reduced the adsorption capacity in the natural zeolite. The 

presence of NaCl did not affect the adsorption capacity of activated carbons because non-

electrostatic interactions controlled the process. Conversely, for natural zeolite, increasing ionic 

strength decreased the adsorption capacity, probably, because the cationic exchange process was 

affected. From the thermodynamic characterization, it was determined that the adsorption, on 

both activated carbons and zeolites, was endothermic and spontaneous.  

The better performance adsorbents were evaluated in the removal of lincomycin from 

synthetic and real manure. In synthetic manure, the adsorption capacities were similar to the ones 

found at pH 10 in deionized water. The lack of solids and compounds competing for active sites, 

in the synthetic manure formulation, contributed to the unaltered adsorption capacities. On the 

other hand, in the real manure, due to competition and the presence of solids, the concentration 

of activated carbon used in the experiments with deionized water (50 mg/L) was insufficient for 

separating lincomycin. Different doses of activated carbon were tested and the simplified 

background equivalent compound model was used for predicting the lincomycin removal 

efficiency based on the used adsorbent dose. Activated carbon 1240 showed higher lincomycin 
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adsorption capacity than F400 in real manure. As a comparison, for 60% lincomycin removal, 

doses of 900 mg/L and 1300 mg/L of 1240 and F400 can be used, respectively.   
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CHAPTER 1 

INTRODUCTION 

 

In recent years, the occurrence, at low concentrations, of some emerging pollutants in 

water bodies has attracted the attention of the scientific community. Some examples of emerging 

pollutants are pharmaceutical compounds, hormones, personal care products, and pesticides that 

have been detected in nature. Particular attention has been placed on pharmaceutical compounds 

because problems like chronic toxicity, endocrine disruption and the development of pathogen 

resistance are associated with their occurrence [1].  

The presence of antibiotics in water bodies, due to human and animal consumption [2], 

provides a suitable condition for bacteria to develop antibiotic resistance genes. In the livestock 

production industry, antibiotics are used mostly for disease treatment and prevention and 

occasionally weight gain. However, due to incomplete metabolization, in some cases, as much as 

90% of the administered antibiotics doses are excreted through manure [3,4]. Only in Canada in 

2014, around 1.5 million kg of antibiotic active compounds were used in the animal production 

industry [5]. From this amount, 7% was employed in Saskatchewan [5]. In the Canadian swine 

production industry, tetracyclines and lincosamides are the most popular groups of antibiotics for 

disease treatment and prevention applications [5].  

Lincomycin is a lincosamide antibiotic used in the Saskatchewan swine production 

industry [6,7]. It has been reported that in swine liquid manure, after five of storage, 74% of this 

antibiotic is degraded by natural means [6]. Hence, when manure is applied to the land as natural 

fertilizer, the residual lincomycin may be transported to surface water bodies and, eventually, to 

rivers [7]. Experimental evidence has shown that lincomycin is one of the most frequently 



2 

 

detected antibiotics in the North American streams [8,9]. Due to these reasons, it is necessary to 

develop techniques for degrading or, at least, removing this compound from manure. 

Several techniques like conventional oxidation [10], advanced oxidation [1,8,11], and 

membrane filtration [12] have been applied to remove antibiotics from water. However, low 

efficiency or generation of toxic by-products have been identified as shortcomings of these 

processes [13]. An alternative which avoids these problems is adsorption. The main advantage of 

this technique is that toxic or pharmacologically active products are not generated because 

pollutants are removed from the water matrix by the adsorbent [14]. On the other hand, it means 

the pollutant is only transferred from one media to another; therefore, a post-treatment is 

necessary [15].  

The most common adsorbents are granular activated carbons that provide high surface 

area and removal capacity for organic compounds [14]. However, adsorption by activated 

carbons  has  limitations such as low selectivity, variable pore size distribution [14], and 

complicated regeneration processes [16]. Other materials for antibiotics removal are natural 

zeolites. These materials have been extensively used for pollutants removal [17]. However, the 

main limitation for their use is their low hydrophobicity [18]. For this reason, pre-treatments, like 

acid and surfactants addition, can be carried out to improve this property [17,19,20].  

In this work, commercial activated carbons and natural zeolite were evaluated in the 

removal of lincomycin from deionized water and, in a second stage, from synthetic and real 

liquid swine manure. The influence of factors such as temperature, pH, and ionic strength was 

investigated. Finally, the adsorption isotherms were obtained and modeled through two, and 

three-parameter adsorption models and the thermodynamic characterization of the process was 

carried out. 

The present thesis consists of six chapters including introduction, literature review and 

research objectives, materials and methods, results regarding the adsorption of lincomycin in 

deionized water, results about the adsorption of lincomycin from synthetic and real manure and 

conclusions and recommendations for future work.
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2 CHAPTER 2  

LITERATURE REVIEW 

 

This chapter provides a brief literature review related to the occurrence of emerging 

pollutants in water bodies and relevant results obtained about their removal from water matrices 

by adsorption. Later, the mathematical modeling for adsorption equilibrium data is presented for 

both, isotherm models and thermodynamic characterization.  

 

2.1 Occurrence of pharmaceuticals in water 

Among emerging contaminants, pharmaceutical compounds cause a great deal of 

concern. In recent years the frequency of detection of pharmaceutical compounds has increased, 

and many countries have developed programs to study the effects of their presence in the 

environment [13]. The effects associated with their use are aquatic toxicity, resistance 

development in bacteria, genotoxicity and endocrine disruption [21]. Besides, the long-term 

consequences of the presence of traces of mixtures of these compounds in drinking water are not 

entirely clear [22]. 

One of the problems associated with the occurrence of antibiotics in water bodies is the 

development of antibiotics resistance in bacteria (ARB) [23]. The concept of ARB refers to the 

characteristics that bacteria develop to resist traditional antimicrobial effect due to a selective 

pressure process [24]. In the development of ARB, two elements are combined: an antibiotic and 

a bacteria colony where at least one bacteria resists the antibiotic effect. Hence, the vast majority 

of bacteria die but the resistant strain survives, and the genetic information contained in its 

organism is spread to other bacteria [25]. It has been determined that, in seawater, more than 
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90% of bacteria have developed antibiotic resistance characteristics [26]. Due to the severity of 

the problem, the World Health Organization considers this threat as a critical global public health 

issue [27]. Moreover, the Antimicrobial Resistance Global Report indicates that ARB has 

reached alarming levels in parts of the world where traditional antibiotics are becoming 

insufficient for treating common infections [27].  

Pharmaceutical compounds in the environment are caused mainly by human consumption 

and also by their application in veterinary medicine and animal production industries [2,23]. In 

the livestock production industry, antibiotics are used mostly for disease treatment and 

prevention and occasionally weight gain. However, due to incomplete metabolization, in some 

cases, as much as 90% of the antibiotics doses are excreted through manure [4]. Only in Canada 

in 2014, around 1.5 million kg of antibiotic active compounds were used in the animal 

production industry [5]. From this amount, 7% were employed in Saskatchewan [5]. For these 

reasons, in surface water, concentrations from nanograms to low micrograms per liter have been 

detected. Also, low nanograms per liter contamination in drinking water have been reported in 

the literature [2]. In the Canadian swine production industry, tetracyclines and lincosamides are 

the most popular groups of antibiotics for disease treatment and prevention applications [5].  

 

2.2 Lincomycin and its relevance as an emerging pollutant 

Lincomycin is a compound classified into the lincosamides antibiotics [21]. However, the 

activity of lincomycin is similar to the ones found in macrolide antibiotics, and due to this 

reason, sometimes it is classified as one of them [21]. Lincomycin hydrochloride is employed for 

the treatment of gram-positive pathogens like streptococci, pneumococci, and staphylococci by 

blocking protein synthesis [28,29]. 

In the environment, lincomycin is one of the most common antibiotics detected in U.S. 

streams [30] and in treated wastewaters and in manures [28]. In Canada, samples from the Grand 

River in Southern Ontario were analyzed, and more than 90% of them contained lincomycin 

[31]. Furthermore, lincomycin has been detected in effluents from wastewater treatment plants, 
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where only 11% of this compound was removed through the treatment process [32]. Figure 1.1 

presents the molecular structure of a lincomycin molecule [28]. 

 

 

Figure 1.1. Molecular structure of the lincomycin molecule 

 

Lincomycin molecule contains three main structures, a pyranose ring, an amide group, 

and a pyrrolidine ring [9]. The pyrrolidine ring is an organic base with a pKa between 7.6 and 

7.8 [11], so, in natural water bodies, lincomycin is found as a combination of both neutral and 

cationic species. Lincomycin molecular weight is 406.53 g/mol, its Stokes diameter is 5.8 Å, and 

its molecular dimensions are 5.3*7.2*15.6 Å3 [33]. It is bigger than other typical pharmaceutical 

compounds like carbamazepine, naproxen and ketoprofen [33]. Figure 1.2 shows the fractions of 

cationic and neutral lincomycin in solution as a function of the solution pH [34]. 

The use of lincomycin is not limited to treatment of human diseases, but also it is used in 

swine production, to control dysentery that results in weight gain [35]. Lincomycin is commonly 

employed in the Saskatchewan swine production industry [6]. It is mixed with spectinomycin 

and commercially is available as premix L-S 20 [36]. As a  consequence, the combination of 

both antibiotics provides a broader antimicrobial activity [36]. The dose recommended for swine, 

up to 57 kg weight, contains 22 g of lincomycin per metric ton of feed [36]. After excretion, it 

was determined that the concentration of lincomycin in fresh swine liquid manure is 9.78 ppm, 
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and after 5 weeks of storage, it is reduced to 2.52 ppm [6]. Consequently, when manure is 

applied to the land as natural fertilizer, the residual lincomycin may be transported to surface 

water bodies and, eventually, to rivers [7]. Therefore, it is necessary to develop techniques for 

degrading or, at least, removing this compound from manure before its application to land.  

 

 

Figure 1.2. Fractions of cationic and neutral lincomycin in solution as a function  

of solution pH 

 

2.3 Adsorption of pharmaceuticals from water on activated carbons and zeolites 

Adsorption is a transfer process between phases. Molecules from a liquid or gas phase are 

attached on the solid adsorbent surface, by the chemical or physical interactions between the 

adsorbent and adsorbate [37]. The adsorption process occurs by the transport from the bulk to the 

surroundings of the adsorbent, the diffusion along the film, diffusion into the pores and, finally, 

the attachment of some molecules to the adsorbent surface [37]. Physical or chemical adsorption 

can take place depending on the bonding strength associated with the process. Physical 
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interactions are weak and mainly exist due to Van der Waals forces. In chemical interactions 

bonds formation have been identified; for this reason, interactions are stronger, and monolayer 

adsorption is predominant [15]. 

The most significant advantage of adsorption, over oxidation techniques, is that new 

metabolites are not generated. However, in adsorption the pollutants are transferred from liquid 

phase to solid phase, and post-treatment may be required [37]. Besides, regeneration of 

adsorbents is required to avoid efficiency decrease [15]. In environmental applications, 

adsorption has been widely used for water treatment. Activated carbon is the most important 

adsorbent, and it has been employed in different matrices such as drinking water, wastewater, 

groundwater, landfill and leachate [37]. However, commercial activated carbon is expensive, and 

its regeneration is complicated [15]. For this reason, other materials are studied as alternative 

adsorbents. Among the substitute materials, zeolites which provide high surface area and defined 

pore dimensions have been extensively used in the removal of undesired compounds [37,38]. 

Zeolites can be continuously regenerated without changing their structure as much as activated 

carbon [37,38]. The mechanisms that control the adsorption of compounds from water matrices 

on activated carbons and natural zeolites are presented below.  

 

2.3.1 Adsorption on activated carbon 

Adsorption on activated carbon is controlled by electrostatic and non-electrostatic 

interactions [39]. On the one hand, electrostatic interactions are defined as the attraction or 

repulsion taking place between the adsorbent and the adsorbate due to the total charge on the 

surface of both species. On the other hand, non-electrostatic interactions refer to the attraction 

caused by the surface properties of activated carbon, principally related to the presence of 

oxygen groups [39–41]. A detailed description of both interaction types and parameters 

influencing each one is presented below. 
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Electrostatic interactions in the adsorption on activated carbon 

Electrostatic interactions refer to the attraction or repulsion developed between the 

activated carbon and the selected adsorbate based on their overall charge [39]. In aqueous phase, 

antibiotics can have a total charge due to the existence of dissociative functional groups in their 

structure [42].  For example, lincomycin is a weak organic base, and the pyrrolidine group in its 

structure has a pKa value of 7.6-7.8 [11].  Therefore, below this pH value, the lincomycin 

molecule is positively charged, and electrostatic interactions may play a role in the adsorption 

process [11]. On the other hand, above the pKa value, lincomycin is present mainly in its neutral 

form, and electrostatic interactions are negligible [11].  

Regarding the adsorbent, activated carbons are amphoteric materials [43]. Hence, due to 

the presence of oxygen groups, these materials develop a total charge on their surface [43]. The 

presence of carboxylic, lactone and phenolic groups is related to the acidic properties of the 

material [39]. Conversely, electron rich zones, chromene and pyrone groups justify the basic 

character [39]. The pH value at which the charge density caused by the presence of acid and 

basic groups is in equilibrium is called the point of zero charge (PZC) [39]. At this pH value, the 

total charge density on the activated carbon surface is zero [40]. Moreover, below this value, the 

surface is positively charged and, on the contrary, pH values above the PZC produce a total 

negative charge [40].   

In the previous paragraphs, it can be noted that the most important parameter affecting 

the electrostatic interactions is the pH value. Thus, depending on the pH of the aqueous matrix, 

several scenarios can take place in the same system. For example, Carrales, Ocampo, Leyva and 

Rivera [44] studied the effect of the pH value in the adsorption of metronidazole on activated 

carbon (PZC=9.4), activated carbon fibers and carbon nanotubes. Metronidazole molecule 

presents two pKa values corresponding to 2.6 and 14.4. At pH 2, metronidazole and activated 

carbon were positively charged. Hence, electrostatic repulsions took place, and the adsorption 

capacity was affected. At pH values greater than 4, the molecule was only in its neutral form, and 

the activated carbon was positively charged. Due to the neutral adsorbate charge, no electrostatic 

interactions occurred. Therefore, the adsorption capacity was greater than that at acidic pH 
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values. It is because electrostatic repulsions were avoided and other non-electrostatic interactions 

promoted the adsorption of metronidazole.  

Another factor influencing the electrostatic interactions in the system is ionic strength 

[39]. In general, the addition of electrolytes to the system reduces the electrostatic interactions 

[45]. It means that attractive and repulsive interactions are affected by the presence of an 

electrolyte in the solution. Consequently, the adsorption capacity can be increased or decreased 

depending on the net adsorbent and adsorbate charges at the selected pH value [45]. For 

example, Bautista and colleagues [40] studied the effect of ionic strength in the adsorption of 

bisphenol A on activated carbon. At pH 7, activated carbons were positively charged, and the 

adsorbate was in its neutral form. The addition of NaCl to the system produced a screening effect 

reducing the activated carbon net charge and improved the dispersion or non-electrostatic 

interactions. As a consequence, the adsorption capacity increased. In contrast, if electrostatic 

attractions are taking place in the system and salts are added, a subsequent decrease in the 

adsorption capacity will be observed. It can be explained because the overall adsorbent attractive 

charge will be reduced by the binding of ionic species [39]. 

 

Non-electrostatic interactions in the adsorption on activated carbon 

The non-electrostatic interactions are the second type of bonding that can take place 

between adsorbates and the surface of activated carbons. Properties like the carbon surface 

chemistry and the structure functional groups in the adsorbate affect the affinity in adsorbate-

activated carbon [39] system. Several types of non-electrostatic interactions have been identified. 

Among them, hydrophobic bonding, π-π interactions, hydrogen bonds, and electron donor–

acceptor complex systems can be mentioned [39]. Below, a brief discussion of each type of 

bonding is provided. 

Hydrophobic interactions refer to the attractions occurring between a hydrophobic 

adsorbate and a hydrophobic carbon surface, produced by the low affinity that both adsorbate 

and adsorbent have with water [39]. Hydrophobic activated carbons are characterized by low 

acidic oxygen-groups content. It avoids the binding of water molecules in the active sites on 
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carbon surface [46]. The hydrophobicity of the adsorbate can be characterized by the n-octanol 

or water -partitioning coefficient (𝐾𝑂𝑊), high 𝐾𝑂𝑊 values represent high hydrophobicity in water 

media [47]. The hydrophobic bonding mechanism has been used for predicting the adsorption of 

low solubility species on activated carbons. For example, Mendez et al. [46] studied the 

adsorption of nitroimidazole on activated carbons and determined an indirect relation between 

the oxygen content and the adsorption capacity. Hence, hydrophobic carbons with low oxygen 

content showed higher adsorption capacity than the activated carbons with high oxygen content. 

It was because low oxygen-content carbons avoided the formation of hydrogen bonds between 

carbon surface groups and water. Therefore, the accessibility of nitroimidazole to the adsorption 

sites is not reduced by the presence of adsorbed water molecules. 

Another type of non-electrostatic bonding is the π-π interactions. This kind of attachment 

occurs between the π electrons available in the aromatic rings in the adsorbate structure and the π 

electrons in the graphene structure on the activated carbon surface [48]. Hence, the molecules 

containing aromatic rings are adsorbed in flat position over the basal planes on carbon surface 

[39]. From this theory, it can be implied that the presence of acidic oxygen groups removes π 

electrons from the activated carbon surface and decreases the interactions by this mechanism, 

with a subsequent reduction in the adsorption capacity [39]. Peng et al. [48] studied the 

adsorption of antibiotics on graphene and biochar and determined that the adsorption rate is 

positively influenced by the number of aromatic rings in the antibiotics molecules. Besides, 

increasing the number of available π rings increased the adsorption energy. They concluded that 

π- π interactions played the major role in the adsorption process. However, others types of non-

electrostatic interactions may contribute as support adsorption mechanisms.  

A mechanism similar to the one suggested for π- π interactions was proposed by Mattson 

[49]. Mattson and colleagues introduced the concept of the formation of complex electron donor-

acceptor systems [39,49]. In this case, carbonyl groups on the carbon surface share an electron 

with the acceptor species, located in the aromatic structure of an adsorbate [50]. This theory 

explained the decrease in the phenol uptake when oxidized carbons are used because while 

carbonyl groups can act as electron donors, it is not the case for carboxylic groups [39]. This 

mechanism by itself has not been widely used, but the main concept of acceptor and donor 
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systems is the same as the one proposed for π- π interactions [51]. Therefore, names of both 

mechanisms are used in the same way in the literature [51]. 

Hydrogen bonding is the last type of non-electrostatic interaction mentioned in this 

section. This kind of bonding occurs when the oxygen groups on the activated carbon surface 

interact with the hydroxyl groups in the adsorbate molecule and form a hydrogen bond [50]. As 

mentioned before, water can also interact with the surface of activated carbons and form 

hydrogen bonds [39]. Therefore, when hydrogen bonding takes place in the system, a 

competition for the adsorption sites between water and the adsorbate occurs [43]. Salvador and 

Merchan [52] studied the desorption of phenol on activated carbon. Phenol contains one 

hydroxyl group in its structure. They determined that the range of energy of bonding in the 

desorption process correspond to the ones of hydrogen-bonds. Besides, in the adsorption of 

lincomycin on carbonaceous materials, it is expected that hydrogen bonding takes place because 

the pyranose ring in lincomycin’s structure contains three hydroxyl groups that can interact with 

the oxygen groups on the carbon surface [53,54]. 

Finally, it is important to mention that, in many cases, the adsorption process on activated 

carbons is not controlled by only one mechanism. Thus, some adsorbates can interact with 

activated carbon by different combined electrostatic and non-electrostatic interactions [39,43,50]. 

 

2.3.2 Adsorption on zeolites 

Zeolites are crystalline and hydrated minerals that contain alkali and alkaline earth metals 

in their structure. Their frameworks are composed of [SiO4]
4- and [AlO4]

5- tetrahedral structures 

that form cages connected by windows of defined sizes [55]. Natural zeolites present low surface 

areas ranging from 10 to 40 m2/g. According to pore size distribution, the majority of zeolites 

structure are mesopores (2-5 nm) [55]. Natural zeolites are used in applications such as 

adsorption, catalysis, building industry, agriculture, soil remediation and energy [17]. In general, 

natural zeolites are hydrophilic materials suitable for ion exchange processes, ammonium, and 

heavy metal removal, but not for the adsorption of non-polar organic substances [17,37,56].  
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In the adsorption of antibiotics on natural zeolite, Li et al. [57] studied the adsorption of 

sulfadiazine sulfonamide from water by hydrophilic non-treated clinoptilolite. They determined 

that the adsorption of this antibiotic is favored at pH values below the sulfadiazine pKa. At this 

pH, sulfadiazine is positively charged, and ionic exchange was the controlling adsorption 

mechanism. Conversely, at pH values higher than the sulfadiazine pKa, no electrostatic 

interactions occurred and, subsequently, low adsorption capacity values were detected. In this 

study, hydrophobic interactions were not strong enough to compensate for the reduction in the 

adsorption capacity caused by the reduction in the concentration of adsorbate ionic species. 

Moreover, Otker and Akmehmet-Balcıoglu [58] studied the adsorption of enrofloxacin on natural 

zeolite and determined that the adsorption capacity is directly affected by the concentration of 

charged enrofloxacin. These results confirm that the mechanism controlling the adsorption of 

antibiotics on natural zeolite is ionic exchange, and it is only possible when antibiotics are 

electrolytes that can be dissociated and positively charged in the aqueous phase. 

One important characteristic in natural zeolites is the hydrophobic character. This 

property is represented by the Si/Al ratio (varies from 4.0 to 5.3 in clinoptilolite), that determines 

the overall negative charge of the material [20]. Increasing the Si/Al ratio enhances the 

hydrophobic character of these aluminosilicates [56]. Several methods have been tested for 

modifying the hydrophilic/hydrophobic properties of zeolite, among them acidic washing, 

surfactants addition and ammonium exchange followed by calcination can be mentioned 

[17,18,59].  

Acid washing is applied to eliminate cations, such as Na, Mg, K and Ca, and also to 

remove alumina from the structure [17]. Besides, the surface area and pore size distribution are 

also modified [59]. On the other hand, thermal stability can be reduced in this process [17]. 

Kurama, Zimmer, and Reschetilowski [59] studied the effect of acid washing on the adsorption 

capacity of natural clinoptilolite. Acid washing increased the ratio of Si/Al and, subsequently, 

offered better adsorption of neutral molecules. Besides, surface area increased from 35 m2/g in 

raw material to 315 m2/g in the acid treated sample. The effect of the temperature in the 

modification process has also been studied. Cakicioglu-Ozkan and Ulku [60] treated 

clinoptilolite at different hydrochloric acid concentrations ranging from 0.032 M to 5 M and 

different temperatures ranging from 25 °C to 100 °C. They determined that increasing the 
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temperature and acid concentration removed cations such as Mg, Fe and Ca and increased the 

surface area. However, above 40% alumina removal, the surface area decreased because the 

framework structure was affected. 

Another method used for modifying the overall negative charge of zeolites is the addition 

of surfactants to the surface of the adsorbent [20]. In this case, cationic surfactants are used and 

the positively charged side of the surfactant is attached to the polar surface of zeolite, and the 

hydrophobic chain side interacts with the adsorbates [56]. The efficiency of the process depends 

on the degree of surfactant adsorption and surface coverage [17,20]. Li, Dong, Peng and Kong 

[61] used Hexadecyltrimethyl ammonium surfactant (HDTMA) to modify zeolite in the removal 

of humic acid. The original zeolite provided low adsorption capacity. However, the modified 

zeolite provided adsorption capacities similar to the ones found in activated carbon and clays. On 

the downside, the detachment of surfactants from the zeolite surface can lead to indirect 

contamination and reduced adsorption capacity.  

 

2.4 Adsorption of lincomycin from water matrices 

Lincomycin is one of the most common antibiotics used in the animal production 

industry [34]. In fresh swine manure, lincomycin has shown high persistence in storage 

conditions [6]. After being excreted, the concentration of lincomycin was 9.76 ppm in the waste 

stream, and after 5 weeks of storage, it was reduced to 2.52 ppm [6]. Due to the resistant 

properties of lincomycin, its removal from water bodies by adsorption has been studied 

[33,34,54,62]. A brief summary is provided below. 

Wang, and colleagues [34] studied the adsorption of lincomycin on smectite and 

determined that the main mechanism controlling the adsorption process is cationic exchange. 

This conclusion was obtained by studying the effect of pH and ionic strength on the adsorption 

capacity. Thus, the adsorption capacity was favored at acidic pH values because lincomycin was 

in its cationic form. However, at pH values near the lincomycin pKa (7.6), the adsorption 

capacity was drastically reduced because the concentration of cationic lincomycin decreased 
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significantly.  Besides, the addition of cations like Ca2+ affected the adsorption capacity due to 

the competition for cationic exchange sites on the smectite surface. 

To improve the adsorption by electrostatic interactions,  Liu and colleagues [62] used 

biochars for removing lincomycin from deionized water. These biochars were pyrolyzed from 

solid manure and presented acidic properties. Thus, at neutral pH, the biochar surface was 

negatively charged. In this study, the effect of pH, adsorbent particle size and ionic strength were 

studied. The maximum adsorption capacity identified in this study corresponded to 697 µg/g at 

pH 6.9. They determined that the adsorption capacity at pH values below the pKa is greater than 

at basic values. This behavior was attributed to the positive charge of lincomycin and negative 

surface charge that enhanced the electrostatic interactions. Conversely, at pH values above the 

pKa lincomycin was in its neutral form. Therefore, the adsorption capacity was affected because 

electrostatic attraction did not take place in the system. Besides, the addition of electrolytes to 

the system reduced the adsorption capacity. Regarding the adsorption mechanism, a combination 

of electrostatic and non-electrostatic interactions was proposed. In the case of non-electrostatic 

interactions, hydrogen bonding and Van der Waals forces are mentioned as the possible 

adsorption mechanisms. However, they mention that the mechanism should be elucidated by 

experimental evidence in the future. 

Carbon nanotubes have shown potential in environmental remediation applications. 

These materials are highly hydrophobic and can interact with aromatic compounds mainly by 𝜋 

interactions due to the high concentration of sp2 carbon atoms on the graphite surface [54]. Kim, 

Hwang, and Sharma [54] studied the adsorption of lincomycin on carbon nanotubes and 

compared their performance with commercial powdered activated carbons (PAC). The 

adsorption of lincomycin was completed at 100 hours of stirring. Besides, Langmuir model did 

not predict well the equilibrium data (R2<0.70). The authors proposed it was due to the fact that 

the adsorption of lincomycin was not purely monolayer type. Therefore, Freundlich model was 

used for modeling the adsorption process. This model provided good fitting results (R2>0.96) 

with n values greater than 1, suggesting non-linear heterogeneous adsorption. For carbon 

nanotubes and activated carbon, the Freundlich constants for the adsorption of lincomycin were 

1.03*103 and 1.00*103 mmol1-nLnkg-1 respectively. The authors remarked that the adsorption on 

carbon nanotubes was mainly controlled by the surface area of the adsorbent. 
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2.5 Adsorption equilibrium data modeling 

An adsorption system can be characterized by studying both the equilibrium and kinetics 

data [37,63]. Equilibrium data provides information about the adsorbent loading capacity for a 

specific adsorbate and the bonding strength [37]. On the other hand, kinetic analysis relates the 

adsorbent loading rate with the contact time [37]. Therefore, in the practical application, 

information about both the equilibrium and kinetics is necessary for designing adsorption 

systems [63]. For example, using a material with high adsorption capacity but a low adsorption  

rate would take a long time to reach the equilibrium adsorption capacity, implying longer 

residence time and low processed flow in a continuous system [63]. 

In a pure component system, the uptake or adsorption capacity of a certain solute depends 

on the concentration of adsorbate in solution and the temperature of the process [37,64]. 

However, to simplify the characterization, the process can be carried out at a single temperature 

and, subsequently, the adsorption capacity only depends on the concentration in solution of the 

adsorbate [37]. The relation between the solute concentration and the adsorption capacity at a 

specific temperature is called adsorption isotherm [63]. 

To predict the adsorption capacity, at a specific solute concentration, a vast number of 

adsorption isotherms models have been developed [65]. Two-parameter models such as 

Langmuir and Freundlich models have been traditionally used for describing the adsorption of 

antibiotics on various adsorbent materials [14,42,66,67]. However, the application of these 

models may not describe well the adsorption process due to the assumptions made in each case 

[63,64]. For example, Langmuir model considers a homogeneous distribution of the adsorption 

sites. This assumption is not necessarily true for activated carbons [63]. On the other hand, 

Freundlich model does not consider a saturation capacity. It can be a weakness for monolayer 

adsorption systems [64]. Therefore, other models that address the deficiencies of Langmuir and 

Freundlich models have been developed [68]. In this research, a three-parameter model such as 

Sips was used to simulate the adsorption process. This model is considered as a combination of 

the two-parameters models of Langmuir and Freundlich [63]. The following sections provide a 

brief description of each model.  
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In a multicomponent system such as real liquid swine manure, micro-pollutants like 

lincomycin compete for active sites with the natural organic matter present in the manure 

composition [69]. As a consequence, the adsorption capacity determined from pure component 

systems can be significantly decreased [70] in a multicomponent system. The ideal adsorbed 

solution theory (IAST) has been used traditionally for modeling multicomponent adsorption [37]. 

However, its application requires the knowledge of the composition of the components, the 

initial concentration, and the single-solute isotherm parameters of each component [37]. 

Therefore, the direct applicability of this model is not feasible for real manure. A derived 

methodology for predicting the removal of micro pollutants from high content natural matter 

called simplified equivalent background compound model (SEBCM) is used in this study. This 

model is presented in Section 2.5.3.  

 

2.5.1 Langmuir and Freundlich two parameters adsorption isotherms models 

Langmuir proposed a theory based on the kinetic viewpoint of the adsorption process 

[63]. At equilibrium, a continuous process of molecules bombardment onto the surface and a 

corresponding desorption to maintain zero rate of accumulation is considered [71]. Besides, 

Langmuir considered that the energy distribution on the surface is homogeneous. Therefore, 

specific adsorption sites accommodate only one molecule, and a monolayer is formed when the 

adsorbent is saturated [63]. The developed model is presented in equation (2.1). 

qe=
CeKLqmax

1+CeK
L

                                                                                                                              (2.1) 

Where 𝑞𝑒 is the adsorption capacity determined at a certain adsorbate concentration in 

solution (𝐶𝑒). Besides, 𝐾𝐿 is a direct measure of the affinity of adsorbent and adsorbate, and 

𝑞𝑚𝑎𝑥 is the monolayer maximum capacity in the Langmuir model [50]. The Langmuir equation 

reduces to the Henry law isotherm when the concentration is very low [63]. Thus, the amount 

adsorbed increases linearly with concentration [63]. However, at high concentration the amount 

adsorbed reaches the saturation capacity and, subsequently, multilayer adsorption can’t be 

described by this model [50,63]. 
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Freundlich developed another popular two-parameter adsorption model. Freundlich 

model has been widely used for describing adsorption data on activated carbons [63]. This model 

is not restricted to monolayer and considers the non-uniform distribution of adsorption sites [37]. 

However, very low and very high concentrations are not well described by this model. This is 

because at low concentration this model does not follow Henry’s law. Besides, at high 

concentrations, the lack of a maximum adsorption capacity parameter does not consider the 

saturation of active sites on the solid surface [63,65]. Equation (2.2) shows the form of 

Freundlich model. 

qe=KFCe
1/n                                                                                                                                    (2.2) 

Where 𝐾𝐹 is the relative adsorption maximum capacity and 1/n indicates the surface 

heterogeneity. Hence, larger values of n indicates more heterogeneous distribution of the 

adsorption sites on the solid [65]. Freundlich equation has been used mainly for the adsorption of 

organic compounds on activated carbon [63,65]. 

In adsorption of lincomycin on carbonaceous materials, Kim et al., [54] found that 

Freundlich model (R2<0.96) described the adsorption isotherms better than Langmuir model 

(R2<0.70) based on the determination coefficient value. It was proposed that the adsorption of 

lincomycin is not pure monolayer type. Besides, adsorption was non-linear, and n values in the 

Freundlich model were greater than 1. Therefore, it was suggested that the distribution of 

adsorption sites on the carbon nanotubes surface was heterogeneous, as proposed by Freundlich 

model [65].  

 

2.5.2 Sips three-parameter adsorption isotherm model 

Freundlich model does not consider a maximum saturation capacity of adsorption [63] 

and Langmuir model is not suitable for heterogeneous adsorbent surfaces [71]. Therefore, Sips 

proposed a model similar to Langmuir model but introduced a third parameter (n), analogous to 

the n parameter in Freundlich model, which refers to the heterogeneity of specific adsorption 

systems [37,63,65]. Sips model is presented in equation (2.3). 
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qe=
qm*KS*Ce

1
n

1+ (KS* Ce

1
n)

                                                                                                                        (2.3) 

Where 𝑞𝑚 is the monolayer maximum capacity, 𝐾𝑆 is the Sips constant and 1/n indicates 

the affinity or surface heterogeneity [63,72]. Sips model describes the monolayer saturation 

capacity of an adsorbent (qe = qm) at high concentrations (𝐾𝑆 ∗ Ce

1

𝑛 ≫ 1) and at low 

concentrations (𝐾𝑆 ∗ Ce

1

𝑛 ≪ 1) it is reduced to the Freundlich model [37]. Besides, if the 

adsorption sites distribution is homogeneous (𝑛 ≈ 1) the model is reduced to Langmuir equation 

[63]. On the other hand, n values greater than 1 represents high heterogeneity in the system [63]. 

Sips adsorption isotherm model is also called Langmuir-Freundlich model due to the similarities 

described before [63]. 

Hindarso et al. [73] studied the adsorption of aromatic compounds on activated carbon. 

Sips and Toth [50] three-parameter models described the adsorption isotherms better than 

Freundlich and Langmuir two-parameter models based on the normalized residuals. Authors 

attributed these results to the specificity that Sips and Toth models provide for describing 

adsorption on heterogeneous materials like activated carbon. Sips model has also been used in 

the adsorption of antibiotics. For example, Attallah et al. [74] studied the adsorption of 

fluoroquinolones on magnetic nanoparticles and determined that Sips model provides better 

fitting results than Langmuir and Freundlich models based on the determination coefficient. 

Due to the combination of Langmuir maximum adsorption capacity and Freundlich 

model’s capacity to describe heterogeneous systems, Sips three parameters equation will be used 

in this research for modeling the adsorption of lincomycin on activated carbons and natural 

zeolite. 

 

2.5.3 Simplified equivalent background compound model (SEBCM) 

Equivalent background compound model (EBCM) is a simplification of IAST model [70] 

used for describing the adsorption of a micro-pollutant from an aqueous matrix containing NOM 

[69]. EBCM considers the NOM as a single component called the equivalent background 
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compound (EBC). Hence, a competitive bi-component adsorption system formed by the EBC 

and the micropollutant is obtained [75]. Therefore, only the isotherms parameters for single-

solute adsorption and initial concentration of both components (EBC and micro-pollutant) are 

necessary for characterizing the adsorption process [69]. 

The EBCM can be simplified when the concentration of the micropollutant is much lower 

than the NOM concentration, as in the case of antibiotics in liquid manure [69]. At this 

condition, the adsorption capacity of NOM is dominant in the system (qNOM>>qpollutant) [76]. As 

a consequence, the removal efficiency (Ce/C𝑜) of the process is independent of the initial 

concentration of the micropollutant and the obtained isotherms follow the behavior of the linear 

isotherm [69].   

The obtained simplified model was proposed by Qi et al. [70] and allows the prediction 

of the micropollutant removal only based on the activated carbon dose. Equation (2.4) represents 

the simplified equivalent background compound model (SEBCM). 

Ce

Co
=

1

A
(

mA

V
)

1/𝑛1

+1                                                                                                                    (2.4) 

Where Ce is the residual concentration of the micro-pollutant in solution, 𝑚𝐴 is the 

adsorbent weight and V is the solution volume. Besides, 𝑛𝟏 is the Freundlich exponent of the 

micropollutant single-solute adsorption, and A is a parameter that includes the adsorption 

parameters of the trace compound and the NOM. From the linearization of Equation (2.3), it is 

possible to determine the characteristic parameters that relates the adsorbent dose and the 

removal percentage.  

This model eliminates the necessity of knowing the adsorption parameters of NOM and 

depends only on the micro-pollutant adsorption isotherm [69]. On the other hand, it is important 

to remark that the SEBCM considers that the removal ratio Ce/Co is independent of the initial 

micropollutant concentration [70]. This assumption is only valid in matrices with much higher 

concentration of NOM than the micro-pollutant [70]. In the present study, the adsorption process 

takes place in real liquid manure with very high content of NOM. Therefore, the application of 
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SEBCM constitutes a feasible option for simulating the adsorption of lincomycin contained in 

liquid swine manure. 

 

2.6 Adsorption thermodynamic characterization 

The equilibrium state is the most important aspect of adsorption because it studies the 

loading capacity of an adsorbent for a specific adsorbate and the strength of its interaction [63]. 

In equilibrium, in addition to using established or created isotherm models that provide valuable 

information about the mechanisms involved, it is necessary to study the thermodynamic 

characteristics of the system [77]. Parameters like enthalpy, entropy and Gibbs free energy of 

adsorption that can provide information about the endothermic or exothermic character, the 

strength of bonding, spontaneity, and mechanism of the process should be determined [77]. 

The determination of thermodynamic parameters depends strongly on the equilibrium 

constant value. Hence, the selection of one method for its determination directly affects the 

results obtained [77]. Even though several methods have been proposed for calculating this 

constant value, the selection of one of the adsorption models should be carried out carefully, and 

it needs to be theoretically justified. Problems associated with the determination of equilibrium 

constant are related to the selected method, the non-consideration of the dimensionless character 

of the equilibrium constant and inappropriate range of data used.  

The following sections will present a short review of the significance of thermodynamic 

parameters. Special focus will be given to the methods employed for the determination of the 

thermodynamic equilibrium constant. 

 

2.6.1 Fundamentals of the adsorption thermodynamics in equilibrium 

The most important thermodynamic parameters that characterize an adsorption process 

are the Gibbs free energy, adsorption enthalpy, and entropy changes. The thermodynamic laws 

can be used for determining these parameters through the following equations [77,78]: 
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∆G°=-RTlnKc                                                                                                                              (2.5) 

ln Kc =-
∆H°

RT
+

∆S°

R
                                                                                                                     (2.6) 

∆G°=∆H°-T∆S°                                                                                                                           (2.7) 

 

Where 𝐾𝑐 is the thermodynamic equilibrium constant (dimensionless) [79], R is the 

universal gas constant (8.314 Jmol−1 K−1), and T is the temperature in Kelvin. Van’t Hoff 

equation (2.6) is used to determine the enthalpy and entropy variations by the determination of 

the slope and the intercept of the linear variation of ln 𝐾𝑐 with 1/T.  

Gibbs free energy is related to the spontaneity of the process. For a spontaneous 

adsorption system, this value must be negative at the experimental conditions. In general, a 

higher negative absolute value of this energy change indicates a more energetically favorable 

adsorption. In contrast, the process will not be spontaneous if this value is positive [4]. 

Enthalpy change or heat of adsorption explains the exothermic or endothermic nature of 

the process and gives information about the type of bonding [79]. A negative enthalpy value 

change reflects exothermicity, and a positive enthalpy change represents an endothermic 

phenomenon. When differentiating between chemical and physical adsorption, it is necessary to 

analyze the value of the enthalpy change. In general, it is stated that low values correspond to 

physisorption and high values correspond to chemisorption. However, this definition is vague 

and does not permit the unification of criteria to characterize each process. To address this issue, 

different ranges of enthalpy change values have been established for differentiating 

chemisorption and physisorption. Nevertheless, important differences are found in the literature. 

Table 2.1 summarizes the broad variety of values mentioned in the literature. 

Table 2.1 shows the absolute enthalpy change ranges for physical and chemical 

adsorption for different adsorption processes. There is not agreement when discriminating one 

process from another. Hence, to select one of the ranges to explain experimental results, it is 

necessary to analyze the possible mechanisms of adsorption by analyzing the structure of the 
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adsorbate and adsorbent involved in the process. In the particular case of adsorption on activated 

carbons, lower values represent physisorption characterized by weak dispersion forces like π- π 

interactions and chemisorption is represented by the formation of hydrogen bonds or electron 

donor–acceptor complex systems [39].  

 

Table 2.1. Absolute value of enthalpy change ranges for physical and chemical adsorption  

for different adsorption processes 

 

Physisorption 

(KJ*mol-1) 

Chemisorption 

(KJ*mol-1) 
References 

2.1 - 20.9 80 - 200 [79–81] 

0 – 40 40 - 120 [58,82] 

5 – 40 40 - 800 [83] 

0 – 80 80 - 400 [84] 

 

Another factor in interpreting the enthalpy change values is related to the sign of it. It is 

assumed that the adsorption process is exothermic by nature [85–87]. It means that due to the 

bonding of adsorbed molecules on the adsorbent surface there is a subsequent energy release. 

This statement is only true for physical adsorption. In the case of chemisorption where rupture 

and creation of chemical bonds can take place some of these reactions can be of endothermic 

nature, providing an endothermic character to the complete process [85]. Even though in the 

past, the possibility of an endothermic adsorption process was not considered, at present, several 

scientific documents have reported this phenomenon [58,72,80,83,86,88–90].  

Equation (2.5) shows the relation between the Gibbs free energy change and enthalpy and 

entropy changes in an adsorption process. At normal experimental conditions (e.g. room 

temperature around 293 K, pressure around 1 atm) and spontaneous adsorption, the Gibbs free 
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energy change is negative. It has been stated that the entropy change should always be negative 

because this process implies accommodation of molecules over the adsorbent surface, in a so-

called more stable state (e.g. condensation on the solid surface) [85]. However, this statement is 

only true for physical adsorption. In the case of chemisorption, where rupture and creation of 

chemical bonds can happen, some of these reactions can be of endothermic nature, providing an 

endothermic character to the complete reaction [85]. If the global reaction is endothermic and 

Gibbs free energy change must always be negative for a spontaneous process, the only remaining 

parameter that must be positive is entropy [77,84,85].  

One theory supporting this point states that, in this case, adsorption must be carried out 

by dissociative adsorption [77,84,85]. The proposed model implies that because the molecule is 

divided and adsorbed on different sites, the new two molecules replace two water molecules and 

have complete two-dimensional mobility, increasing one degree of freedom, with a resulting 

positive entropy change [85].  

 

2.6.2 Determination of the thermodynamic equilibrium constant 

As shown in equations (2.5) and (2.6) the complete determination of the thermodynamic 

parameters depends on the equilibrium constant and the temperature of the process. The latter 

parameter can be easily controlled, but the equilibrium constant value depends on the 

mathematical method selected for its determination.  

One of the popular methods used for the determination of the thermodynamic equilibrium 

constant implies using the equilibrium constant from Langmuir isotherm model as the 

thermodynamic equilibrium constant [58,91–97]. However, Milonjic [98] analyzed this 

determination method and found incorrect values for the thermodynamic parameters reported in 

published articles. The error was caused by the use of the Langmuir constant as the 

thermodynamic equilibrium constant without considering the dimensions of this constant. Thus, 

dimmensions of volume of liquid solvent over mass of adsorbent (mL*mg-1) were associated to 

the thermodynamic constant [98]. As mentioned before, the strict definition of the 

thermodynamic equilibrium constant used in Equation (2.6) considers this parameter as 
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dimensionless [99,100]. Besides, Nguyen [77] mentioned that even changing from one Langmuir 

model linearized form to another can result in different thermodynamic parameters values. 

Finally, Langmuir model considers the concentration in solution instead of the adsorbate activity 

[99]. 

A second method that considers the adsorbate activity was proposed by Khan & Singh 

(1987) and modified by Milonjić (2007). It has been used due to the consideration of the activity 

of the solute [72,102–105]. This method proposed the determination of the thermodynamic 

equilibrium constant from the distribution coefficient, shown in equation (2.6). 

𝐾𝑑 =
𝑎𝑠

𝑎𝑒
=

𝛾𝑠

𝛾𝑒
∗

𝑞𝑒

𝐶𝑒
                                                                                                                                    (2.6) 

Where, 𝑎𝑠 and 𝑎𝑒 represent the activity of adsorbed solute and adsorbate in solution 

respectively, 𝛾𝑠 and 𝛾𝑒 are the activity coefficients of adsorbed solute and adsorbate in solution 

respectively and 𝑞𝑒 and 𝐶𝑒 represent the concentration of adsorbed solute and adsorbate in 

solution respectively. When the concentration of adsorbate in the solution approaches zero, the 

activity coefficients approaches unity, hence, it can be represented as follows: 

lim
qe→0

q
e

Ce

=Kd=
as

ae

                                                                                                                           (2.7) 

The thermodynamic equilibrium constant can be determined by plotting ln (𝑞𝑒/𝐶𝑒) vs 𝑞𝑒 

and extrapolating 𝑞𝑒 to zero.  

The same problem mentioned for Langmuir isotherm is associated with this method. The 

constant obtained has dimmensions of volume of solvent per mass of adsorbent. Hence, Milonjic 

[98] proposed that for solving this problem it was only necessary to multiply the constant value 

by the density of water (1000 g/L) if the Langmuir constant is expressed as grams of adsorbent 

per liter of solvent, so the obtained model is shown in equation (2.8). 

∆G=-RTln(K
c
)=-RTln(1000*K

d
)                                                                                                             (2.8) 
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 Expression (2.8) includes the correction for the dimensionless character of the 

distribution coefficient and will be applied in the determination of the thermodynamic 

equilibrium constant in this study.  

 

2.7 Knowledge gaps and research objectives  

To evaluate the feasibility of using adsorption processes for removal of lincomycin from 

the waste stream of animal production industries, a number of knowledge gaps were identified: 

1. Although previous studies regarding adsorption process have been conducted; a 

comparison between the adsorption capacity of activated carbon and zeolites under 

varying conditions of temperature, pH, and ionic strength has not been carried out.  

2. The thermodynamic characterization of the process has not been made in the previous 

research on lincomycin. Parameters such as enthalpy, entropy and Gibbs free energy 

change of adsorption have not been determined for adsorption of lincomycin over 

activated carbons and natural zeolite. 

3. Adsorption has been only applied to deionized water matrices. There is a lack of 

publications about the comparison of the performance of adsorbents in deionized water 

and real water matrices. 

 

Against this background, the objectives of the present research are: 

1. To characterize six commercial activated carbons and one natural zeolite. Surface area, 

pore-size distribution, the point of zero charge and oxygen content need to be determined 

in the case of activated carbons. Surface area, ratio Si/Al and average pore size need to be 

determined for natural and modified natural zeolites. 

2. To model the adsorption of lincomycin on activated carbons and natural zeolite using 

established two-parameter isotherm models such as Langmuir and Freundlich models and 

a three parameter model such as Sips model.  



26 

 

3. To study the effect of the temperature in the adsorption capacity through the 

thermodynamic characterization of the process associated to each adsorbent.  

4. To study the influence of operating parameters such as pH and ionic strength on the 

adsorption capacity of the adsorbents. 

5. To analyze the efficiency of the adsorbents applied in synthetic and real liquid swine 

manure. 
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3 CHAPTER 3 

MATERIALS AND METHODS 

 

Chapter three details the materials used in this research. Besides, experimental 

procedures and equipment used are described in detail. Also, lincomycin concentration 

quantification is described, by both high-performance liquid chromatography (HPLC) and UV-

Vis spectrometry analysis. Finally, methods and equipment used in the characterization of 

activated carbons and natural zeolite are described. 

 

3.1 Materials  

 

3.1.1 Target compound solutions 

Lincomycin was obtained as lincomycin hydrochloride (C18H34N2O6S•HCl) crystalline 

powder, molecular weight of 443.0 g*mol-1, pKa of 7.8 and melting point of 156 to 158°C from 

Alfa Aesar. Deionized water, with a resistivity of 18.2 MΩ.cm at 298 K, was used for preparing  

pure water and synthetic manure lincomycin solutions of 10, 17, 25, 33, 40, 50, 70 and 90 ppm in 

1 L volumetric flasks. Stock solutions were prepared the day before the experiments and stored 

in a refrigerator at 4°C. Before its use; solutions were collocated into a Fisher Scientific 

Ultrasonic bath 1800 and sonicated for 1 min. 

Deionized water solutions were prepared at two different initial pH values of 6.5 and 

10.0. The first value of 6.5 was obtained without adding reagents to the solution. On the other 

hand, NaOH 1 N standard solution provided by Alfa Aesar was used for adjusting the pH value 
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to 10.0. The amount of NaOH varied depending on the lincomycin concentration. Table 3.1 

details the volume added to each solution. 

Table 3.1. Volume of NaOH 1 N added for adjusting pH to 1 L of lincomycin solution 

 

Lincomycin 

concentration (ppm) 
10 17 25 33 40 50 70 90 

Volume (µL) 50 150 150 150 180 200 220 240 

 

3.1.2 Adsorbents 

Commercial activated carbons and zeolites were used in this research. To maintain 

particle size uniformity, all the samples were grounded to 60-120 mesh size and stored in 

different containers. 

Activated carbons were selected based on their different acid and basic properties 

represented by their different points of zero charge. A brief description is provided below: 

Cabot Norit (1240) was obtained from Cabot Corporation; it is recommended for 

decolorization and purification of pharmaceuticals and removal of impurities from industrial 

process water. Norit Row 0.8 (NR) was obtained from Alfa Aesar; this steam activated material 

is mainly recommended for gas phase applications such as automotive emission control but also 

for removing by-products in drinking water. Filtrasorb 400 (F400) and Filtrasorb 300 (F300) 

were obtained from Calgon Carbon; both are bituminous coals mainly different in their 

micropore content, and they are recommended for removal of organic compounds from water, 

wastewater, and industrial processing streams. Darco 12-20 (SAD) and Norit GAC 1240W 

(SAN) were obtained from Sigma-Aldrich, produced by Chemviron Carbon by activation of 

bituminous coal with steam. Both of them are acid activated carbons and are recommended for 

removal of pollutants. 
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In the case of zeolite (NZ), natural clinoptilolite was obtained from Canadian Mining in 

the form of stones. Samples were ground to the same particle size as activated carbon samples 

and washed carefully with deionized water. Afterwards, they were dried at 383 K for 24 h. This 

material has been used traditionally for molecular sieving, absorption, ion exchange, dehydration 

and re-hydration in physical and chemical processes. 

 

3.1.3 Water matrices 

Lincomycin removal was studied using three water matrices, deionized water, a synthetic 

manure, and a sample of real liquid manure obtained from Prairie Swine Centre. The 

composition of the synthetic manure was based on a mixture used by Raby and colleagues [106]; 

they studied the elimination of nitrogen present in swine manure using a biotrickling filter in 

Canada. The reference provides a list of the principal components of real liquid swine manure 

and the concentration of each one. Synthetic formulation, suppliers, and reagents characteristics 

are described in Table 3.2. 

 

Table 3.2. Synthetic manure composition used in this research 

 

Compound 
Concentration 

(ppm) 
Supplier 

Purity  

(%) 

Sodium propionate 2000 Alfa Aesar 99 

Sodium acetate 2000 Alfa Aesar 99 

Lactic acid 3300 Alfa Aesar 80-85 

Ethanol 1700 Sigma-Aldrich 95-96 

Ammonium bicarbonate 13000 Alfa Aesar 99 

Potassium phosphate 360 Alfa Aesar 97 

Potassium sulfate 4000 Alfa Aesar 99 
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3.2 Experimental procedures 

 

3.2.1 Modification of natural zeolite 

A clinoptilolite sample was obtained from Canadian Mining; samples were washed with 

deionized water and dried at 373 K for 12 hours and collocated in a desiccator. 5 grams of 

clinoptilolite was added to 100 mL of 5 M hydrochloric acid, stirred at 400 rpm and heated at 

363 K for 3 hours. Treated natural zeolite was washed with deionized water until no Cl- ions 

were detected in the washing water by using AgNO3 solution [60]. Washed natural zeolite was 

dried again at 373 K for 24 hours and collocated in a desiccator; the final modified zeolite was 

stored and sealed to avoid moisture effects. 

 

3.2.2 Equilibrium time determination and verification of adsorbents concentration validity 

Before adsorption essays at different temperatures, the adsorbents concentration validity 

was verified and equilibrium time was determined. This stage was conducted at room 

temperature (296 K) to verify that the concentration of lincomycin does not reach a value of zero 

with the selected adsorbent concentration value.  

Before use as adsorbents, both activated carbons and zeolites were ground to obtain a 

particle size of 60-120 mesh, washed with deionized water, dried in an oven at 383 K for 24 

hours and stored in a desiccator. 

The selected concentrations were 50 mg/L for 1240, NR, F400 and F300, 100 mg/L for 

SAN and 200 mg/L for SAD, NZ, and NZH. In these experiments, 5, 10 or 20 mg of every 

adsorbent were added to an Erlenmeyer containing 100 mL of 10 ppm lincomycin solution; this 

lincomycin concentration was the lowest value between the concentrations selected for 

adsorption essays. The solutions were stirred at 130 rpm for 20 days, using an orbital shaker, and 

lincomycin concentration was measured. The final concentration value was different from zero. 

The final concentration for each adsorbent is presented in Table 3.3. 
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Table 3.3. Equilibrium concentration of lincomycin, after 20 days of stirring at 130 rpm, with 

initial lincomycin concentration of 10 ppm, in deionized water at initial pH 6.5. 

 

Adsorbent Code 
Adsorbent 

concentration (ppm) 

Final 

concentration 

(ppm) 

Alfa Aesar 1240  1240 

50 

1.9 

Norit Row 0.8 NR 1.3 

Filtrasorb F400 F400 1.9 

Filtrasorb F300  F300 2.7 

Sigma Aldrich Norit SAN 100 3.7 

Sigma Aldrich Darco SAD 

200 

2.9 

Natural zeolite NZ 2.9 

Modified natural zeolite NZH 7.6 

 

Later, the equilibrium adsorption time for every adsorbent was determined. The 

experiments were carried out at 280 K and using 50 ppm lincomycin solutions. For these 

experiments, 3 Erlenmeyer flasks of each adsorbent, containing 5, 10 or 20 mg of adsorbent 

(depending on the adsorbent as detailed in Table 3.3) and 100 mL of 50 ppm lincomycin solution 

were stirred at 130 rpm. Later, lincomycin concentration was measured every day, until 15 days 

by UV spectrometry using a MECASYS Optizen POP UV-Vis spectrophotometer at a detection 

wavelength of 200 nm. 

A single factor ANOVA analysis with LSD multiple range tests (95% confidence), for 

means analysis, was carried out, using Statgraphics Centurion XVI software. It was used for 

determining the statistically significant differences between the treatment times, and the 

minimum time from which no significant differences were detected, was selected as the 

adsorption equilibrium time. This time corresponded to 7 days for the adsorbents that required 

the longest equilibrium time. To keep homogeneity, samples were stirred for eight days in the 
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adsorption essays.  Figure 3.1 shows the obtained results for different stirring times. Statistical 

analysis results are available in Appendix A. 

 

Figure 3.1. Concentration of lincomycin in solution as a function of stirring time, with initial 

lincomycin concentration of 50 ppm, at initial pH of 6.5 in deionized water 

 

3.2.2 Adsorption of lincomycin from deionized water and synthetic manure experiments  

Experimental adsorption experiments were carried out in sequential stages detailed 

below: 

 First stage adsorption assays were performed using deionized water at four different 

temperatures (280, 288, 296 and 306 K) at the initial pH obtained without adding any 

reagent. This initial pH value corresponded to 6.5. 

 The influence of pH was studied to analyze the effect of electrostatic interactions. 

Therefore, pH was adjusted to initial value of 10 using 1 N solution of NaOH as detailed 
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in Table 3.1. These experiments were carried out at four different temperatures (280, 288, 

296 and 306 K). 

 The final stage essays were conducted using synthetic and real swine manure. For 

synthetic manure, the experiments were carried out at four different temperatures (280, 

288, 296 and 306 K). For real manure, experiments were conducted at room temperature 

(296 K). 

The methodology for the preparation of all the samples is detailed below. Adsorption 

experiments were performed at four temperatures (280, 288, 296 and 306 K) to use conditions 

close to those in cold and hot regions respectively. Chemviron temperature controlled chambers 

at Pilot Plant were used for these experiments. Stock solutions were taken to the chambers the 

day before preparation of samples to avoid temperature fluctuations, and all the adsorption 

samples were prepared inside them. An initial amount of adsorbent, equivalent to 50 mg/L for 

1240, NR, F400, and F300, 100 mg/L for SAN, and 200 mg/L for SAD and zeolites, was added 

into Erlenmeyer flasks containing 100 mL of 10, 17, 25, 33, 40, 50, 70 and 90 ppm lincomycin 

solutions. Flasks were sealed immediately to avoid the effect of CO2. These solutions were 

stirred at 130 rpm for eight days, determined as the equilibrium time.  

After flasks had been removed, samples were filtered using acetate syringe filters (0.45 

µm) and injected into vials for HPLC analysis. 

 

3.3 Analytical methods for determination of lincomycin concentration  

Lincomycin concentration was quantified by UV-Visible spectrometry in the equilibrium 

time determination essays and by HPLC for adsorption assays at different temperatures. Both 

approaches provided calibration curves with correlation coefficients greater than 0.999.  

UV-Visible spectrometry was useful in the determination of equilibrium time because it 

allowed returning the volume used for analysis to the essay Erlenmeyer flask without changing 

the sample volume. However, this method presented limitations in the quantification of high 

concentrated solutions (>50 ppm). Moreover, the presence of other compounds, especially in the 

synthetic and real manure, can interfere with the accurate quantification of the target compound. 
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Therefore, HPLC analysis was used because it allowed determining lincomycin concentration in 

highly concentrated solutions (90 ppm) and complex matrices. Furthermore, it provided better 

measurement precision. 

 

3.3.1 Spectrometric detection of lincomycin 

A MECASYS Optizen POP UV-Vis spectrophotometer was used for quantifying 

lincomycin concentration at the adsorption equilibrium time essays. The wavelength for 

lincomycin detection was reported at 210 nm [8]. To confirm this value a short range of 

wavelengths (195-220 nm) was scanned in the presence of lincomycin solutions. Absorbance 

curve produced by lincomycin in the selected range of wavelengths is presented in  

 

Figure 3.2.  

 
 

Figure 3.2. Absorbance of lincomycin solutions (1-50 ppm) in deionized water for the selected 

wavelength range between 195 and 220 nm 
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Lincomycin exhibited high absorbance values in the chosen range, however, to quantify 

low concentration values, 200 nm was selected as the working wavelength. From the data 

presented in  

 

Figure 3.2, it was possible to obtain the calibration curve and the relationship between 

absorbance and concentration of lincomycin in deionized water solutions. The upper and lower 

limits of quantification were 50 ppm and 1 ppm respectively. Figure 3.3 shows the obtained 

calibration curve at 200 nm. 

 

 

Figure 3.3. Lincomycin calibration curve for spectrometric lincomycin determination 

(wavelength = 220 nm) 
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3.3.2 Analysis of lincomycin with HPLC in deionized water 

Thermo Scientific Ultimate 3000 HPLC coupled to a Diode array detector with a Thermo 

Scientific Acclaim 120 C18 (100mm*4.6mm, 5µm particle size) column was used for analysis of 

lincomycin. The detection was performed by measuring the absorption at 200 nm. The mobile 

phase used as eluent was 20 mM KH2PO4: acetonitrile (85:15) at a flow rate of 1 mL min−1 with 

an injection volume of 15 µL. 

The upper and lower limits of quantification were 90 ppm and 1 ppm respectively. Figure 

3.4 shows the obtained calibration curve at 200 nm. 

 

Figure 3.4. Lincomycin calibration curve for high-performance liquid chromatography 

lincomycin determination in deionized water (wavelength = 200 nm) 

 

3.3.3 Analysis of lincomycin with HPLC in real manure 

The method presented in section 3.3.2 was used for the detection of lincomycin in 
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mobile phase flow, and different mobile phase composition were used to improve the 

quantification method. The separation was carried out using a Thermo Scientific Acclaim 120 

C18 (250mm*4.6mm, 5µm particle size) column and the detection was performed by measuring 

the absorption at 200 nm. The mobile phase used as eluent was 20 mM KH2PO4: acetonitrile 

(90:10) at a flow rate of 0.8 mL min−1 with an injection volume of 15 µL. The upper and lower 

limits of quantification were 100 ppm and 5 ppm respectively. Figure 3.5 shows the obtained 

calibration curve at 200 nm. 

 

Figure 3.5. Lincomycin calibration curve for high-performance liquid chromatography 

lincomycin determination in real manure (wavelength = 200 nm) 

 

3.4 Procedures for adsorbents characterizations 
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system (ASAP 2020, Micromeritics, U.S.A.). Samples were previously washed with Millipore 

water and dried for two days at 383 K in an oven. Later, around 0.2 g of sample were collocated 

into the analysis chamber and degassed; this process helped to remove impurities attached to the 

surface and prepared the sample for nitrogen adsorption. 

For the surface area measurement, desorption isotherms were analyzed by the Brunauer–

Emmert– Teller (BET) equation. In the case of the pore size distribution, pores were classified as 

micropores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm) [107] and determined by 

the t-method [108]. The obtained data was processed automatically by the software.  

 

3.4.2 Measurement of the point of zero charge 

The point of zero charge (PZC) was determined by the drift method [109]. NaCl 0.1 M 

was prepared. 40 mL of solution was added to 5 Erlenmeyer flasks with capacity of 125 mL. The 

pH of each container was adjusted to values of 5, 7, 9 and 11, using NaOH 0.5 N or HCl 0.5 N. 

Finally, 200 mg of adsorbent was added to each flask and covered with Parafilm. Samples were 

shaken for 48 hours at 200 rpm using an orbital shaker at room temperature (295 K). A Thermo 

Scientific pH meter was calibrated, samples were filtered using a 0.45 µm acetate syringe filter, 

and the final pH value was measured in each case. The point of zero charge corresponded to the 

pH at which the curve crosses the line pH final = pH initial. 

 

3.4.3 Measurement of oxygen groups content on activated carbon 

 

Standardization of solutions concentration 

The content of oxygen groups on activated carbon was determined by Boehm's titration 

method following the methodology proposed by Goertzen, Theriault, Oickle, Tarasuk, & 

Andreas [110]. Acid groups were evaluated using basic solutions of different strengths 

(NaHCO3, Na2CO3, and NaOH). On the other hand, basic properties were assessed using 

hydrochloric acid. The solutions concentration for all the cases was 0.05 M. 
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Standardized solutions of NaOH and HCl of concentration 1 M were obtained from Alfa 

Aesar. Solutions used for characterization were obtained diluting standardized solutions to a final 

concentration of 0.05 M for both reagents. Na2CO3 (99.5% purity) and NaHCO3 (99.9% purity) 

were obtained from Sigma-Aldrich. Solutions of concentration 0.05 M were prepared, and real 

concentration was obtained titrating 10 mL of each solution. The methodology that was followed 

is detailed below: 

 For Na2CO3, 30 mL of 0.05 M HCl were added and back titrated with NaOH 0.05 M.  

 For NaHCO3, 20 mL of 0.05 M HCl were added and back titrated with NaOH 0.05 M.  

The endpoint of each test was determined by potentiometric titration using a pH meter 

when the pH value reached 7.0. 

 

Preparation of samples and data processing 

Each activated carbon was washed with Mili-Q water, dried at 383 K for 12 hours and 

collocated into a desiccator until its use. 1.5 g of each activated carbon was weighed, added to 50 

mL of  NaHCO3, Na2CO3, NaOH and HCl 0.05 M, and sealed immediately with Parafilm. 

Samples were shaken for 24 hours at 130 rpm using an orbital shaker, filtered using a 0.45 µm 

syringe filter and degassed for 15 minutes by sonication. An aliquot of 10 mL was taken into an 

Erlenmeyer flask, previously washed with Mili-Q water, dried and sonicated for 10 min, and 

titrated as detailed below:  

 For Na2CO3, 30 mL of 0.05 M HCl was added and back titrated with NaOH 0.05 M.  

 For NaOH and NaHCO3, 20 mL of 0.05 M HCl was added and back titrated with NaOH 

0.05 M.  

 For HCl, 20 mL of 0.05 M NaOH was added and back titrated with HCl 0.05 M. 

The endpoint of each test was determined by potentiometric titration using a pH meter 

when the pH value was 7.0. 
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3.4.4 Determination of composition of natural and modified zeolites  

The composition of the zeolites was determined by X-ray fluorescence (XRF). A Bruker 

S8 Tiger wavelength dispersive X-ray fluorescence (WDXRF) spectrometer was used, and 

analysis was carried out at Saskatchewan Research Council (SRC). X-ray fluorescence is a non-

destructive and accurate technique that allowed determining the elemental composition of 

zeolites. 

3.5 Real manure characterization 

Liquid manure samples were obtained from the Prairie Swine Centre. Fresh samples were 

contained in 10 L containers and kept at refrigerated conditions (4°C) until its analysis. 

 

3.5.1 Dissolved solids and total solids concentration 

The dissolved and total solids in real manure were determined following the procedure 

suggested by HACH in the Handbook of Water Analysis [111]. For the determination of 

dissolved solids the manure was previously filtered using Whatman filter paper (8 μm). 

An evaporating dish was collocated in a Lab Companion oven at 104°C for 1 hour and 

cooled in a desiccator until room temperature was achieved. The evaporating dish was weighed 

in an analytical balance, and the weight was recorded. Later, 35 mL of manure was added to the 

evaporating dish and put in the oven at 104°C for 6 hours. The evaporating dish was cooled in a 

desiccator and weighed. Finally, the sample was again placed in the oven and weighed every 

hour until results did not change more than 0.3 mg. The concentration of solids was determined 

by the difference of weights.  

 

3.5.2 Dissolved organic carbon (DOC) determination 

The dissolved organic carbon (DOC) was determined by CO2 quantification using non-

dispersive infrared analysis after catalytic combustion at 680°C. Manure was filtered using 
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acetate syringe filters (0.45 μm) and diluted 50 times using deionized water. The dissolved 

organic carbon was measured using a Shimadzu TOC-L analyzer. 

 

3.5.3 Chemical oxygen demand (COD) determination 

The measurement of the liquid manure chemical oxygen demand (COD) was carried out 

following the method suggested by the American Public Health Association (APHA), American 

Water Works Association (AWWA), and Water Environment Federation (WEF) for the 

examination of water and wastewater [112]. Filtered (acetate syringe filters 0.45 μm) and non-

filtered samples were analyzed. 

Liquid manure was homogenized, 1 mL of sample was taken and diluted to 20 mL. 2 mL 

of the resulting solution was added to high range COD vials (0-1500 mg O2/L) and heated at 

150°C for 2 hours. Later, vials were cooled to room temperature and analyzed using a Hach DR 

2800 Portable Spectrophotometer. The COD was reported as mg O2/L. 

 

3.6 Repeatability of Experimental Measurements and Procedures 

The following considerations were taken into account to ensure the experimental 

repeatability and data processing: 

 Fresh lincomycin solutions were prepared the day prior the samples preparation. Initial 

concentration was measured for all the prepared solutions, and initial concentration did 

not deviate more than 0.5 ppm from the desired concentration in all the cases. 

 Adsorption isotherms experiments were triplicated for samples at pH 6.5 and duplicated 

for samples at pH 10 in deionized water and synthetic and real manure. The adsorption 

capacity was calculated for each concentration point, and the standard deviation was 

reported for Y axis representing lincomycin solution concentration and adsorption 

capacity respectively.  

 The weight of adsorbent for each sample had a maximum deviation of ±1 mg from the 

desired value (50 mg for 1240, NR, F400 and F300, 100 mg for SAN, and 200 mg/L for 
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SAD and zeolites). This deviation was corrected by the solution volume added to the 

Erlenmeyer flask. 

 Solutions were collocated into the controlled temperature chambers the day before 

samples preparation, fluctuations of temperature in the chamber were less than ±0.1 K. 

 A calibration curve using MECASYS Optizen POP UV-Vis spectrophotometer provided 

an accuracy of 3 significant digits. Hence concentration and standard deviation in the 

determination of equilibrium time was reported with one decimal digit accuracy in the 

ppm range. On the other hand, calibration curve using Thermo Scientific Ultimate 3000 

HPLC provided a precision of 4 significant digits, and subsequently, concentration and 

standard deviation in the isotherms essays was reported with two decimal digits in the 

ppm range. 

 The point of zero charge and oxygen content characterizations assays were duplicated, 

and the average value was reported. Thermo Fisher pH meter possessed a tolerance of 

±0.01. Burettes had a precision of 0.1 mL. 
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4 CHAPTER 4 

CHARACTERIZATION OF ADSORBENTS 

 

The adsorbents porosity, surface area and pore size distribution (PSD), the point of zero 

charge (PZC), oxygen content for activated carbons and elemental composition for zeolites were 

characterized using the methodologies described in chapter three. The following paragraphs 

present the results obtained from these procedures. 

 

4.1 Measurement of Adsorbent surface area and pore size distribution 

The porosity characterization of the adsorbents used in this study was carried out by 

physical adsorption of nitrogen at 77 K using an Accelerated Surface Area and Porosimeter 

system (ASAP 2020, Micromeritics). Results obtained from the characterization are shown in 

Table 4.1. Activated carbons can be divided into two groups, the first group is comprised of 

1240, NR, F400 and F300; and the second group consists of SAN and SAD. 

The first group showed surface and micro-pore areas greater than 1000 m2/g and 800 

m2/g respectively, hence, the majority of their structure is composed of micropores. Average 

pore size confirms that, in the case of these adsorbents, the corresponding values are near the 

limit of micropores size definition (<2 nm) [113]. The second group corresponds to activated 

carbons with BET surface areas less than 800 m2/g. These activated carbons can be defined as 

mesoporous materials since their average pore size is greater than 40 Å [81].  
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Natural zeolite showed lower surface area and microporosity. However, due to the acid 

treatment, an increase in the surface area and a decrease in the pore size due to the removal of 

cations such Al, Mg, Fe and Ca from the clinoptilolite structure [60] was observed. 

 

Table 4.1. Activated carbons porosity characterization by nitrogen adsorption at 77 K 

  

Adsorbent 

BET 

surface 

area 

(m2/g) 

Average 

pore size 

(A) 

t-Plot 

micropore 

surface area 

(m2/g) 

t-Plot 

external 

surface area 

(m2/g) 

Micropore 

volume 

(cm3/g) 

Mesopore 

volume 

(cm3/g) 

1240 1449 27 974 475 0.404 0.988 

NR 1155 23 885 270 0.375 0.655 

F400 1184 22 869 315 0.370 0.647 

F300 1046 23 845 201 0.358 0.598 

SAN 787 44 381 406 0.167 0.876 

SAD 764 45 420 344 0.182 0.856 

NZ 47 72 8 39 0.003 0.084 

NZH 121 46 58 63 0.030 0.139 

 

 

4.2 Measurement of point of zero charge 

The point of zero charge of activated carbons and natural zeolites used in this study was 

determined using the drift method, explained in chapter three. Figure 4.1 shows the obtained 

PZC diagram.  
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Figure 4.1. PZC determination diagram for activated carbons and zeolites by drift method 

 

In the case of activated carbons the point of zero charge value decreased as 

1240>F300>NR>F400>SAN>SAD. The PZC represents the pH value at which the total surface 

charge is zero [39], so below the PZC, the total charge is positive and, conversely, pH values 

above the PZC provides negatively charged surface [114]. The adsorption of charged species 

onto charged surfaces can be expected to be strongly influenced by electrostatic attraction or 

repulsion forces [37]. Hence, determination of PZC value is necessary to explain the electrostatic 

interactions that influence the adsorption process. The calculated values are presented in Table 

4.2. 
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Table 4.2. Points of zero charge for activated carbons and zeolites used in this study 

determined by drift method 

 

Adsorbent 1240 NR F400 F300 SAN SAD NZ NZH 

PZC 10.3 9.7 9.4 9.0 8.3 7.5 4.9 2.1 

 

According to the PZC values for activated carbons, SAN and SAD were neutral and 

1240, NR, F400, and F300 were basic [40]. Acidity and basicity in ACs are established by the 

concentration of oxygen groups on the carbon surface [39]. Thus, acid properties are caused by 

the presence of carboxyl, phenol and lactone groups [42]. On the other hand, basic properties are 

due to the presence of chromene and pyrone structures [14]. Activated carbons presented in this 

study are mainly basic and it is expected a low concentration of carboxylic, phenolic and lactone 

groups. The results obtained for the quantification of acid and basic groups is presented in 

section 4.3.  

For natural zeolite and modified natural zeolite, the point of zero charge value depends 

on factors such as crystallinity, Si/Al ratio and the presence of cations [115]. The PZC of natural 

zeolite was 4.9; this value is similar to the one obtained for a Chinese clinoptilolite by Zhang 

[116]. The PZC determines the charge of the zeolite surface at the experimental pH conditions 

[117], hence, in this study, the surface is negatively charged at pH 6.5 and 10.0 due to proton 

deficit [118]. At pH 6.5 lincomycin is positively charged and ion exchange is possible, 

conversely, at pH 10.0 lincomycin is in its neutral form and adsorption interactions are not 

related to ion exchange mechanism [62]. 

Acid modification of natural zeolite produced a decrease in the PZC value from 4.9 to 2.1 

due to the alumina and other cations removal that modifies the anion framework [17,59]. Thus, 

hydroxyl groups bonded to the zeolite structure present weaker interactions with the framework 

and become available for deprotonation, increasing the acid character represented by the PZC 

value [118].  
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4.3 Measurement of oxygen content on activated carbon 

The oxygen content of activated carbons was determined by Boehm’s titration method, 

explained in chapter three. Characterization results are shown in Table 4.3. 

 

Table 4.3. Surface chemistry analysis of activated carbons using Boehm’s titration method 

 

 

Adsorbent 

Carboxylic 

groups 

(µeq/g) 

Lactonic 

groups 

(µeq/g) 

Phenolic 

groups 

(µeq/g) 

Acid 

groups 

(µeq/g) 

Basic 

groups 

(µeq/g) 

1240 17 174 43 234 524 

NR 50 199 22 271 717 

F400 33 157 62 253 456 

F300 100 24 10 134 400 

SAN 182 16 26 224 346 

SAD 240 75 31 346 239 

 

 

Boehm’s titration characterization results of activated carbons revealed the presence of 

more basic than acidic functional groups for 1240, NR, F400, F300 and SAN. On the other hand, 

only SAD presented greater concentration of acid than basic sites. As mentioned in section 4.2, 

acidity is represented by the total acid groups concentration, due to the presence of carboxyl, 

phenol and lactone groups [42]. On the other hand, basicity is represented by the concentration 

of basic groups, caused by the presence of chromene and pyrone structures [14].  
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Activated carbons point of zero charge is related directly to the concentration of oxygen 

groups. Thus, a high concentration of acid groups promotes low PZC values and, conversely, a 

high concentration of basic sites increases the value of PZC [39] as shown in Table 4.2. 

Acidic groups such as carboxylic, lactonic and phenolic are responsible for hydrogen 

bonds and electron-donor complex systems intermolecular interactions [39]. On the other hand, 

basic groups produce hydrophobic zones where adsorption of water is avoided, and organic 

molecules can interact with the surface [47]. Hence, the presence of both acid and basic groups 

on the carbon surface plays a major role in the mechanisms that control the adsorption process 

[43]. 

 

4.4 Determination of composition of natural and modified zeolites  

Natural zeolite was treated with acid to dissolve cations such Al, Mg, Fe and Ca from the 

clinoptilolite structure and increase the ratio Si/Al. X-ray fluorescence analysis was carried out to 

determine the composition of the samples. Results obtained are shown in  

Table 4.4. 

 

Table 4.4. X-ray fluorescence analysis for natural and acid modified clinoptilolite 

 

 
Composition (%) 

Adsorbent Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 

NZ 0.35 0.21 8.81 61.07 0.04 2.90 0.91 0.12 0.00 1.80 

NZH 0.00 0.15 7.00 66.59 0.04 0.81 0.55 0.12 0.00 1.70 
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Table 4.4 presents the results obtained by X-ray fluorescence analysis of natural zeolite 

(NZ) and modified natural zeolite (NZH). It can be noted that the ratio Si/Al increased from 6.12 

in NZ to 8.46 in NZH, this variation can improve the hydrophobic character of this material, 

useful for the adsorption of non-polar molecules from water [119]. On the other hand, acid 

treatment also removed cations such as Na, Mg, K, Ca and Fe that reduce the cation-exchange 

capacity [17] and also modifies the zeolite cell structure [59].  

The reduction in the value of the point of zero charge of clinoptilolite is attributed to the 

removal of cations such as Na, Mg, K, Ca, as shown in  

Table 4.4, that modifies the zeolite framework and releases hydroxyl groups that can act 

as acid sites [17,59,118].  
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5 CHAPTER 5 

ADSORPTION OF LINCOMYCIN ON ACTIVATED CARBON AND 

ZEOLITES IN DEIONIZED WATER 

 

The following chapter presents the results obtained from the adsorption of lincomycin on 

activated carbons and zeolites in deionized water at different temperatures (280, 288, 296 and 

306 K), initial pH values (6.5 and 10.0), and solution ionic strength levels (0-100 mM). First, the 

adsorption process was described using traditional two parameters isotherms models such as 

Langmuir and Freundlich models and a three parameter model (Sips model) by non-linear 

regressions using Origin 2017 software. The second section of this chapter deals with the effect 

of temperature in the adsorption capacity through the thermodynamic characterization associated 

to each adsorbent at neutral pH. Thermodynamic parameters of enthalpy, entropy and Gibbs 

energy changes were determined and discussed. Finally, since pH value affects both lincomycin 

and adsorbent surface charge and because electrostatic interactions can play a major role in the 

adsorption process, the effect of varying this parameter value was studied. Thus, adsorbents 

1240, NR and F400 activated carbons that showed high adsorption capacity and NZ were tested 

at pH 10.0. The process was characterized by the determination of the characteristic parameters 

of Langmuir, Freundlich, and Sips models through non-linear regressions. 

  

5.1 Modeling of lincomycin adsorption on selected adsorbents at different temperatures 

(280, 288, 296 and 306 K) in deionized water at neutral pH 

First stage adsorption assays were conducted following the methodology established in 

chapter three. The following section explains the mechanisms that control the adsorption of 
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lincomycin on selected adsorbents. However, the effect of temperature on the adsorption process 

is discussed later through the thermodynamic characterization presented in section 5.2. Samples 

were analyzed by HPLC and processed using the calibration curve described in Figure 3.4.  

 

5.1.1 Modeling of lincomycin adsorption on activated carbons at different temperatures 

(280, 288, 296 and 306 K) in deionized water  

The complete set of adsorption isotherms of lincomycin on activated carbons at different 

temperatures is shown in Appendix B. 

Isotherms obtained by the adsorption of lincomycin on activated carbons were fitted to 

Langmuir and Freundlich models. Table 5.1 shows the fitting results by Langmuir and 

Freundlich non-linear regressions using Origin 2017 Pro software through Levenberg–Marquardt 

algorithm method. The Levenberg-Marquardt algorithm method was used because it is 

considered a combination of  the gradient descent and the Gauss-Newton methods [120]. 

Therefore, when the parameters are far and near the optimal values it approaches to the gradient 

descent and Gauss-Newton models, respectively [120].  

It can be noted that temperature increase affected the uptake of lincomycin directly. Thus, 

the adsorption capacity was maximum, in all the cases, at 306 K. To determine if the temperature 

variation has statistically significant impact on the adsorption capacity, a statistical analysis was 

carried out. Thus, a two-factor (temperature and initial concentration) Analysis of Variance 

(ANOVA) with Least Significant Differences (LSD) multiple range tests (95% confidence), for 

means analysis, was carried out. First, it was found that for all the adsorbents, the statistical 

parameter P-Value was less than 0.05. Therefore, at 95.0% confidence level, it was determined 

that temperature is a statistically significant variable on the adsorption capacity. Statistical 

analysis results, regarding the ANOVA table and Multiple Range test results are presented in 

Appendix C. Further explanation of the temperature effect is provided in section 5.2. 

 

 



52 

 

Table 5.1. Parameters for Langmuir and Freundlich adsorption isotherms of lincomycin on 

activated carbons at different temperatures in deionized water at initial pH 6.5 

 

Adsorbent 
Temperature 

(K) 

Freundlich model Langmuir model 

KF 

(mg/g)(L/mg)1/n 
n R2 

qmax 

(mg*g−1) 

KL 

(L*mg−1) 
R2 

 

1240 

280 124.1 6.22 0.986 241.3 0.378 0.986 

288 133.3 6.11 0.993 259.0 0.413 0.983 

296 150.5 6.53 0.992 275.4 0.548 0.978 

306 171.1 6.88 0.995 295.8 0.831 0.966 

NR 

280 152.6 9.23 0.981 235.2 0.781 0.993 

288 168.2 9.55 0.980 253.2 0.958 0.993 

296 179.5 9.33 0.985 269.4 1.189 0.988 

306 192.7 9.42 0.989 283.5 1.717 0.980 

F400 

280 127.3 6.47 0.987 239.4 0.423 0.981 

288 135.5 6.52 0.993 251.3 0.474 0.981 

296 149.1 6.83 0.997 263.8 0.630 0.973 

306 162.3 7.19 0.996 275.3 0.823 0.969 

F300 

280 106.7 6.14 0.988 212.6 0.319 0.995 

288 117.2 6.27 0.986 228.2 0.356 0.988 

296 129.6 6.68 0.991 238.9 0.447 0.987 

306 145.3 7.36 0.990 249.4 0.607 0.985 

SAN 

280 43.4 6.88 0.997 80.4 0.359 0.987 

288 47.8 7.25 0.998 85.1 0.416 0.985 

296 51.5 7.75 0.998 87.4 0.499 0.981 

306 56.5 8.61 0.998 90.7 0.595 0.989 

SAD 

280 25.3 7.16 0.998 45.1 0.444 0.981 

288 27.6 7.28 0.997 48.1 0.508 0.974 

296 31.0 8.16 0.996 50.5 0.653 0.977 

306 35.0 9.44 0.995 52.9 0.898 0.983 
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Adsorption capacity at 306 K, corresponded to 295.8 mg/g for 1240, 283.5 mg/g for NR, 

275.2 mg/g for F400 and 249.4 mg/g for F300 that presented high adsorption capacity. On the 

other hand, SAN and SAD provided adsorption capacities of 90.7 mg/g and 52.9 mg/g, 

respectively. Adsorption capacities obtained in this study are higher than the ones obtained using 

smectite clays [34], manure-derived biochars [62], synthetic zeolites [33] and carbon nanotubes 

[54], in the adsorption of lincomycin from deionized water. However, the range of 

concentrations used in the studies mentioned before is smaller than the one utilized in this study. 

Therefore, it is only possible to consider these values as references since extrapolating results 

can lead to overestimation of the removal capacity [121]. 

Freundlich model represented the isotherms better than Langmuir model using the 

determination coefficient (R2) as comparison parameter for 1240, F400, F300, SAN and SAD 

and Langmuir model described better the behavior of NR based on the same parameter value. 

Kim et al., [54] studied the adsorption of lincomycin on carbon nanotubes and determined that 

Langmuir model did not predict correctly the behavior of the process (R2<0.7), probably, 

because adsorption of lincomycin is not a pure monolayer type. Thus, Freundlich model was well 

fitted to the experimental data (R2>0.96). Figure 5.1. Adsorption isotherms and Freundlich 

model fitting for adsorption of lincomycin on activated carbons at 306 K and Figure 5.2 show the 

adsorption isotherms and Langmuir and Freundlich models fitting respectively, for adsorption of 

lincomycin on selected activated carbons at 306 K, which promoted the maximum adsorption 

capacity. 

For all activated carbons adsorption process was nonlinear with n greater than 6, 

indicating that the adsorption isotherm behavior is different from the linear isotherm and 

suggesting a highly heterogeneous distribution of sorption energy with non-localized adsorption 

sites [51,63]. Besides, KF was greater than 100 mg1−n*Ln*g−1 for 1240, NR, F400, and F300, 

demonstrating high adsorption affinity for these activated carbons and less than 56.5 

mg1−n*Ln*g−1 for SAN and SAD. 
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Figure 5.1. Adsorption isotherms and Freundlich model fitting for adsorption of lincomycin on 

activated carbons at 306 K in deionized water at initial pH 6.5 

 

 

Figure 5.2. Adsorption isotherms and Langmuir model fitting for adsorption of lincomycin on 

activated carbons at 306 K in deionized water at initial pH 6.5 
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On the other hand, Langmuir model predicted the highest qmax parameter values at 306 K 

for the adsorbents in the order of 1240>NR>F400>F300>SAN>SAD. Figure 5.1 and Figure 5.2 

show the fitting of data to Freundlich and Langmuir models, respectively. It can be noted that, 

although Freundlich model describes better the isotherms data based on the determination 

coefficient, it does not describe well the data in the high concentrations range and does not 

consider a saturation capacity [63]. Therefore, the range of application of this model is limited to 

low to medium concentrations. On the other hand, Langmuir model does not work properly in 

the low concentrations range but, it describes better the high concentrations range through its 

maximum adsorption capacity parameter [64]. It can be due to the assumptions used to develop 

this model, associated to the energetic homogeneity of the surface and a limited number of 

similar adsorption energy sites [37,65] are not necessarily true for activated carbons. It can be 

confirmed by the heterogeneity parameter value (n) determined by Freundlich model.  

Based on the problems of the continuing increase in the adsorption capacity with an 

increase in the solution concentration predicted by Freundlich equation, Sips model provides an 

equation similar in form to the Freundlich equation, but it has a finite limit when the 

concentration is sufficiently high [63,64]. Therefore, it can predict the behavior of the process in 

the complete range of concentrations [63,64]. Table 5.2 shows the results obtained by non-linear 

regression method for Sips model fitting. 

Table 5.2 shows the results obtained for fitting adsorption data to Sips model. The 

determination coefficient minimum value corresponded to 0.993 showing the good fitting that 

this model provided in the complete range of concentrations used in this study. The n value, 

related to the heterogeneity of the adsorption sites on the surface [63], was in all the cases greater 

than 1. It agrees with the results obtained by Freundlich model. 
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Table 5.2. Parameters for Sips adsorption isotherms of lincomycin on activated carbons 

at different temperatures in deionized water at initial pH 6.5 

 

Temp. 

(K) 
Ads. 

KS  

(L*mg−1) 

qm 

(mg*g−1) 
n R2 Ads. 

KS  

(L*mg−1) 

qm 

(mg*g−1) 
n R2 

280 

1240 

0.299 282.0 1.75 0.995 

F300 

0.290 235.8 1.51 0.998 

288 0.217 336.4 2.17 0.998 0.292 264.7 1.72 0.995 

296 0.252 366.6 2.37 0.997 0.327 289.5 1.98 0.998 

306 0.148 458.0 3.09 0.998 0.472 300.2 2.08 0.996 

280 

NR 

0.878 247.3 1.41 0.995 

SAN 

0.107 120.1 2.94 0.998 

288 1.078 266.9 1.45 0.996 0.055 144.0 3.54 0.999 

296 1.269 298.4 1.83 0.997 0.003 212.3 4.96 0.998 

306 1.447 338.2 2.42 0.997 0.265 129.4 3.28 0.999 

280 

F400 

0.285 295.6 2.04 0.993 

SAD 

0.002 113.7 4.71 0.998 

288 0.237 331.9 2.33 0.997 0.001 244.6 6.04 0.998 

296 0.106 419.2 3.16 0.998 0.036 93.5 4.29 0.996 

306 0.115 444.5 3.36 0.998 0.557 71.6 3.20 0.997 

 

 

Besides, qm represented the adsorption capacity at saturation conditions. The results 

differ from the ones obtained by Langmuir model (qmax) due to the slow increase that 

experimental adsorption capacity presents with concentrations approaching the saturation 

plateau. Figure 5.3 shows the adsorption isotherms and Sips model fitting respectively, for 

adsorption of lincomycin on selected activated carbons at 306 K, which showed the maximum 

adsorption capacity. 
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Figure 5.3. Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbons at 306 K in deionized water at initial pH 6.5 
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a positive linear correlation (R2=0.98) between the Freundlich constant and surface area. 

However, it is mentioned that other properties additional to the surface area control the 

adsorption on carbon materials. 

Since micropore area seems to be important for the adsorption process, it was necessary 

to analyze the accessibility to this specific group of pores. Lincomycin dimensions are 

5.3*7.2*15.6 A, and the corresponding Stokes diameter is 0.58 nm [33], besides, for all the 

activated carbons used in this research the smallest pore that could be measured from BET 

porosity characterization was bigger than 0.804 nm, indicating that all the microporosity is 

accessible to the target molecules. 

Even though micropore surface area seems to have a major role in predicting adsorption 

capacity it does not explain the low adsorption capacity presented by SAN and SAD and also the 

lower adsorption capacity presented by F300 in comparison with 1240, NR and F400 with 

similar micropore area. Therefore, other factors should have also played relevant roles in the 

adsorption of lincomycin, these parameters are discussed below. 

To avoid introduction of species that affect the process characterization [40], experiments 

were carried out without adding any reagent to control the pH value . The pH value corresponded 

to around 6.5 for all the samples. At this pH value, lincomycin with a pKa of 7.8 [28], was 

present in the system approximately 87% as cation species and the remaining 13% as neutral 

species [62]. Besides, from the point of zero charge characterization results, all the activated 

carbons were also positively charged. Therefore, electrostatic interactions caused adsorbent-

adsorbate repulsion [43] and, consequently, adsorption process must be controlled by non-

electrostatic interactions like hydrophobic interactions, van der Waals forces, and hydrogen 

bonding [39]. 

The hydrophobic character in activated carbons is directly affected by the presence of 

oxygen surface groups [39]. Therefore, both Boehm’s titration method and point of zero charge 

characterizations may be used as comparison parameters. The point of zero charge decreasing 

values were in the order of 1240>F400>NR>F300>SAN=SAD. This trend agrees with the 

results obtained in the adsorption process. Lincomycin is not a hydrophobic compound as shown 

by its high solubility in water (2930 mg/L) and octanol-water partitioning coefficient (log D=-
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2.20) and, as a consequence, hydrophobic interactions between activated carbon and lincomycin 

are not as important as hydrogen bonds and π- π interactions [33]. However, this hydrophobic 

character on activated carbon surface creates “hydrophobic zones”,  where the adsorption of 

water on the carbon surface by hydrogen bonds is avoided, but the same interaction can take 

place between the carbon limited oxygen groups and lincomycin [62]. Although activated 

carbons that provided high adsorption capacity are mainly hydrophobic, Boehm’s titration 

characterization determined the presence of carbonyl and in less quantity carboxyl groups on the 

activated carbon surface. These groups are probably located at the graphene layer edges [39]; 

therefore, hydrogen bonds play a role in the adsorption process [54].  

Lincomycin molecule has hydroxyl groups bonded to the pyranose ring. These groups 

can interact and form hydrogen bonds with the limited number of oxygen groups on carbon 

surface [53,54]. Lincomycin molecule presents three hydroxyl groups associated with the same 

pyranose ring. However, the number of hydroxyl groups on the carbon surface is limited. 

Therefore, it would be expected that a single lincomycin molecule can form only a single 

functional group on the carbon surface [33]. Velasco & Ania (2011) reported that the 

incorporation of hydroxyl functionalities on the edges of the basal planes due to oxidation can 

improve the hydrogen bonding but reduce the hydrophobic character and, subsequently, promote 

competition between water and adsorbate for adsorption sites. 

Other possible mechanisms are π- π bonds between the carbon basal planes and the 

aromatic rings in the adsorbate’s structure [39,47]. This mechanism can not be used for 

explaining the adsorption of lincomycin on activated carbon because adsorbate molecule does 

not contain aromatic rings or π electrons that interact with the π electrons of aromatic rings on 

the carbon surface [53,62]. Hence, at this stage, it can be stated that this mechanism does not 

affect the adsorption process.  

A third possible mechanism is electron donor-acceptor complex systems. Carbonyl 

groups on the surface are weak acid oxygen sites on the activated carbon surface and can be used 

as electron donor sites or Lewis bases [39,124]. On the other hand, lack of aromatic rings in the 

structure of lincomycin does not allow this type of dipole interactions [62,125].  
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Figure 5.4 shows the schematics of hydrogen bond interactions between lincomycin and 

activated carbon surface. 

 

 

Figure 5.4. The schematics of hydrogen bond interactions between lincomycin and activated 

carbon surface 

 

The introductory paragraphs about the parameters and mechanisms controlling the 

adsorption process stated that micropore area plays a major role in the adsorption process. 

However, micropore area do not explain the mechanisms controlling the process. At the initial 

experimental conditions, electrostatic interactions cause repulsion between adsorbent-adsorbate 

and other mechanisms such as hydrophobic interactions, π- π interactions, and hydrogen bonding 

should control the process. Therefore, it can be stated that even though hydrophobic interactions 

are not strong, due to the hydrophilic character of lincomycin, it can play a major role in the 

creation of highly hydrophobic zones where other interactions like hydrogen bonds appear 

between the graphene oxygen groups and hydroxyl groups in the lincomycin’s pyranose ring. 

Besides, other mechanisms such as electron donor-acceptor interaction and π - π interactions are 

not possible due to the lack of aromatic rings in the lincomycin’s structure. At this stage, from 

textural and surface characterizations it is possible to infer that hydrogen bonding is the main 



61 

 

mechanism controlling the adsorption process. However, thermodynamic characterization, 

presented in section 5.2, provides relevant information for clarifying this discussion.   

 

5.1.2 Modeling of lincomycin adsorption on natural zeolite at different temperatures (280, 

288, 296 and 306 K) in deionized water  

Isotherms obtained by adsorption of lincomycin on natural zeolite and modified natural 

zeolite were fitted to Langmuir, Freundlich, and Sips models. Table 5.3 shows the fitting results 

by Langmuir and Freundlich non-linear regressions, using Origin 2017 Pro software through 

Levenberg–Marquardt algorithm method. Complete adsorption isotherms and models fitting the 

adsorption of lincomycin on zeolites are shown in Appendix B. 

Characteristic parameters of Langmuir and Freundlich models are listed in Table 5.3. To 

verify if the temperature is a variable that causes significant differences in the adsorption 

capacity, the same statistical analysis used in section 5.1.1 was applied. Thus, a two-factor 

(temperature and initial concentration) ANOVA analysis with LSD multiple range tests (95% 

confidence), for means analysis, was carried out. Statistical analysis results are presented in 

Appendix C and showed that temperature is a statistically significant variable affecting the 

adsorption capacity based on the P-value (less than 0.05) and multiple range test.  
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Table 5.3. Parameters for Langmuir and Freundlich adsorption isotherms of lincomycin 

on natural zeolite at different temperatures in deionized water at initial pH 6.5 

 

Adsorbent 
Temperature 

(K) 

Freundlich model Langmuir model 

KF  

 (mg/g)(L/mg)1/n 
n R2 

qmax 

(mg*g−1) 

KL 

(L*mg−1) 
R2 

NZ 

280 30.1 10.47 0.994 44.5 0.711 0.998 

288 31.2 10.14 0.996 46.5 0.746 0.996 

296 33.1 10.66 0.996 48.3 0.841 0.996 

306 34.3 10.47 0.998 49.9 0.943 0.992 

NZH 

280 7.3 5.19 0.955 18.0 0.148 0.986 

288 7.9 5.08 0.957 19.8 0.145 0.990 

296 8.1 4.69 0.973 21.8 0.134 0.994 

306 8.6 4.72 0.970 23.0 0.138 0.990 

 

Table 5.3 shows the fitting results for Freundlich and Langmuir models. In this case, both 

Langmuir and Freundlich models predicted well the adsorption data (R2>0.955), but Langmuir 

model predicted the behavior of the process better than Freundlich model based on the 

determination coefficient (R2>0.986) values as comparison parameter. It can be because 

adsorption on natural zeolites is carried out as monolayer coverage on the surface as described in 

Langmuir model [58,63]. Besides, due to the structure framework, the adsorption sites are 

homogenously distributed on the zeolite surface [65]. Li, Stockwell, Niles, Minegar and Hong, 

Hanlie [57] studied the adsorption of sulfadiazine sulfonamide from water on clinoptilolite and 

concluded that the best fitting to Langmuir model is caused by electrostatic interactions such as 

cation exchange. Even though Langmuir model described the data well, it was also be fitted to 

Sips model.  

 

Table 5.4 shows the results obtained by non-linear regressions method for Sips model 

fitting. 
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Table 5.4. Parameters for Sips adsorption isotherms of lincomycin on natural  

zeolite at different temperatures in deionized water at initial pH 6.5 

 

Adsorbent 
Temperature 

(K) 

KS  

(L*mg−1) 

qm  

(mg*g−1) 
n R2 

NZ 

280 0.930 46.9 1.50 0.999 

288 1.029 52.4 2.04 0.999 

296 1.204 53.0 1.88 0.999 

306 1.094 61.9 2.85 0.999 

NZH 

280 0.147 16.9 0.73 0.989 

288 0.140 18.4 0.69 0.994 

296 0.136 21.5 0.95 0.994 

306 0.138 22.9 0.98 0.989 

 

 

 

Table 5.4 shows the results obtained for fitting adsorption data on zeolites to Sips model. 

The determination coefficient minimum value corresponded to 0.999 for NZ and 0.989 for NZH. 

These values showed the good fitting that this model provided in the complete range of 

concentrations used in this study for zeolites. 

Characteristic parameter qm changed about 20% from Langmuir to Sips model due to the 

later model considering a slow increase until reaching the saturation plateau. The predicted 

adsorption capacity at 306 K was 61.9 mg/g for NZ and 22.9 mg/g for NZH. Figure 5.5 shows 

the adsorption isotherms and Langmuir and Sips models fitting, for adsorption of lincomycin on 

NZ and NZH at 306 K, which exhibited the maximum adsorption capacity. 
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Figure 5.5. Adsorption isotherms and Langmuir and Sips model fitting for adsorption of 

lincomycin on natural zeolite at 306 K in deionized water at initial pH 6.5 

 

Adsorption capacity, at 306 K, decreased from 61.9 mg/g in NZ to 22.9 mg/g in NZH 

because the acid treatment removed cations such as Na, Mg, K, Ca and Fe that, probably, 

reduced the cation-exchange capacity [17] and modified the zeolite cell structure [59]. At the 

current stage, experiments initial pH was around 6.5 for all the samples with lincomycin 87% as 

cation species and 13% as neutral species [62]. Besides, from the results obtained in the point of 

zero charge characterization, natural zeolite was negatively charged. Hence, electrostatic 

interactions caused adsorbent-adsorbate attraction [43] and, consequently, adsorption process can 

be influenced by these interactions.  

Wang et al. [34] studied the adsorption of lincomycin on smectite zeolites and determined 

that significant reduction in adsorption capacity occurs between pH 7.0 and 7.5 due to the 

reduction of cationic lincomycin near its pka value (pH 7.8). Besides, reduction of lincomycin 
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adsorption was observed at pH values greater than 4 due to the decrease in the organic cation 

species. Hence, they concluded that the principal mechanism for adsorption of lincomycin on 

aluminosilicate materials as zeolite is cationic exchange. To verify that ion exchange plays a 

major role in the process, NaCl addition effect as ion exchanger competitor was studied [72]. 

Figure 5.6 shows the adsorption capacity of lincomycin on natural zeolite in the presence of three 

solutions at different NaCl concentrations. The initial concentration of lincomycin was 50 ppm 

(0.1 mM), and the temperature was 295 K. 

 

 

Figure 5.6. Adsorption capacity of lincomycin (Initial concentration 50 ppm) on natural zeolite 

in the presence of three different NaCl concentration solutions at 295 K in deionized water at 

initial pH 6.5 

 

Figure 5.6 shows that the addition of NaCl causes a decrease in the adsorption of 

lincomycin on natural zeolite, reductions from 45.2 mg/g to 28.5, 23.5 and 7.5 mg/g for 1, 10 and 

100 mM of NaCl, respectively were determined. Therefore, ion exchange is, probably, the main 

mechanism for adsorption of lincomycin on the natural zeolite. However, pH variation results, 

presented in section 6.2, can add significant information to confirm this theory. 
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One of the objectives of this research was applying the process to a complex matrix that 

could reproduce some characteristics of real liquid swine manure. The results of applying 

adsorption of lincomycin in synthetic manure are presented in Chapter 6. However, at this stage, 

it is possible to mention that one of the main components of manure is organic nitrogen in the 

form of ammonium [106]. Natural zeolite has been used commonly for the adsorption of this 

species by ionic exchange [37] and may compete with lincomycin for active sites. 

Regarding the adsorption capacity of NZH, the objectives of acid treatment were, firstly, 

to increase the ratio Si/Al to improve the hydrophobic bonding of organic molecules to natural 

zeolite [17] and, secondly, to increase the surface area and micro porosity of NZ [59]. It can be 

calculated from data in  

Table 4.4 that the ratio Si/Al rose from 6.12 in NZ to 8.46 in NZH; this variation 

improved the hydrophobic character of this material. However, acid treatment also removed 

cations from zeolite structure ( 

Table 4.4). As a consequence, the ion exchange properties of the material, probably, were 

affected [60]. 

On the other hand, zeolites porosity was modified by acid treatment. Thus, BET surface 

area increased from 47 m2/g in NZ to 121 m2/g in NZH, and micropore area was also increased 

from 8 m2/g in NZ to 58 m2/g in NZH as shown in Table 4.1. Activated carbons porosity 

characterization by nitrogen adsorption at 77 K. Kurama et al. [59] mention that the surface area 

increase was affected by the concentration of acid and experimental temperature due to the 

dissolution of alumina during the treatment. Also, Christidis, Moraetis, Keheyan, 

Akhalbedashvili, Kekelidze, Gevorkyan, Yeritsyan and Sargsyan [126] mention that the increase 

of surface and microporosity was due to the dissolution of free linkages and Si-tetrahedra, 

unblocking micropores. 

Therefore, although acid treatment increased the surface area, microporosity, and 

hydrophobicity of natural zeolite, it also reduced the cation exchange capacity, producing a 

reduction in the adsorption capacity of lincomycin.   
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5.2 Thermodynamic characterization of adsorption of lincomycin on activated carbons 

and zeolites in deionized water. 

Thermodynamic equilibrium constant for the adsorption of lincomycin on activated 

carbons and zeolites in deionized water was determined using the methodology proposed by 

Khan & Singh (1987) and corrected by Milonjić (2007) as explained in chapter two. Complete 

data and plots for determination of the equilibrium constant are shown in Appendix D. Gibbs 

free energy change was calculated using equation (2.5), and Van’t Hoff plot was used for 

determining enthalpy and entropy changes using the slope and intercept of the best fit straight 

line, respectively. Complete fitting results are presented in Appendix E. Figure 5.7, and Figure 

5.8 show Van’t Hoff plots for different activated carbons and zeolites respectively. 

 

Figure 5.7. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on activated 

carbons at 280-306 K in deionized water at initial pH 6.5 
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Figure 5.8. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on zeolites 

at 280-306 K in deionized water at initial pH 6.5 

 

The slope values, for each adsorbent, in Figure 5.7 and Figure 5.8 determine the enthalpy 

change of the process and, subsequently, provides clue about the range of the bonding strength 

[79]. Hence, from the figures analysis, it is possible to draw two preliminary conclusions. First, 

by comparison between different ACs and various zeolites, it can be noted that the slope value 

trend is similar for each group of adsorbents. Therefore, it is expected to obtain similar enthalpy 

change values for all the activated carbons, and the same behavior is expected for zeolites. Thus, 

it can be concluded that similar mechanisms control the adsorption process on each type of 

adsorbent. Second, it is possible to state that slope values for activated carbons are greater than 

the ones obtained for zeolites. Hence, the bonding strength for the adsorption of lincomycin on 

activated carbons is higher than the bonding strength on zeolites. 
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5.2.1 Thermodynamic characterization parameters on activated carbons at different 

temperatures (280, 288, 296 and 306 K) in deionized water  

From the slope and intercept values shown in Figure 5.7, it was possible to determine the 

thermodynamic characteristic parameters for adsorption of lincomycin on activated carbons. 

Results of change in standard Gibbs free energy, enthalpy and entropy for each adsorbent are 

presented in Table 5.5. 

 

Table 5.5. Thermodynamic parameters for the adsorption of lincomycin on activated 

carbons in deionized water at initial pH 6.5  

 

Adsorbent 

ΔG°  

(KJ/mol) 
ΔH°  

(KJ/mol) 

ΔS°  

(J/molK) 
280 K 288 K 296 K 306 K 

1240 -31.7 -33.6 -35.9 -39.4 50.4 293 

NR -36.4 -38.6 -40.7 -44.2 46.2 295 

F400 -32.4 -34.5 -37.3 -39.8 49.5 292 

F300 -31.0 -32.3 -35.0 -38.0 45.7 273 

SAN -31.4 -34.0 -36.4 -39.7 57.6 318 

SAD -31.5 -33.2 -36.0 -39.6 57.4 316 

 

 

Gibbs free energy is related to the spontaneity of the process, and its value is negative for 

all the cases. Hence, the adsorption of lincomycin is spontaneous and thermodynamically 

favorable [77]. Besides, the absolute values of the Gibbs free energy change increase with 

increasing temperature, indicating more favorable conditions at higher temperatures, as shown in 

isotherms fitting results presented in Table 5.3. The enthalpy and entropy changes were positive, 

in consequence, the adsorption process is endothermic, and the entropy change showed increase 

of disorder in the system [84].  
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For activated carbons, adsorption enthalpy change values fall within the range between 

46.2 KJ/mol for NR and 57.6 KJ/mol in the case of SAN, according to literature these values 

correspond to chemisorption [58,82,83] process. It has been assumed that adsorption process is 

by nature exothermic [85–87], it means that due to the bonding of adsorbed molecules on the 

adsorbent surface there is a subsequent energy release (e.g. condensation of gas molecules on the 

solid surface) [85]. However, this statement is only complete for physical adsorption, in the case 

of chemisorption, presented in this study, rupture and creation of chemical bonds take place, and 

some of these reactions can be of endothermic nature, providing an endothermic character to the 

complete process [85].  

Adsorption in liquid phase involves a simultaneous process of water desorption from the 

surface, by breaking hydrogen bonding, and adsorption of lincomycin, through the mechanisms 

detailed in section 5.1. Therefore, the energy absorbed due to bond breaking must be greater than 

the energy released by the bond formation to obtain a global positive enthalpy change [84,85]. 

This phenomenon can be explained by the positive entropy change, detailed in Table 5.5, 

because in lincomycin adsorption, the adsorbate molecule must replace at least two molecules of 

water to justify the increase in the global degrees of freedom and subsequent entropy increase 

[84]. Hence, two (or more) hydrogen bonds, where water molecules were adsorbed, are broken 

and one bond, due to the lincomycin’s adsorption, is created, this theory explains positive values 

of both the enthalpy and entropy changes. Endothermic adsorption on activated carbons has been 

widely reported in the recent years [86,89,90,127]. Pouretedal and Sadegh [127] justified their 

positive entropy change due to adsorption of organic molecules onto the surface of the solid 

implying that a chemical reaction is taking place and, hence, protonation or hydrogen bonding 

occurs.  

Previously, in section 5.1, it was speculated that the mechanisms occurring on the carbon 

surface could be π - π interaction, hydrogen bonding and/or electron donor-acceptor systems. 

Thus,  physisorption is characterized by weak dispersion forces like π- π interactions and 

chemisorption by the formation of hydrogen bonds and electron donor–acceptor complex 

systems [39]. Kim et al., [54] speculated that the adsorption of lincomycin on carbonaceous 

materials is controlled by H-bonding. However, no thermodynamic evidence was provided. As 
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mentioned in section 5.1, and from the thermodynamic evidence presented in section 5.2 it can 

be stated that the mechanism controlling the process is hydrogen bonding. 

 

5.2.2 Thermodynamic characterization on zeolites at different temperatures (280, 288, 

296 and 306 K) in deionized water  

From the slope and intercept of Van’t Hoff plot for zeolites, presented in Figure 5.8, the 

thermodynamic characteristic parameters were determined. Results for the thermodynamic 

parameters of the adsorption of lincomycin on zeolites are presented in Table 5.6. 

Table 5.6. Thermodynamic parameters for the adsorption of lincomycin on natural and 

modified zeolite 

 

Adsorbent 

ΔG°  

(KJ/mol) 
ΔH°  

(KJ/mol) 

ΔS°  

(J/molK) 
280 K 288 K 296 K 306 K 

NZ -22.6 -23.2 -23.8 -24.5 29.1 232 

NZH -21.0 -21.2 -22.4 -23.3 25.6 161 

 

Adsorption on zeolites was spontaneous and thermodynamically favorable due to the 

Gibbs energy free change values [77], the enthalpy and entropy changes were positive. 

Subsequently, the adsorption process was endothermic, and system disorder was increased [72].  

Adsorption enthalpy change values, shown in Table 5.6, were 29.1 KJ/mol for NZ and 

25.6 for NZH. These values, according to literature, do not correspond to physical or chemical 

adsorption but other mechanisms such as ion exchange [79,83,128,129]. Several documents have 

reported endothermic ion exchange as the mechanism controlling the adsorption process on 

aluminosilicate materials [58]. Ötker and Akmehmet-Balcioǧlu [58] studied the adsorption of 

enrofloxacin on natural zeolite and determined that adsorption was endothermic, they indicated 

that the process can be controlled by either ionic interactions or hydrogen bonding that present 

low enthalpy change values. Lin, Zhan, and Zhu [83] applied adsorption for the removal of 
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Cu(II) on surfactant modified zeolite. They reported that the endothermic ion exchange was 

caused due to the affinity of the charged surface and Cu(II) ions. Besides, the positive entropy 

variation was caused by increasing disorder at the solid/liquid interface. Otker [58] and Lin [83] 

presented thermodynamic results following the methodology used in this study. However, a 

different approach to confirm the existence of endothermic ion exchange was provided by 

Nowara, Burhenne and Spiteller [130]. They studied the thermodynamics of the adsorption of 

enrofloxacin on clays by microcalorimetric measured exchange enthalpies. They determined 

enthalpy change values between 19.5 KJ/mol and 42.2 KJ/mol on kaolinite, illite, vermiculite 

and montmorillonite. These values were attributed to a dipole or ionic binding interactions. In 

section 5.1.2, it was mentioned that ion exchange is the mechanism controlling the adsorption of 

lincomycin on zeolites. Due to the thermodynamic characterization and binding strength, it can 

be confirmed that that ion exchange is the main mechanism controlling the process. 

 

5.3 Effect of the pH value and ionic strength on the adsorption capacity 

 

5.3.1 Modeling of lincomycin adsorption on activated carbons at pH 10 at 306 K in 

deionized water 

At initial pH 10, the isotherms obtained in the adsorption of lincomycin on activated 

carbons 1240, NR and F400 were fitted to Langmuir, Freundlich, and Sips models. Table 5.7 

shows the fitting results obtained by non-linear regressions using Origin 2017 Pro software. 

The complete set of adsorption isotherms of lincomycin on activated carbons at different 

temperatures is shown in Appendix B and the results obtained from fitting data to the selected 

models are listed in Table 5.7.  
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Table 5.7. Parameters for Langmuir, Freundlich, and Sips adsorption isotherms of lincomycin on 

activated carbons in deionized water at initial pH 10.0 

 

A

Ads. 

T

Temp. 

(K) 

Freundlich Langmuir Sips 

KF* n R2 qmax* KL* R2 KS* qm* n R2 

1240 

280 333.3 11.69 0.991 453.1 1.95 0.989 2.81 506.1 2.15 0.997 

288 345.0 11.47 0.993 466.5 2.63 0.987 3.28 541.1 2.51 0.998 

296 354.0 11.35 0.995 478.8 2.74 0.985 3.08 574.6 2.79 0.999 

306 370.3 12.18 0.993 485.2 4.69 0.983 5.27 577.2 2.92 0.998 

NR 

280 210.5 7.69 0.978 339.5 1.16 0.976 0.88 393.9 1.94 0.994 

288 227.3 8.32 0.978 348.3 1.74 0.971 1.24 409.7 2.14 0.992 

296 234.1 8.18 0.981 355.9 2.33 0.957 1.02 451.7 2.55 0.992 

306 248.9 8.63 0.983 367.8 3.02 0.962 1.48 456.4 2.56 0.995 

F400 

280 242.9 6.82 0.970 412.1 1.11 0.967 0.74 483.8 1.88 0.992 

288 263.5 6.96 0.977 435.2 1.48 0.967 0.86 522.6 2.05 0.997 

296 284.8 7.31 0.973 450.0 2.21 0.952 1.09 550.9 2.21 0.995 

306 310.9 8.00 0.974 465.6 3.74 0.958 1.98 554.6 2.26 0.997 

  * Units: KF (mg/g)(L/mg)1/n, qmax (mg*g−1), KL (L*mg−1),  KS  (L*mg−1), qm (mg*g−1) 

 

It can be noted that, at pH 10.0, an increase in temperature enhanced the adsorption 

capacity. Therefore, the adsorption capacity was maximum at 306 K for 1240, NR and F400 

activated carbons. Two factors (temperature and initial concentration) Analysis of Variance 

(ANOVA) with Least Significant Differences (LSD) multiple range tests (95% confidence), for 

means analysis, was carried out to study the effect of temperature on the lincomycin’s uptake. It 

was determined that temperature is a statistically significant variable on the adsorption capacity 

based on the P-Value (less than 0.05) and the multiple range test. Complete results are presented 

in Appendix C.  
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Table 5.7 shows that fitting results, based on the determination coefficient (R2) as 

comparison parameter, were in the order Sips>Freundlich>Langmuir. It was discussed, in section 

5.1.1, that Langmuir model did not predict adsorption data correctly due to the heterogeneous 

distribution of adsorption sites on the AC surface [14,34]. Thus, even though Freundlich 

equation is a semi-empirical model, it provides good fitting results and has been widely used for 

modeling the adsorption of organic compounds on carbonaceous materials with heterogeneous 

surfaces [51,63,131].  Although fitting results were improved, Sips or so-called Langmuir-

Freundlich model was applied and showed the best results with determination coefficients 

greater than 0.992 for all the activated carbons [63,64]. 

 

 

 

Figure 5.9. Adsorption isotherms, at pH 6.5 and pH 10.0 in deionized water, and Sips model 

fitting for adsorption of lincomycin on activated carbons at 306 K 
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Adsorption capacity was maximum at 306 K. At this temperature, Sips model predicted 

uptakes of 577.2 mg/L, 554.6 mg/L and 456.4 mg/L for 1240, F400 and NR respectively. These 

values are higher than the ones obtained at pH 6.5. In this case adsorption capacities, predicted 

by Sips model, were 458.0 mg/L, 444.5 mg/L and 338.2 mg/L for 1240, F400 and NR 

respectively. Therefore, pH plays a major role in the adsorption process. Figure 5.9 shows the 

adsorption isotherms, at pH 6.5 and pH 10.0, and Sips model fitting, for adsorption of 

lincomycin at 306 K.  

As mentioned in section 5.1.1, at pH 6.5 both activated carbon surface and lincomycin 

were positively charged, producing repulsive electrostatic interactions [39]. Bautista-Toledo, 

Ferro-García, Rivera-Utrilla, Moreno-Castilla, and Fernández, [40] studied the removal of 

bisphenol A on activated carbon. They determined that, at pH values above the pKa, both 

activated carbon and bisphenol-A were negatively charged and electrostatic repulsions took 

place decreasing the adsorption capacity as the pH increases.  

At pH 10.0, lincomycin with a pka of 7.8 [28], was only present in its neutral form [62]. 

Hence, electrostatic interactions should be negligible [40]. Therefore, non-electrostatic 

interactions must control the process [39]. Rivera-Utrilla, Prados-Joya, Sánchez-Polo, Ferro-

García and Bautista-Toledo [42] studied the adsorption of nitroimidazole antibiotics by 

adsorption on activated carbon. They found that the adsorption capacity was not affected at pH 

values above the pKa of nitroimidazoles when the adsorbate was in its neutral form. Therefore, 

they concluded that electrostatic interactions do not affect the adsorption capacity. However, at 

pH values below the pKa, the adsorption capacity was reduced due to electrostatic repulsion. 

In section 5.1.1, hydrogen bonding was determined as the main mechanism controlling 

the adsorption of lincomycin on activated carbons. Therefore, the presence of oxygen groups on 

the carbon surface is necessary to promote the formation of these bonds [62]. At pH 10, the 

electrostatic repulsion taking place at pH 6.5 was avoided [51]. As a consequence, the formation 

of hydrogen bonds was favored and, subsequently, the adsorption capacity increased as shown in 

Figure 5.9. 

To study the influence of the electrostatic interactions in the adsorption of lincomycin on 

activated carbons, the effect of the ionic strength of the solution was studied. Thus, NaCl, with 
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different concentrations, was added to 50 ppm lincomycin solutions with 50 mg/L of activated 

carbons 1240, NR and F400 at pH 6.5 and pH 10.0. The obtained adsorption capacities are 

shown in Figure 5.10. 

 

 

Figure 5.10. Adsorption capacity of lincomycin on activated carbons in the presence  

of NaCl 10 mM and 100 mM in deionized water at initial pH values of 6.5 and 10.0 

a) 1240     b) NR     c) F400 

 

It can be noted, in Figure 5.10, that the addition of NaCl did not affect the adsorption 

capacity at the two pH levels. Thus, the presence of ionic species in the solution did not change 

the adsorption capacity of the three different activated carbons used in this stage of research.  

The results obtained confirm that the mechanisms controlling the adsorption process are 

not of electrostatic nature [42]. Similar observations were made by Liu and colleagues [62], who 

studied the adsorption of lincomycin on biochars and determined that, at acid pH values, 

electrostatic interactions played a major role in the process with significant reductions in the 

adsorption capacity when NaCl was added. However, at pH 10, above the pKa, these interactions 

were negligible, and no significant changes in the adsorption capacity were observed due to the 

absence of charged lincomycin molecules. 

Moreover, the addition of NaCl increased the adsorption capacity slightly for F400 

activated carbon at pH 6.5. This behavior may be explained by the so-called screening effect 
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[40]. It occurs when NaCl molecules bind to the carbon surface reducing its net charge and 

decreasing the electrostatic repulsions. As a consequence, the adsorption capacity of the material 

was increased under the experimental conditions [40]. 

In conclusion, at pH 10, electrostatic interactions did not contribute to the adsorption 

capacity. However, at pH 6.5, electrostatic repulsion took place in the adsorption on activated 

carbons. Thus, pH of the solution determines the fraction of positively charged lincomycin and, 

subsequently, affects the adsorption capacity directly due to electrostatic interactions. In contrast, 

the presence of NaCl did not affect the adsorption capacity because the mechanisms controlling 

the adsorption process are not of electrostatic nature. 

 

5.3.2 Modeling of lincomycin adsorption on natural zeolite and modified natural zeolite at 

pH value of 10.0 at 306 K in deionized water 

The adsorption of lincomycin on natural zeolite at pH 10.0 was studied. The adsorption 

capacity at this pH value, at different temperatures ranging from 280 K and 306 K, was 

negligible because the mechanism controlling the adsorption on zeolites, as determined in 

section 5.1.2, is a cationic exchange. Therefore, as shown in Figure 1.2, at pH 10 lincomycin 

cationic species are not present [34] and, subsequently, the ion exchange did not occur. 

This behavior was also reported by Wang and colleagues [34] that studied the adsorption 

of lincomycin on smectite clays and determined that the main mechanism was cationic exchange. 

They studied the effect of varying the pH values and confirmed that the adsorption capacity 

decreased at pH values greater than 7.0. They proposed that the adsorption variation is directly 

related to the reduction of cationic lincomycin available in the solution at values near the pKa.  

Regarding the adsorbate charge and its influence on the adsorption on natural zeolite, Li 

et al. [57] studied the uptake of sulfadiazine sulfonamide on clinoptilolite. Sulfadiazine 

sulfonamide has three ionic forms, so cation, zwitterion, and anion species were present in 

solution depending on the pH value. They established that the adsorption capacity on 

clinoptilolite was minimum when working with the zwitterion form of the target compound 

because the electrostatic interactions were weak, and the cationic exchange did not occur. 
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5.3.3 Thermodynamic characterization of adsorption of lincomycin on activated carbons 

and zeolites in deionized water at pH 10 

Thermodynamic characterization, at this stage, was conducted only for activated carbons 

using the same methodology discussed in section 2.6. Figure 5.11 shows the Van’t Hoff plot for 

different activated carbons at pH 6.5 and pH 10.0. 

 

Figure 5.11. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 

activated carbons at 280-306 K in deionized water at initial pH 10.0 

 

 

The slope of the lines, in Figure 5.11, determines the enthalpy change of the process for 

each adsorbent and, subsequently, provides an idea of the bonding strength [79]. It can be noted 

that the slopes for 1240, NR, and F400 obtained at pH 10 are similar to the ones obtained at pH 
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6.5. Consequently, the strength of bonding was not affected by the pH variation even when the 

adsorption capacity was increased as shown in Section 5.3.1. In consequence, similar 

mechanisms seem to be controlling the adsorption process at the different pH values. 

From the slopes and intercept values determined in Figure 5.11, it was possible to 

calculate the thermodynamic characteristic parameters for adsorption of lincomycin on activated 

carbons at pH 10.0. 

 

Table 5.8. Thermodynamic parameters for the adsorption of lincomycin on activated 

carbons in deionized water at pH 6.5 and pH 10.0 

 

Adsorbent pH 

ΔG°  

(KJ/mol) 
ΔH°  

(KJ/mol) 

ΔS°  

(J/molK) 
280 K 288 K 296 K 306 K 

1240 
6.5 -31.7 -33.6 -35.9 -39.4 50.4 293 

10.0 -44.6 -46.9 -50.1 -53.0 47.7 329 

NR 
6.5 -36.4 -38.6 -40.7 -44.2 46.2 295 

10.0 -36.5 -39.4 -41.9 -44.3 47.4 301 

F400 
6.5 -32.4 -34.5 -37.3 -39.8 49.5 292 

10.0 -35.6 -38.1 -40.5 -44.3 57.1 330 

 

 

Thermodynamic characterization results for both pH tested levels are shown in Table 5.8. 

The negative free Gibbs energy changes, with values ranging from -35.6 to -53.0 KJ/mol, 

suggestthat the adsorption of lincomycin is spontaneous and thermodynamically favorable [77]. 

Besides, at pH 10.0, the endothermic character found at pH 6.5, is almost constant based on the 

enthalpy change values that fall within the range between 47.4 KJ/mol for NR and 57.1 KJ/mol 

for F400. From these values, it is also possible to conclude that chemisorption is also controlling 

the process at a pH value above the pKa [58,82,83]. 
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Besides, Table 5.8 shows that the entropy changes at pH 10.0 are greater than at pH 6.5 

for the three selected adsorbents. Thus, at pH 6.5 entropy change values range from 292 to 295 

J/mol*K, and, at pH 10.0 values fall within 301 and 330 J/mol*K. This behavior can be 

explained because as stated in section 5.2.1, the adsorption of lincomycin on activated carbons is 

entropy-driven. It means that the release of water molecules from the surface and attachment of 

lincomycin by hydrogen bonding produces a positive entropy change [84]. It is believed that at 

pH 10, the number of water molecules that are replaced by lincomycin molecules is increased, 

with a subsequent increase in the entropy change values [132], from pH 6.5 to pH 10, as shown 

in Table 5.8. 
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6 CHAPTER 6 

ADSORPTION OF LINCOMYCIN ON ACTIVATED CARBON IN 

SYNTHETIC AND REAL LIQUID SWINE MANURE 

 

The final objective of this research was to study the behavior of the best performing 

adsorbents in the adsorption of lincomycin from a synthetic formulation of swine manure and 

real liquid swine manure.  

The first section of this chapter presents the results obtained from the adsorption of 

lincomycin on activated carbons and zeolites in synthetic liquid swine manure at 280, 288, 296 

and 306 K. The composition used for the preparation of the synthetic manure is presented in 

Chapter 3. The obtained data was fitted to isotherms models such as Langmuir, Freundlich, and 

Sips by non-linear regressions. 

The second part of this chapter presents the adsorption of lincomycin from real liquid 

swine manure obtained from Prairie Swine Centre. In this case adsorption experiments were 

carried using manure fortified with lincomycin (90 ppm). Adsorption isotherms at room 

temperature were constructed, and data was simulated by the SEBCM presented in section 2.5.3. 

 

6.1 Adsorption of lincomycin from synthetic liquid swine manure 

Isotherms obtained in the adsorption of lincomycin, from synthetic manure, on activated 

carbons 1240, NR and F400 were fitted to Langmuir, Freundlich, and Sips models. Table 6.1 

shows the fitting results obtained by non-linear regressions using Origin 2017 Pro software 

through Levenberg–Marquardt algorithm method. 
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Table 6.1. Parameters for Langmuir, Freundlich, and Sips adsorption isotherms of lincomycin in 

synthetic manure on activated carbons at different temperatures 

 

A

Ads. 

T

Temp. 

(K) 

Freundlich Langmuir Sips 

KF* n R2 qmax* KL* R2 KS* qm* n R2 

1240 

280 185.4 4.76 0.971 423.7 0.36 0.989 0.29 470.2 1.39 0.994 

288 206.5 4.95 0.961 424.2 0.41 0.990 0.36 481.8 1.24 0.992 

296 241.3 5.56 0.960 470.1 0.67 0.989 0.57 506.7 1.35 0.994 

306 267.2 5.99 0.940 493.1 0.82 0.983 0.76 510.6 1.19 0.982 

NR 

280 160.1 6.54 0.990 288.8 0.62 0.984 0.40 353.5 2.02 0.999 

288 182.2 7.09 0.991 308.6 0.87 0.980 0.52 384.9 2.22 0.999 

296 199.3 7.41 0.986 324.7 1.18 0.979 0.78 389.7 2.09 0.999 

306 226.1 8.29 0.996 336.4 3.59 0.952 0.25 544.6 3.87 0.999 

F400 

280 170.4 4.27 0.979 438.7 0.26 0.976 0.14 552.7 1.70 0.993 

288 184.9 4.40 0.978 458.7 0.29 0.977 0.16 567.8 1.70 0.994 

296 211.4 4.89 0.983 459.6 0.45 0.962 0.17 622.1 2.10 0.996 

306 228.6 5.00 0.981 483.3 0.52 0.970 0.24 621.4 1.92 0.997 

  * Units: KF (mg/g)(L/mg)1/n, qmax (mg*g−1), KL (L*mg−1),  KS  (L*mg−1), qm (mg*g−1) 

 

The complete set of adsorption isotherms of lincomycin on activated carbons at different 

temperatures is shown in Appendix B and the results obtained from fitting data to the selected 

two parameters models are listed in Table 6.1.  

Table 6.1 shows the modeling results. Based on the determination coefficient (R2), the 

order of quality of fit is: Sips>Freundlich>Langmuir. This is similar to the results obtained at pH 

6.5 and pH 10 in deionized water. Thus, Sips model provided determination coefficients greater 

than 0.982 for all the activated carbons. Figure 6.1 shows the adsorption isotherms and Sips 
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model fitting, for adsorption of lincomycin in synthetic manure on selected activated carbons at 

306 K. 

 

Figure 6.1. Adsorption isotherms and Sips model fitting for adsorption of lincomycin, in 

synthetic manure, on activated carbons and zeolites at 306 K 

 

The temperature increase affected positively the uptake of lincomycin. Thus, the 

adsorption capacity was maximum, in all the cases, at 306 K. At this temperature, the adsorption 

capacity corresponded to 493.1 mg/L for 1240, 336.4 mg/L for NR and 483.3 mg/L for F400 

based on Langmuir model. These values were comparable to the ones obtained in deionized 

water at pH 10 (485.2 mg/L for 1240, 367.8 mg/L for NR and 465.6 mg/L for F400) and higher 

than the values obtained at pH 6.5 (295.8 mg/L for 1240, 283.5 mg/L for NR and 275.3 mg/L for 

F400). 

The addition of the components of synthetic manure did not affect the adsorption 

capacity of activated carbons significantly, in comparison with the capacities obtained in 
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deionized water. This can be explained by the low affinity of activated carbon to the selected 

synthetic manure components and the experimental pH value.  

First, the pH of synthetic manure is around 8.4. This value is higher than the lincomycin 

pKa [9] and, therefore, electrostatic repulsions are not affecting the adsorption process. Besides, 

at this pH value, the activated carbons are near their points of zero charge and, subsequently, are 

weakly positively charged. Therefore, weak electrostatic interactions take place [39].  

Second, the other components of synthetic manure are not competing with lincomycin for 

the adsorption sites. For example, one of the main compounds in real manure is organic nitrogen, 

especially found as ammonia [106]. Long et al. [133] studied the adsorption of ammonia in 

aqueous solutions on activated carbon (Surface area=1050 m2/g and PZC=9.2) and determined 

an adsorption capacity of 17.2 mg/g using Langmuir model. Besides, it was determined that the 

process was carried out by physical bonding. The activated carbon used by Long and colleagues 

is similar to the activated carbons used in this study based surface characteristics and surface 

area. Therefore, it would be expected that the adsorption capacities of ammonia on the selected 

activated carbons in this study are similar to the ones reported by Long and colleagues. 

Consequently, as shown in the experimental results, the adsorption of organic nitrogen by 

physisorption do not interfere with the chemical adsorption of lincomycin on the selected 

activated carbons.  

Other components in the synthetic manure matrix such as phosphates, sulfates, and 

acetates may affect the adsorption capacity. However, the adsorption of these compounds from 

aqueous matrices is carried out by electrostatic interactions and ion exchange [134]. Therefore, 

biosorption [135] and adsorption on metal oxides [136–140] and clays [141] have been applied 

for their removal. On the other hand, activated carbons have been only effective when surface 

treatments that improve the material electrostatic characteristics, are applied [142]. For non-

treated activated carbons, like the ones used in this study, the mechanisms controlling the process 

are mainly non-electrostatic, related to the bonding between oxygen groups on the surface of the 

material and functional groups in the molecule structure [39]. Due to the absence of molecules 

competing with lincomycin for the active sites, the adsorption capacity, as shown in the results, 

was not affected. 



85 

 

 

6.2 Adsorption of lincomycin from real liquid swine manure 

The real liquid manure sample obtained from Prairie Swine Centre was characterized,  

Table 6.2 shows the results obtained for relevant parameters. 

 

Table 6.2. Liquid swine manure characterization results 

 

Parameter Value Units 

Dissolved organic carbon (DOC) 4056 mg/L 

Chemical oxygen demand (COD) 8160 mg O2/L 

Total solids (TS) 13957 mg/L 

Dissolved solids (DS) 9760 mg/L 

pH 7.83 - 

 

Although the effect of the presence of the main components of swine manure was studied 

in Section 6.1, the real liquid manure contains other organic compounds that, potentially, can 

compete with lincomycin in the adsorption on activated carbon [143].  

Table 6.2 shows the liquid manure characterization results. Due to the complex 

composition of real manure, the DOC and COD concentrations are much higher than the values 

found in wastewater treatment plant effluents [75], groundwater [144], river water [145], lake 

water [146], and other similar matrices [69,121,147]. Moreover, the high concentration of solids 

may decrease the adsorption capacity by pore blocking [75]. The pH of manure was neutral, and 

its value was near the lincomycin pKa value [9]. Therefore, electrostatic interactions are 

negligible in the system [9].  

To quantify the removal of lincomycin from a competitive system such as real manure, 

the activated carbon dose was increased at this stage of research. Therefore, Table 6.3 shows the 

results obtained for the adsorption of lincomycin, from real liquid swine manure, carried out at 
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different concentrations of activated carbon in preconditioned swine manure (deposited and 

centrifuged at 3000 rpm for 15 min). 

 

Table 6.3. Final concentration (ppm) and removal of lincomycin (%) from real  

manure solution at different activated carbon concentrations 

 

 Activated carbon dose (g/L) 

 1 2.5 5 10 1 2.5 5 10 

Adsorbent Final concentration (ppm) Removal (%)* 

1240 30.1 ** ** ** 66.7 ** ** ** 

NR 39.2 6.8 ** ** 56.5 92.4 ** ** 

F400 55.3 ** ** ** 38.5 ** ** ** 

*Lincomycin initial concentration was 90 ppm  

**Below the detection limit 

 

 

Table 6.3 shows the final concentration of lincomycin in real manure solution at different 

concentrations of various activated carbons. It can be noted that doses greater than 5 g/L 

removed the target compound to concentrations below the detection limit of HPLC analysis. 

Besides, activated carbon 1240 exhibited the best results removing the lincomycin completely 

with doses greater than 2.5 g/L. From the results obtained in this stage, two activated carbons 

such as 1240 and F400 were selected for constructing the adsorption isotherms at room 

temperature (296 K) of lincomycin in real manure. Obtained isotherms and linear fitting are 

shown in  

Figure 6.2. 

For 1240 and F400 activated carbons, the adsorption capacity decreased significantly 

from the values obtained in deionized water in the pure component adsorption system. This 

behavior can be attributed to the presence of dissolved solids (DS) and natural organic matter 

(NOM) in the real liquid swine manure [37]. It is known that the presence of NOM, represented 

as the dissolved organic carbon (DOC), in wastewater reduces the number of available 
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adsorption sites for micropollutants, such as lincomycin, by competition for adsorption sites [75]. 

Besides, the high concentration of DS can decrease the adsorption capacity by pore blocking 

[75]. 

 

 

Figure 6.2. Adsorption isotherms for the adsorption of lincomycin from real liquid manure on 

activated carbons at 296 K 

(Box: Linear regression fitting parameters and determination coefficient) 

 

The adsorption isotherms shape varied significantly from the isotherms observed in 

deionized water. In pure component systems, the uptake of lincomycin usually has a maximum 

adsorption capacity. However, in real manure in the same range of lincomycin concentrations (5-

90 ppm), the adsorption isotherms are linear. It means that, at constant activated carbon dose, an 

increase in the lincomycin concentration in liquid phase produces a linear increase in the uptake 

of lincomycin [65]. This behavior has been reported for the adsorption of micro-pollutants from 

slurry water matrices with high NOM concentration [37,75,76]. In the present study, the 

concentration of DOC (4056 mg/L) is 40 times greater than the maximum concentration of 

lincomycin (100 ppm). 
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As explained in section 2.5.3, the adsorption of lincomycin from real manure on activated 

carbons is a multicomponent adsorption system where NOM competes with lincomycin for 

active adsorption sites. Besides, due to the high concentration of DOC, the adsorption isotherms 

of lincomycin follow the behavior of the linear isotherm. As a consequence, the adsorption 

capacity of lincomycin does not depend on the initial micro pollutant concentration [76]. 

Therefore, the SEBCM, presented in section 2.5.3, was applied for simulating the adsorption of 

lincomycin in real manure [69]. The adsorption isotherms and SEBCM fitting for adsorption of 

lincomycin in real manure for different activated carbon doses are presented in Figure 6.3.  

 

 

Figure 6.3. Adsorption isotherms and SEBCM fitting at 296 K for the adsorption of lincomycin 

from real liquid manure at different activated carbons doses  

(Box: EBMC adsorption model characteristic parameters and determination coefficient) 

 

Figure 6.3 shows the adsorption isotherms and SEBCM fitting for the adsorption of 

lincomycin from real liquid manure. This model predicts the adsorption capacity of a micro-
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pollutant based on the activated carbon dose [69]. The application of the SEBCM has been 

carried out for wastewater treatment plant effluents [75], groundwater [144], river water [145], 

lake water [146], and other similar matrices [69,121,147]. In these studies, the micro-pollutant 

concentration is in the range from 50 to 200 μg/L, and the concentration of DOC is around 5 

mg/L. Thus, the ratio between the concentration of DOC and the micro-pollutant is in the range 

from 25 to 100. In this research, the ratio between the concentration of DOC and lincomycin is 

around 45 (COD = 4056 mg/L, lincomycin = 90 ppm). Hence, the application of SEBCM is 

suitable for this system, as shown in the determination coefficient of the isotherm fitting.  

To compare the efficiency of each activated carbon, two removal zones are identified in 

Figure 6.3. On the one hand, for removal values, less than 30% (C/Co = 0.70), activated carbon 

F400 was more efficient. On the contrary, for removal values greater than 30%, activated carbon 

1240 provided higher adsorption capacity using the same adsorbent dose. Both 1240 and F400 

activated carbons are materials with basic point of zero charge (PZC1240 = 10.3, PZCF400 = 9.4). 

As a consequence, their surface properties, such as oxygen content and concentration of surface 

functional groups, are similar [39]. Therefore, the difference in the adsorption capacity can be 

attributed to the higher micropore area that activated carbon 1240 presents. For example, Kim et 

al., [54] that investigated the influence of surface area in the adsorption of lincomycin on carbon 

nanotubes determined a positive linear correlation (R2=0.98) between the Freundlich constant 

and surface area. In this study, activated carbon 1240 provided the highest adsorption capacity 

removing lincomycin from both, deionized water and real swine manure. 
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8 CHAPTER 7  

GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORKS 

 

In the present study, the effectiveness of adsorption technology for removal of 

lincomycin using activated carbons and natural zeolite was investigated. The effect of parameters 

such as temperature, pH and ionic strength on the adsorption capacity was analyzed. Finally, the 

efficiency of the process applied to synthetic and real manure matrices was evaluated.  

 

General Conclusions 

The adsorption equilibrium data of lincomycin on activated carbons and natural zeolites 

was modeled using established two-parameter isotherm models such as Langmuir and Freundlich 

models and a three parameter model such as Sips model. Sips model provided a better fit for 

adsorption data. It was concluded that activated carbons with a high point of zero charge 

provided higher adsorption capacity. Besides, the uptake of lincomycin was enhanced by 

increasing the activated carbon micropore area. 

The effect of the temperature on the adsorption capacity was studied through the 

thermodynamic characterization. Parameters such as Gibbs free energy, enthalpy, and entropy 

changes were determined through the partition coefficient method. It was concluded that the 

adsorption process was endothermic and spontaneous. Hence, higher temperatures improved the 

adsorption capacity.  
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The effect of pH and ionic strength on the adsorption capacity was studied. It was 

concluded that solution pH values higher than the lincomycin’s pKa improved the adsorption 

capacity on activated carbons. On the other hand, pH values below the pKa were beneficial for 

the adsorption on the natural zeolite. At pH 6.5, the best results obtained in this research 

provided adsorption capacities of 296 mg/g for activated carbons and 50 mg/g for natural zeolite. 

Adsorption on activated carbon was, probably, controlled by hydrogen bonding between 

hydroxyl groups in lincomycin’s structure and oxygen groups on the carbon. Besides, acid 

treatment of natural zeolite removed cations and the adsorption capacity was significantly 

decreased. At pH 10.0, the adsorption capacity was 485 mg/g for 1240 activated carbon, and 

negligible adsorption was observed for natural zeolite. Also, the presence of NaCl did not affect 

the adsorption capacity on activated carbons because the mechanisms controlling the adsorption 

process were not of electrostatic nature. On the other hand, for natural zeolite, adding NaCl 

decreased the adsorption capacity because the cationic exchange between positively charged 

lincomycin and cations on zeolite surface was affected.  

The efficiency of the process in the adsorption of lincomycin from synthetic manure was 

evaluated. The adsorption capacity corresponded to 493.1 mg/L for 1240, 336.4 mg/L for NR 

and 483.3 mg/L for F400 based on Langmuir model at 306 K. These values were similar to the 

ones found at pH 10 in deionized water but greater than the ones determined at pH 6.5. It was 

concluded that the synthetic manure pH value, greater than the lincomycin pKa, produced the 

unaltered adsorption capacity because electrostatic repulsions did not take place.  

For real manure, the adsorption capacity decreased significantly from the values obtained 

in deionized water in the pure component adsorption system. It was concluded that the presence 

of dissolved solids (DS) and natural organic matter (NOM) in the real liquid swine manure 

affected the adsorption capacity. Therefore, different doses of activated carbon between 50 mg/L 

and 2500 mg/L were tested and the simplified equivalent background component model 

(SEBCM) was used for simulating the adsorption process. The application of this model allowed 

the prediction of the adsorption capacity of a micro-pollutant based on the activated carbon dose.  

From the reviewed published literature, the present research constitutes the first study 

that applies adsorption technology for the removal of lincomycin from real liquid swine manure. 
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The application of adsorption technology is a feasible alternative for the removal of lincomycin 

from swine manure. 

 

Recommendations for future works 

The results obtained in the present study opens opportunities for additional research 

related to the application of adsorption technology for removing antibiotics from real manure. 

The following recommendations can be mentioned.  

Alternative adsorbents should be used. Even though activated carbons provided good 

adsorption capacity, materials such as biochar or bio sorbents are cheaper and can be synthesized 

from organic residues. Besides, the selective adsorption of antibiotics could be carried out 

identifying specific functional groups in the selected adsorbate.   

A pre-treatment for the removal of solids present in real manure should be designed. The 

presence of solids in the real liquid swine manure can cause pore blocking and reduce the 

number of available adsorption sites.  

The range of micro-pollutant concentration should be adjusted to real conditions. The 

range of concentration of antibiotic used in this study was in the order of mg/L. However, in 

swine manure, the concentration of antibiotics falls in the range of µg/L. The use of mass 

spectrometry coupled to liquid chromatography would allow the quantification of antibiotics in 

this range of concentrations.  

To completely characterize the adsorption of antibiotics on activated carbons, it is 

necessary to evaluate the kinetics of the process. The adsorption rate added to the equilibrium 

information can be used for designing continuous adsorption systems. Besides, desorption 

studies should be carried out to clarify the adsorption mechanisms. Finally, the breakthrough 

curves of the process should be constructed to analyze the adsorbent saturation applied in real 

matrices. 
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The application of other multicomponent adsorption models in the removal of antibiotics 

from real matrices should be carried out. Mathematical models such as EBCM and the tracer 

model (TRM) will allow the complete understanding of the process in complex matrices like real 

manure. 
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APPENDIX A. Equilibrium time determination and statistical analysis 

 

The experiments were carried out at 280 K and using 50 ppm lincomycin solutions. 3 

Erlenmeyer flasks of each adsorbent, containing 5, 10 or 20 mg of adsorbent (depending on the 

adsorbent as detailed in Table 3.3) and 100 mL of 50 ppm lincomycin solution were stirred at 

130 rpm. Later, lincomycin concentration was measured every day, until 12 days by UV 

spectrometry using a MECASYS Optizen POP UV-Vis spectrophotometer at a detection 

wavelength of 200 nm. Results are presented in Table A.1. 

 

Table A.1. Final concentration of lincomycin in solution at 1 day of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.875 0.870 0.867 0.871 47.8 47.5 47.4 47.6 0.1 

NR 0.845 0.882 0.882 0.870 46.2 48.2 48.2 47.5 0.9 

F400 0.832 0.841 0.876 0.850 45.5 46.0 47.9 46.4 1.1 

F300 0.835 0.859 0.820 0.838 45.6 46.9 44.8 45.8 0.8 

SAN 0.853 0.845 0.816 0.838 46.6 46.2 44.6 45.8 0.7 

SAD 0.771 0.761 0.725 0.752 42.1 41.6 39.6 41.1 1.1 

NZ 0.765 0.755 0.741 0.754 41.8 41.3 40.5 41.2 0.3 

NZH 0.865 0.859 0.897 0.874 47.3 46.9 49.0 47.7 0.8 
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Table A.2. Final concentration of lincomycin in solution at 2 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.779 0.788 0.810 0.871 42.6 43.1 44.2 43.3 0.5 

NR 0.809 0.805 0.831 0.870 44.2 44.0 45.4 44.5 0.4 

F400 0.799 0.774 0.802 0.850 43.7 42.3 43.8 43.3 0.5 

F300 0.809 0.781 0.818 0.838 44.2 42.7 44.7 43.9 0.8 

SAN 0.782 0.821 0.789 0.838 42.7 44.9 43.1 43.6 0.9 

SAD 0.761 0.765 0.717 0.752 41.6 41.8 39.2 40.8 1.4 

NZ 0.746 0.742 0.776 0.754 40.8 40.5 42.4 41.2 0.7 

NZH 0.849 0.852 0.882 0.874 46.4 46.6 48.2 47.0 0.6 

 

 

Table A.3. Final concentration of lincomycin in solution at 3 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.758 0.742 0.790 0.871 41.4 40.5 43.2 41.7 1.2 

NR 0.775 0.782 0.812 0.870 42.3 42.7 44.3 43.1 0.7 

F400 0.745 0.781 0.802 0.850 40.7 42.7 43.8 42.4 1.7 

F300 0.761 0.779 0.807 0.838 41.6 42.6 44.1 42.8 1.1 

SAN 0.797 0.768 0.812 0.838 43.6 42.0 44.3 43.3 1.0 

SAD 0.725 0.731 0.765 0.752 39.6 39.9 41.8 40.4 0.9 

NZ 0.748 0.738 0.780 0.754 40.9 40.3 42.6 41.3 0.9 

NZH 0.854 0.859 0.888 0.874 46.7 46.9 48.5 47.4 0.7 
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Table A.4. Final concentration of lincomycin in solution at 4 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.738 0.739 0.754 0.871 40.3 40.4 41.2 40.6 0.2 

NR 0.749 0.768 0.753 0.870 40.9 42.0 41.2 41.4 0.2 

F400 0.725 0.739 0.776 0.850 39.6 40.4 42.4 40.8 1.4 

F300 0.758 0.765 0.723 0.838 41.4 41.8 39.5 40.9 1.0 

SAN 0.795 0.771 0.797 0.838 43.4 42.1 43.6 43.0 0.4 

SAD 0.728 0.749 0.738 0.752 39.8 40.9 40.3 40.3 0.2 

NZ 0.747 0.776 0.758 0.754 40.8 42.4 41.4 41.5 0.4 

NZH 0.856 0.851 0.891 0.874 46.8 46.5 48.7 47.3 0.9 

 

 

Table A.5. Final concentration of lincomycin in solution at 5 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.735 0.734 0.711 0.871 40.2 40.1 38.8 39.7 0.4 

NR 0.744 0.765 0.712 0.870 40.7 41.8 38.9 40.4 1.4 

F400 0.715 0.731 0.713 0.850 39.1 39.9 38.9 39.3 0.2 

F300 0.75 0.758 0.731 0.838 41.0 41.4 40.0 40.8 0.4 

SAN 0.765 0.763 0.823 0.838 41.8 41.7 45.0 42.8 2.3 

SAD 0.721 0.745 0.748 0.752 39.4 40.7 40.9 40.3 0.4 

NZ 0.772 0.761 0.735 0.754 42.2 41.6 40.2 41.3 0.7 

NZH 0.853 0.857 0.881 0.874 46.6 46.8 48.1 47.2 0.4 
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Table A.6. Final concentration of lincomycin in solution at 6 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.705 0.712 0.718 0.871 38.5 38.9 39.2 38.9 0.1 

NR 0.712 0.736 0.711 0.870 38.9 40.2 38.8 39.3 0.4 

F400 0.701 0.697 0.719 0.850 38.3 38.1 39.3 38.6 0.3 

F300 0.741 0.752 0.710 0.838 40.5 41.1 38.8 40.1 1.0 

SAN 0.768 0.761 0.806 0.838 42.0 41.6 44.1 42.5 1.2 

SAD 0.723 0.742 0.751 0.752 39.5 40.5 41.0 40.4 0.4 

NZ 0.775 0.762 0.725 0.754 42.3 41.6 39.6 41.2 1.3 

NZH 0.854 0.861 0.883 0.874 46.7 47.0 48.2 47.3 0.5 

 

 

Table A.7. Final concentration of lincomycin in solution at 7 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.68 0.682 0.697 0.871 37.2 37.3 38.1 37.5 0.2 

NR 0.675 0.681 0.711 0.870 36.9 37.2 38.9 37.6 0.7 

F400 0.692 0.678 0.705 0.850 37.8 37.0 38.5 37.8 0.4 

F300 0.731 0.735 0.690 0.838 39.9 40.2 37.7 39.3 1.2 

SAN 0.769 0.761 0.797 0.838 42.0 41.6 43.5 42.4 0.7 

SAD 0.731 0.738 0.746 0.752 39.9 40.3 40.8 40.3 0.1 

NZ 0.772 0.755 0.743 0.754 42.2 41.3 40.6 41.3 0.4 

NZH 0.851 0.867 0.891 0.874 46.5 47.4 48.7 47.5 0.8 
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Table A.8. Final concentration of lincomycin in solution at 8 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.681 0.675 0.676 0.871 37.2 36.9 36.9 37.0 0.1 

NR 0.674 0.683 0.676 0.870 36.8 37.3 36.9 37.0 0.1 

F400 0.696 0.676 0.673 0.850 38.0 36.9 36.8 37.2 0.3 

F300 0.705 0.718 0.683 0.838 38.5 39.2 37.3 38.4 0.6 

SAN 0.765 0.763 0.797 0.838 41.8 41.7 43.6 42.3 0.7 

SAD 0.735 0.735 0.749 0.752 40.2 40.2 40.9 40.4 0.1 

NZ 0.774 0.753 0.734 0.754 42.3 41.1 40.1 41.2 0.8 

NZH 0.848 0.867 0.899 0.874 46.3 47.4 49.1 47.6 1.3 

 

 

Table A.9. Final concentration of lincomycin in solution at 9 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.678 0.674 0.671 0.871 37.0 36.8 36.7 36.8 0.1 

NR 0.672 0.679 0.654 0.870 36.7 37.1 35.7 36.5 0.3 

F400 0.688 0.679 0.666 0.850 37.6 37.1 36.4 37.0 0.2 

F300 0.712 0.715 0.674 0.838 38.9 39.1 36.8 38.3 1.0 

SAN 0.761 0.763 0.802 0.838 41.6 41.7 43.8 42.4 1.1 

SAD 0.735 0.741 0.736 0.752 40.2 40.5 40.2 40.3 0.1 

NZ 0.771 0.748 0.749 0.754 42.1 40.9 40.9 41.3 0.3 

NZH 0.847 0.869 0.884 0.874 46.3 47.5 48.3 47.3 0.7 

 

 

 

 

 



111 

 

Table A.10. Final concentration of lincomycin in solution at 10 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.676 0.672 0.680 0.871 36.9 36.7 37.2 36.9 0.1 

NR 0.681 0.675 0.690 0.870 37.2 36.9 37.7 37.3 0.1 

F400 0.692 0.693 0.619 0.850 37.8 37.9 33.8 36.5 3.6 

F300 0.702 0.719 0.678 0.838 38.4 39.3 37.0 38.2 0.9 

SAN 0.758 0.762 0.803 0.838 41.4 41.6 43.9 42.3 1.2 

SAD 0.731 0.734 0.749 0.752 39.9 40.1 40.9 40.3 0.2 

NZ 0.771 0.748 0.745 0.754 42.1 40.9 40.7 41.2 0.4 

NZH 0.839 0.868 0.885 0.874 45.8 47.4 48.4 47.2 1.1 

 

 

Table A.11. Final concentration of lincomycin in solution at 11 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.679 0.669 0.690 0.871 37.1 36.6 37.7 37.1 0.2 

NR 0.675 0.679 0.693 0.870 36.9 37.1 37.9 37.3 0.2 

F400 0.688 0.69 0.677 0.850 37.6 37.7 37.0 37.4 0.1 

F300 0.703 0.715 0.687 0.838 38.4 39.1 37.6 38.3 0.4 

SAN 0.761 0.758 0.800 0.838 41.6 41.4 43.7 42.2 1.1 

SAD 0.721 0.731 0.761 0.752 39.4 39.9 41.6 40.3 0.9 

NZ 0.777 0.748 0.736 0.754 42.5 40.9 40.2 41.2 0.9 

NZH 0.845 0.865 0.887 0.874 46.2 47.3 48.5 47.3 0.9 
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Table A.12. Final concentration of lincomycin in solution at 12 days of stirring (130 rpm, Initial 

lincomycin concentration 50 ppm, temperature 280 K) at different concentration of adsorbents 

 

Adsorbent 

ABSORBANCE 

Average 

CONCENTRATION (ppm) 
Average 

(ppm) 

Standard 

deviation 

(ppm) 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

C1240 0.681 0.665 0.692 0.871 37.2 36.3 37.8 37.1 0.4 

NR 0.664 0.671 0.712 0.870 36.3 36.7 38.9 37.3 1.4 

F400 0.675 0.671 0.709 0.850 36.9 36.7 38.8 37.4 0.9 

F300 0.707 0.713 0.685 0.838 38.6 39.0 37.5 38.3 0.4 

SAN 0.761 0.769 0.784 0.838 41.6 42.0 42.8 42.1 0.3 

SAD 0.731 0.728 0.754 0.752 39.9 39.8 41.2 40.3 0.4 

NZ 0.771 0.725 0.763 0.754 42.1 39.6 41.7 41.1 1.2 

NZH 0.845 0.867 0.877 0.874 46.2 47.4 47.9 47.2 0.5 

 

Later, a single factor ANOVA analysis with LSD multiple range tests (95% confidence), 

for means analysis, was carried out, using Statgraphics Centurion XVI software. It was used for 

determining the statistically significant differences between the treatment times, and the 

minimum time from which no significant differences were detected, was selected as the 

adsorption equilibrium time. The criteria for selecting this equilibrium time was based on the p-

value obtained in this analysis. If this value is greater than 0.05 comparing the concentration in 

two consecutive days, no statistical significant differences are detected. Results are presented in 

Table A.13 
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Table A.13. Equilibrium time determined by LSD multiple range test (95% confidence) 

using Statgraphics Centurion XVI software 

 

Adsorbent Adsorbent code Equilibrium time (days) 

Cabot Norit C1240 7 

Norit Row NR 7 

Filtrasorb 400 F400 5 

Filtrasorb 300 F300 4 

Sigma Aldrich Norit SAN 2 

Sigma Aldrich Darco SAD 1 

Natural zeolite NZ 1 

Modified natural zeolite NZH 1 
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APPENDIX B. Adsorption isotherms of lincomycin on activated carbons and 

natural zeolite at different temperatures and pH values 

 

Isotherms obtained by the adsorption of lincomycin on activated carbons and zeolites at 

different temperatures and pH values are presented below. Sips model was used for predicting 

the adsorption equilibrium data since this model provided the most accurate fitting. The complete 

set of adsorption isotherms of lincomycin on activated carbons and zeolites is presented below. 

 

Adsorption isotherms of lincomycin in deionized water on activated carbon and 

natural zeolites at pH 6.5 

 

Figure B.1.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon 1240 at different temperatures and intial pH 6.5 
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Figure B.2. Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon NR at different temperatures and initial pH 6.5 

 

 

Figure B.3.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon F400 at different temperatures and initial pH 6.5 
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Figure B.4.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon F300 at different temperatures and initial pH 6.5 

 

 

Figure B.5.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon SAN at different temperatures and initial pH 6.5 
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Figure B.6.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon SAD at different temperatures and initial pH 6.5 

 

 

Figure B.7.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on natural 

zeolite at different temperatures and initial pH 6.5 
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Figure B.8.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

modified natural zeolite at different temperatures and initial pH 6.5 

 

Adsorption isotherms of lincomycin in deionized water on activated carbon at pH 10.0 

 

Figure B.9.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon 1240 at different temperatures and initial pH 10.0 
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Figure B.10.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon NR at different temperatures and initial pH 10.0 

 

 

Figure B.11.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin on 

activated carbon F400 at different temperatures and initial pH 10.0 
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Adsorption isotherms of lincomycin in synthetic manure on activated carbons 

 

Figure B.12.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin in 

synthetic manure on activated carbon 1240 at different temperatures 

 

 

Figure B.13.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin in 

synthetic manure on activated carbon NR at different temperatures 
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Figure B.14.  Adsorption isotherms and Sips model fitting for adsorption of lincomycin in 

synthetic manure on activated carbon F400 at different temperatures 

 

 

 

 

 

 

 

 

 

  

0 20 40 60

0

100

200

300

400

500

 280 K

 288 K

 296 K

 306 K

A
d

s
o

rp
ti
o
n

 c
a
p

a
c
it
y
 (

m
g

/g
)

Concentration in solution (ppm)



122 

 

APPENDIX C. Statistical analysis of the influence of  

the temperature and different adsorbents in the adsorption capacity 

 

To determine if the temperature variation origins statistically significant differences in 

the adsorption capacity, a statistical analysis was carried out. Thus, a two-factor (temperature and 

initial concentration) Analysis of Variance (ANOVA) with Least Significant Differences (LSD) 

multiple range tests (95% confidence), for means analysis, was carried out. Statgraphics 

Centurion software was used for performing this analysis. Table C.1 shows the p-Value, obtained 

from the ANOVA analysis related to the temperature variation, for different adsorbents at pH 

values 6.5 and 10.0. 

 

Table C.1. p-Value for different adsorbents obtained from the ANOVA analysis 

performed for the influence of the temperature (280-306 K) on the adsorption capacity. 

pH Adsorbent P-Value pH Adsorbent P-Value 

6.5 

1240 0.0000 

10.0 

1240 0.0000 

NR 0.0000 NR 0.0000 

F400 0.0000 F400 0.0000 

F300 0.0000 F300 - 

SAN 0.0000 SAN - 

SAD 0.0000 SAD - 

NZ 0.0000 NZ - 

NZH 0.0000 NZH - 

*P-values lower than 0.05 represent that statistical significant differences in the adsorption 

capacity values are caused by the temperature variation 

 

From the results shown in Table C.1, it was found that for all the adsorbents, the 

statistical parameter p-Value was less than 0.05. Therefore, at 95.0% confidence level, it was 

determined that temperature is a statistically significant variable on the adsorption capacity.  
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APPENDIX D. Determination of the thermodynamic equilibrium constants at 

different temperatures and pH values in the adsorption of lincomycin on 

activated carbons and zeolites 

 

Thermodynamic equilibrium constant for the adsorption of lincomycin on activated 

carbons and zeolites in deionized water was determined using the methodology proposed by 

Khan & Singh (1987) explained in chapter two. The distribution coefficient can be determined 

by plotting ln (𝑞𝑒/𝐶𝑒) vs 𝑞𝑒 and extrapolating 𝑞𝑒 to zero. Besides, the correction proposed by 

Milonjic [98] was used for converting the distribution coefficient into the thermodynamic 

equilibrium constant in this study. Equation (2.8) describes this correction. The following 

Figures present the plots ln (𝑞𝑒/𝐶𝑒) vs 𝑞𝑒 for different adsorbents, temperatures and pH values. 

 

Figure D.1. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on 1240 activated carbon at different temperatures and pH 6.5 
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Figure D.2. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on NR activated carbon at different temperatures and pH 6.5 

 

Figure D.3. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on F400 activated carbon at different temperatures and pH 6.5 
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Figure D.4. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on F300 activated carbon at different temperatures and pH 6.5 

 

Figure D.5. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on SAN activated carbon at different temperatures and pH 6.5 
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Figure D.6. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on SAD activated carbon at different temperatures and pH 6.5 

 

Figure D.7. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on natural zeolite at different temperatures and pH 6.5 
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Figure D.8. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on modified natural zeolite at different temperatures and pH 6.5 

 

Figure D.9. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for the 

adsorption of lincomycin on 1240 activated carbon at different temperatures and pH 10 
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Figure D.10. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for 

the adsorption of lincomycin on NR activated carbon at different temperatures and pH 10 

 

Figure D.11. Ln (adsorption capacity/concentration in solution) vs adsorption capacity plot for 

the adsorption of lincomycin on F400 activated carbon at different temperatures and pH 10 
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From the results presented in the plots ln(qe/Ce) vs qe it was possible to calculate the 

corresponding thermodynamic equilibrium constants (Kc) values. Results are presented in Table 

D.1 and Table D.2. 

 

Table D.1. Thermodynamic equilibrium constants for the adsorption of lincomycin on 

activated carbons and natural zeolites at different temperatures and pH 6.5 

 

Adsorbent 
Temperature 

(K) 

Ln(Kd) 

(L/g) 
Kc*10-6 Adsorbent 

Temperature 

(K) 

Ln(Kd) 

(L/g) 
Kc*10-6 

1240 

280 6.72 0.83 

NR 

280 8.74 6.23 

288 7.14 1.26 288 9.21 10.00 

296 7.69 2.19 296 9.64 15.3 

306 8.56 5.22 306 10.45 34.5 

F400 

280 7.00 1.10 

F300 

280 6.42 0.62 

288 7.48 1.77 288 6.59 0.73 

296 8.26 3.86 296 7.32 1.51 

306 8.74 6.26 306 8.02 3.04 

SAN 

280 6.59 0.73 

SAD 

280 6.61 0.74 

288 7.28 1.45 288 6.95 1.05 

296 7.90 2.70 296 7.72 2.25 

306 8.70 5.99 306 8.66 5.77 

NZ 

280 8.56 5.20 

NZH 

280 1.47 4.34E-03 

288 8.97 7.83 288 1.79 5.96E-03 

296 9.21 9.98 296 2.00 7.39E-03 

306 9.65 1.55 306 2.43 1.13E-04 
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Table D.2. Thermodynamic equilibrium constants for the adsorption of lincomycin on activated 

carbons and natural zeolites at different temperatures and pH 10.0 

 

Adsorbent Temperature (K) 
Ln(Kd) 

(L/g) 
Kc*10-7 

1240 

280 12.239 20.6 

288 12.685 32.2 

296 13.448 69.1 

306 13.91 110 

NR 

280 8.7809 0.65 

288 9.5520 1.41 

296 10.101 2.43 

306 10.516 3.69 

F400 

280 8.3814 0.44 

288 8.9978 0.81 

296 9.5357 1.38 

306 10.492 3.60 

 

  



131 

 

APPENDIX E. Van’t Hoff Plots for thermodynamic characterization of the 

adsorption of lincomycin on activated carbons and natural zeolite 

 

Van’t Hoff plots were used for determining the enthalpy and entropy changes using the 

slope and intercept of this trend respectively. Van’t Hoff plots for the adsorption of lincomycin 

on activated carbons and natural zeolites at different pH values (1240, NR and F400) are 

presented below. 

Figure E.1. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 

activated carbon 1240 at 280-306 K and pH values of 6.5 and 10 
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Figure E.2. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 
activated carbon NR at 280-306 K and pH values of 6.5 and 10 

 

Figure E.3. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 

activated carbon F400 at 280-306 K and pH values of 6.5 and 10 
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Figure E.4. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 
activated carbon F300 at 280-306 K and pH value of 6.5 

 

Figure E.5. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 

activated carbon SAN at 280-306 K and pH value of 6.5 
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Figure E.6. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 
activated carbon SAD at 280-306 K and pH value of 6.5 

 

Figure E.7. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on  

natural zeolite at 280-306 K and pH value of 6.5 
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Figure E.8. Van’t Hoff plot for thermodynamic analysis of adsorption of lincomycin on 

modified natural zeolite at 280-306 K and pH value of 6.5 
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