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Abstract 

Ciprofloxacin and ofloxacin are two important fluoroquinolone-based antibiotics that are heavily 

prescribed and consumed in Asian continent, specifically during the post-Covid 19 scenarios. 

Useful microbial consortiums meant for the biodegradation of sewage sludge get depleted in the 

presence of these antibiotics. Additionally, the treated sewage wastewater, used in agricultural 

fields, municipal parks for gardening etc. still contains a large quantity of antibiotics. A specific 

scheme of in-situ batch equilibrium adsorption of these antibiotics using raw sewage sludge has 

is assessed. 

Modified competitive Langmuir-like model and the LeVan-Vermeulen model are developed using 

fundamental principles of statistical thermodynamics. These models are further applied and 

validated for modelling the adsorption of ciprofloxacin and ofloxacin using raw sewage sludge. 

Parameters from each of these models are evaluated using MATLAB and the fsolve MATLAB 

Library. The sludge and the post-treated sludge are characterized physically and chemically. A 

satisfactory fit to the Langmuir adsorption isotherm, for each of the pure components, implies the 

applicability of the multicomponent adsorption isotherm models.  Pseudo-kinetics, intra-particle, 

and film diffusion models are also examined.  

Film diffusion is the rate-controlling step for the adsorption of both ciprofloxacin and ofloxacin. 

2nd-order pseudo-kinetics also support chemisorption. At a working pH of 7.8, zwitterionic forms 

of ciprofloxacin and ofloxacin do not help in the adsorption process through electrostatic 

interaction as the sludge surface remains negative. Semi-dried raw sewage sludge still exhibits a 

high adsorption capacity towards ciprofloxacin and ofloxacin in weakly alkaline medium (pH at 

~ 7.8) due to the negative charge assisted hydrogen bonding since the carboxylic acid groups of 

both FQs are hydrogen bonded to the basal oxygen atoms of the sludge layers. 

Scale-up of a dynamic adsorption system consisting of a randomly packed column is studied. Raw 

sewage sludge is used as the primary adsorbent. The Yoon-Nelson model, with a simplified semi-

empirical approach, is used to study the adsorption process for an effective scale-up of the 

continuous removal protocol for the fluoroquinolones. Additionally, the impact of varying bed 

depths, inlet concentrations, and flow rates is studied for the optimal design of the packed bed.  

Two transient convective-diffusion models are developed and validated including pseudo-1st and 

2nd-order kinetics driven depletion terms. The data collected under various dynamic conditions 

are used to optimize the models for analysing the packed bed performance with respect to varying 

bed height, flow rate and initial concentration of the FQs. Damköhler numbers of the FQs are 

calculated to predict the breakthrough times of both the FQs. The ratios of Damköhler numbers 

of ciprofloxacin and ofloxacin do not change much with flow rate. In all the experiments, Das<<1 

for both the FQs, indicating the diffusion process is faster than the rate of pseudo-reaction and 

diffusion reaches equilibrium before the reaction reaches pseudo-chemical equilibrium. Ratios of 

the Damköhler numbers, that represent the 1st-order and 2nd-order convective-diffusion models 

for ciprofloxacin to ofloxacin is < 1.  
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t Service time min 

𝜌𝑏 Bulk density g/cc 
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1.1 Background 

With the ever-increasing population all over the world, the demands of daily 

commodities, food products, medicines, etc. have been augmented manifolds which 

in turn leads to rapid industrialisation in the current century. The amount of wastewater 

generation along with the growth of industrialisation has become a significant issue 

for environmentalists and scientists. The release of effluent from different types of 

industries containing lethal chemicals, and pharmaceutical wastes into the 

environmental matrices, contribute a major role in the area of hazardous waste. During 

the last three decades, the usage of pharmaceuticals has surged by more than 2.5 times 

globally and as a consequence, the amount of wastewater released to the environment 

causes a potential threat to the ecosystem if discharged without proper treatment. 

Pharmaceuticals are considered to be the major outcome of global scientific and 

technological advancement which have amplified the normal life span, cured millions 

of people from fatal diseases, and boosted the standard of living (Marcelo et al., 2021).  
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Pharmaceuticals are now emerging as fast-escalating complex environmental 

pollutants because of their prominence. Pharmaceuticals have been found to be 

contaminating nearly all ecological matrices across the world during the last three 

decades (Caban and Stepnowski, 2021). The problem of pharmaceutical 

contaminations in the environmental matrices has become complex because of the 

usage of a huge number of therapeutic agents and the diversification of their origin 

(Madhura et al., 2019). The existence of the biotic kingdom of the environment 

becomes vulnerable as the concentrations of pharmaceuticals in the environmental 

matrices are ever-rising beyond the sustainable limit. The pharmaceutical residues and 

the parent chemicals from various sources usually go to the sewage treatment plant 

(STP) as most urban households, hospitals, and animal husbandry are connected to the 

public sewage system. 

Pharmaceuticals are considered to be the most important class of environmental 

contaminants which draw the major attention of environmentalists. Due to their strong 

hydrophilicity and feeble biodegradability, these compounds are tough to remove from 

wastewater using conventional water treatment processes (Bello and Raman, 2019). 

Therefore, disposal of such contaminants using wastewater treatment facilities are a 

more challenging task.  

Pharmaceuticals differ significantly in terms of biodegradation, solubility, stability, 

and absorbability and they can remain biologically active at extremely low 

concentrations (Ufnalska and Lichtfouse, 2021). Risk assessments indicate that 

pharmaceuticals at extremely low concentrations in drinking water would offer any 

health risk to human beings. However, long-term exposure to a particular 

pharmaceutical compound or mixture of pharmaceuticals would be associated with 

high-risk factor, and assessment of such risks to human health are required to be 



Chapter 1: Introduction 

1-3 

developed. The evaluation of risk assessment to plants and aquatic biosystem for some 

pharmaceuticals are also required to be established. 

1.2 Wastewater: Sewage wastewater particular 

Wastewater is defined as the water generated after the use of freshwater, raw 

water, drinking water, or saline water in a variety of thoughtful applications or 

processes (Wastewater Engineering).  In another way, wastewater is defined as the 

used water generated from any combination of domestic, industrial, commercial, or 

agricultural activities, surface runoff or stormwater, and sewer inflow or sewer 

infiltration (Tilley et al., 2014). In terms of daily usage, wastewater is commonly 

synonymous with sewage (also called sewerage, domestic wastewater, or municipal 

wastewater), which is wastewater that is produced by human beings.  Sewage 

wastewater consists of waste in solution or suspension that is meant to be removed 

from a community. The composition of wastewater is 99.9% water and the remaining 

0.1% is what is removed. The other 0.1% is what is cause for concern (UNL Water). 

That 0.1% includes: 

 Nutrients: Phosphorous and Nitrogen 

 Fats, oils, grease: cooking oils, body lotions 

 Pathogens: disease-causing bacteria and viruses 

 BOD-biochemical oxygen demand. BOD is a measure of oxygen needed by 

aerobic bacteria to break down organic matter. A higher BOD means there is 

more organic matter that needs to be broken down. 

 Other solids 

https://en.wikipedia.org/wiki/Fresh_water
https://en.wikipedia.org/wiki/Raw_water
https://en.wikipedia.org/wiki/Raw_water
https://en.wikipedia.org/wiki/Drinking_water
https://en.wikipedia.org/wiki/Saline_water
https://en.wikipedia.org/wiki/Infiltration/Inflow
https://en.wikipedia.org/wiki/Infiltration/Inflow
https://en.wikipedia.org/wiki/Sewage
https://en.wikipedia.org/wiki/Sewerage
https://www.epa.gov/sites/production/files/2015-06/documents/epa-mou_wastewater_basics_101.pdf
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The classification of sewage water includes sanitary, commercial, industrial, 

agricultural and surface runoff. The spent water from residences, washing water, food 

preparation wastes, laundry wastes and other waste products of normal living are 

categorised as ‘domestic’ or ‘sanitary’ sewage. Wastewater from premises used 

mainly for the purpose of a trade or business or for the purpose of sport, recreation, 

education or entertainment is called ‘commercial sewage’. Wastewater originating 

from industrial premises during the use of water in manufacturing process or cleaning 

activities is recognised as ‘industrial waste water’. Surface runoff, also known as 

overland flow, is the flow of water occurring on the ground surface when excess rain 

water, storm water or other sources can no longer infiltrate sufficiently into the soil. 

All categories of sewage contain ‘pathogenic organisms’ that can spread water borne 

diseases to human beings and other animals. Direct contact with these pathogens or 

pollution of the water supply can cause infections as a result.  

1.3 Pharmaceuticals in sewage wastewater: Antibiotics in particular 

The uncontrolled removal of partially treated or untreated wastewater is considered to 

be the prime sources of pharmaceuticals in the environmental matrices. Though some 

of the pharmaceuticals are highly degradable in nature, the frequent impositions may 

lead to pseudo persistence actions (Vulliet et al., 2011). Pharmaceutical manufactories 

including animal husbandry and aquaculture establishments are the prime producers 

of pharmaceuticals and subsequently are familiar to be the direct sources of such 

compounds to the water bodies and the local environment. The different ways for the 

pharmaceuticals entering into the environment is illustrated in the following Fig. 1.1. 

Along with the presence of pharmaceuticals in ground water, these compounds are 

now being observed in the coastal sea water due to permeation of such compounds in 
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the ground water (Petrie and Camacho-Mu˜noz, 2021). The presence of 

pharmaceuticals in water not only degrade the quality of water but also causes a 

negative effect on the aquatic biota. After the first finding of the water pollutants in 

the year 1980, several pharmaceuticals gad been noticed in water thereafter (Vieira et 

al., 2020). The common therapeutic compound that are frequently being detected in 

water matrices are (i) anticonvulsants (phenytoin, phenobarbital etc.), (ii) non-

steroidal anti-inflammatory drugs (acetaminophen, ibuprofen, diclofenac etc.), (iii) 

hormones (estriol, estrone etc.), (iv) antibiotics (ofloxacin ampicillin, ciprofloxacin, 

trimethoprim, erythromycin etc.), (v) antihypertensive (losartan, atenolol, furosemide 

etc.) and antidepressants (meprobamate, diazepam, etizolam etc.). 

The discarded pharmaceuticals in residential trash either in metabolised or 

unmetabolized state, end up in land fillings. When the dumping materials are not 

maintained properly, they develop groundwater leachates. A major portion of the non-

polar drugs are adsorbed onto the sediments and solids of wastewater treatment plant 

and are then removed with sludge (Rathi et al., 2021). Sludges that are used as 

fertilisers for agricultural purposes also leach pharmaceuticals in surface and ground 

water bodies. Animal wastes used as biofertilizers also contain antibiotics and 

hormones (Li et al., 2020). Human excretions (urine and faeces), piling of unused 

drugs and pharmaceutical containing substances applied directly on the agricultural 
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grounds and their subsequent permeation leading the entries of pharmaceuticals into 

the water bodies.  Household effluents are the most common source of environmental 

pollution caused by pharmaceuticals (Akhil et al., 2021a, b). The second greatest 

source of pollutants is effluents from hospitals which contain combinations of various 

medicaments in high concentrations. The third most important source of 

pharmaceuticals in water is due to the excretion of medicines or their metabolites by 

animals (Abhinaya et al., 2021).  Various pharmaceutical manufactories, aquaculture 

and agricultural wastewater irrigation are also supposed to be the significant sources 

for pharmaceuticals in wastewater. 

1.3.1  Antibiotics in wastewater 

The word “antibiotic” in the modern medicine, generally refers to compounds which 

have biological activity against living organisms. In other way it refers to substances 

having antibacterial, antifungal or antiparasitic activity. One of the possible modern 

definitions considers antibiotics as chemotherapeutic agents as they inhibit or 

eliminate the growth of microorganisms, such as bacteria, fungi, or protozoa (K. 

Kümmerer, 2009). The different routes through which antibiotics are taking their 

entries into the environment are considered to be classified into two categories: uses 

of antibiotics for human health and antibiotics for veterinary purposes. Humans 

consume antibiotics and excrete them and the accumulated excretions go to the 

Wastewater Treatment Plants (WWTP). After their treatment, the generated biosolids 

and discharged effluents cause pollution of the soil and aquatic matrices of the 

environment. In veterinary medicines, antibiotics are administered to livestock, which 

in terms are found in their excretory products as unabsorbed parent antibiotics or 

metabolites. Excretions used as manures also cause antibiotic contamination of soil 

and aquatic system of the environment. Antibiotics used in aquaculture also causes 
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antibiotic contamination to the aquatic environment (I.T. Carvalho et al. 2016). The 

other unconventional routes of antibiotic contamination of environment is the lack of 

availability of techniques for recycling of active medicaments from expired drugs. 

Proper recycling techniques of expired drugs can resist their entries into the 

environment. The main pathways of antibiotic residues into the environmental 

matrices are excretions after consumption of antibiotics, poor disposal of unused 

medicines and the waste generated after their manufactures. All these entry routes lead 

the antibiotics to the WWTP (C. Afonso-Olivares et al. 2012). 

1.4 Ecotoxicology of Ciprofloxacin and Ofloxacin      

Because of their limited biodegradability, antibiotics have become a major concern to 

the environmentalists. Fluoroquinolones, a class of synthetic antibiotics, have been 

found to be resistant to biodegradation (Sarangapani et al., 2019; Van Doorslaer et al., 

2014). The widespread antibiotic-resistant microorganisms have become a potential 

threat to human health (Amarasiri et al., 2020). In addition to that antibiotics also 

create problems to the ecosystem, mainly to eukaryotes including phytoplankton and 

zooplankton in the aquatic environment (Aderemi et al., 2018; Gorokhova et al., 2015; 

Lu et al., 2019; Motiei et al., 2020). Antibiotics also have direct impact on the bacterial 

community of aquatic system (Eckert et al., 2019). Therefore, pollution due to the 

presence of antibiotics has become a big concern to human health and environment 

(Polianciuc et al., 2020). Fluoroquinolones such as ciprofloxacin (Fig. 1.2) and 

ofloxacin (Fig. 1.3) have a prolonged life span in aquatic environments due to their 

low biodegradability (Janecko et al., 2016). 
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The concentration of ciprofloxacin in the effluent of the pharmaceutical wastewater 

treatment plant (WWTP) was found to be around 31000 μg / L (Larsson et al., 2007). 

As well, around 5000 μg / L of ciprofloxacin was also detected in the effluent of 

municipal and pharmaceutical wastewater treatment plant and the surrounding river 

(Gothwal and Shashidhar, 2017; Hussain et al., 2016). On the other hand, the effluent 

of the pharmaceutical wastewater treatment plant was found to contain ofloxacin at a 

higher concentration than 3000 μg / L (Hussain et al., 2016). Amongst the various 

fluoroquinolones, ciprofloxacin and ofloxacin have been found to be consumed at a 

higher rate across the world (Bortone et al., 2021; Hsia et al., 2019) and as a 

 

Fig. 1.2  Molecular structure of Ciprofloxacin. 

 

 

Fig. 1.3  Molecular structure of Ofloxacin. 
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consequence of that pollution caused by ciprofloxacin and ofloxacin are also 

tremendous and imparting hazards to aquatic environment. Both ciprofloxacin and 

ofloxacin are toxic towards aquatic organisms (Table 1.1).  

Table 1.1  Toxicity levels of ciprofloxacin and ofloxacin. 

Compound Toxicity Reference 

Ciprofloxacin EC50 for the cyanobacteria 

Microsystis aeruginosa = 15-51 

nmol/L  

Halling-Sørensen et 

al., 2000. 

 EC50 for the bacteria 

Pseudomonas putida = 241 

nmol/L  

Kümmerer et al., 2000 

 

 EC50 for the detrivorous 

microbial communities present in 

the stream = 301.8 nmol/L 

Maul et al., 2006 

Ofloxacin EC50
1  value for Microcystis 

aeruginosa (Blue-Green Algae) 

= 18-24 g/L  

Robinson et al., 2005 

 EC50 value for (Green Algae) 

Pseudokirchneriella subcapitata 

= 10400-13700 g/L  

Robinson et al., 2005 

 EC50 value for the Species: 

Lemna minor (Duckweed) = 52-

201 g/L  

Robinson et al., 2005 

 

1.5 Standard Methods of Sewage Wastewater Treatment 

The well-known fact regarding water usage is that the amount of water supplied for 

various purposes actually ends up as wastewater. This makes the treatment of 

wastewater extremely important. Wastewater treatment is the schematic methodology 

that removes most of the contaminants found in wastewater to ensure a healthy and 

sound environment. Therefore, wastewater management deals with handling of 

                                                             
1 EC50 stands for the half maximal effective concentration that refers to the concentration of a drug, 

antibody or toxicant which induces a response halfway between the baseline and maximum after some 

specified exposure time. It is used as a measure of a drug’s potency. 
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wastewater in order to protect the environment to ensure wellness of social, economic 

and public health (Metcalf and Eddy, 1991). Wastewater treatment has become more 

vital for the following purposes: 

 Reduction of biodegradable organic substances which are either released or 

remains in solution, needs to be broken down by oxidation into gases during 

the process of water treatment. 

 Reduction of nutrient concentration in the environment which along with 

wastewater enters in the environment and enrich the water bodies that leads to 

the growth of algae and other aquatic plants. These plants deplete oxygen in 

water bodies and this hampers aquatic life. 

 Elimination of pathogens that are excreted in large quantities in the feces of 

infected animals and humans (Awuah and Amankwaa-Kuffuor, 2002). 

 Recycling and Reuse of water is crucial for sustainability. Wastewater 

treatment method is broadly classified into three categories i.e. primary, 

secondary and tertiary. Sometimes, preliminary treatment is done prior to 

primary treatment. 

Preliminary treatment 

This treatment method mainly removes coarse suspended materials from the sewer 

before entering into the primary treatment clarifiers. The devices which are mainly 

used in this process are screens, grit chambers, and pre-aeration tanks respectively. 

Preliminary treatment increases the efficiency of operation and maintenance of 

subsequent treatment units.  
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Primary treatment  

This treatment includes the removal of organic and inorganic solids that can be settled 

by the physical process of sedimentation. The floating materials (scum) are separated 

by skimming. BODs up to 50%, 70% of suspended solids and 65% of grease and oil 

can be eliminated at this stage. Constituents which remain in colloidal or dissolved 

state are however not removed at this stage. The effluent from primary sedimentation 

units is referred to as primary effluent (FAO, 2006). 

Secondary treatment 

In this treatment method, the primary effluent is further treated to remove residual 

organics and suspended solids. Biodegradable dissolved and colloidal organic 

substances are removed using aerobic biological treatment methods. The mechanical 

devices used in the treatment are categorised as follows: 

1. Trickling filters along with settling tanks. 

2. Activated sludge methods rotating biological contactors (RBC). 

The non-mechanical methods used in this treatment process are anaerobic treatment, 

oxidation ditches, stabilization ponds, etc. 

Tertiary treatment 

This is the advanced treatment process applied when specific wastewater constituents 

even cannot be removed by the secondary treatment method. Tertiary treatment 

enables the removal of significant amounts of nitrogen, phosphorus, heavy metals, 

biodegradable organics, bacteria and viruses. Two methods are in use to filter 

secondary effluent effectively. These are traditional sand filter and the newer 
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membrane filters. Using improved filters and membranes removal of pathogenic 

helminths has become possible. The latest treatment method includes disk filtration 

which utilizes large disks of cloth media attached to rotating drums for filtration 

purpose (FAO, 2006). Disinfection of treated water at this stage is often done by the 

injection of Chlorine, Ozone and Ultra Violet (UV) irradiation. The outlet water meets 

the criteria of current international standards for agricultural and urban re-use. 

1.6 Assessment of pharmaceuticals in mixture    

The assessment of pharmaceuticals in wastewater includes various analytical 

techniques which have been developed for their rapid and accurate determination. 

Table 1.2 represents the evolution of different analytical techniques that have been 

followed during the last 50 years. Various chromatographic techniques have been 

implemented for the determination and quantification of pharmaceuticals in different 

water samples. The well-known chromatographic techniques currently in practice are 

High-Performance Liquid Chromatography with Ultraviolet detector (HPLC-UV) 

(D.C. da Silva et al. 2018), High Performance Liquid Chromatography with Diode 

Array Detection (HPLC-DAD) (T. Vieira et al., 2010), Liquid Chromatography 

coupled with Mass Spectrometry (LC-MS), Liquid Chromatography - Mass 

Spectrometry / Mass Spectrometry (LC-MS/MS) (C. Ort et al., 2010) and Gas 

Chromatography-Mass Spectrometry (GC–MS) (M. Farr´e et al., 2007).  

The most common chromatographic method used for separation, identification and 

quantification of most of the non-volatile pharmaceutical compounds is based on High 

performance liquid chromatography (HPLC) (R. Salgado et al., 2010). As the 

concentrations of pharmaceuticals present in the environmental water are very low, 
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therefore a sample preparation and pre-concentration step are necessary before 

analysis (D.M. Pavlovi´c et al., 2007).  

Table 1.2  Evolution of analytical techniques. Source: (Y. Talero-P´erez al., 2014). 

Time period Analytical technique  Abbreviature 

Before 1970  Thin-Layer Chromatography TLC 

1970–1980  Gas Chromatography - Electron Capture 

Detector 

High Performance Liquid Chromatography 

GC-ECD 

HPLC 

1980–1990  Gas Chromatography - Mass Spectrometry 

(Selected Ion Monitoring) 

High-performance Liquid Chromatography 

(Diode Array Detection - Ultraviolet) 

GC–MS (SIM) 

 

HPLC (DAD-

UV) 

1990–2000  Gas Chromatography - Mass Spectrometry 

(Electron Capture Detector.) 

Liquid Chromatography - Mass Spectrometry 

Liquid Chromatography - Mass Spectrometry 

(Quadrupole-quadrupole-Quadrupole) 

Liquid Chromatography - Mass Spectrometry 

(Quadrupole-quadrupole-Linear Ion Trap) 

GC–MS (ECD) 

 

LC-MS 

LC-MS (QqQ) 

 

LC-MS (QqLIT) 

2000–2010 Ultra-Performance Liquid Chromatography 

Ultra-Performance Liquid Chromatography - 

Time of Flight 

UPLC 

UPLC-TOF 

2010 - 

Present 

Ultra-Performance Liquid Chromatography - 

OROBITRAP  

Ultra-High-Performance Liquid 

Chromatography - Electro-Spray Ionization - 

Mass Spectrometry  

UPLC-

ORBITRAP 

UHPLC-ESI-MS 

 

1.7 Specific Methods for Removal of Pharmaceutical Compounds  

Contamination of wastewater by pharmaceuticals has become a global problem. 

Several methods have been applied but still there is an immediate need for 

development of robust methods and techniques for the complete removal of 

pharmaceuticals from wastewater. The efficiency of removal of 

pharmaceuticdependspend on wastewater treatment techniques. The different 
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techniques vary from one another in terms of long-term viability, effectiveness, cost 

and their merits and demerits. 

1.7.1 Biological Treatment 

Biological treatment method is considered to be the most traditional treatment method 

for pharmaceuticals in wastewater. It is categorized as aerobic and anaerobic 

processes. Aerobic process includes activation sludge process, membrane bio-reactor 

(MBR) and sequential batch reactor. The anaerobic process involves anaerobic filter, 

up-flow anaerobic sludge blanket.  

Conventional activated sludge (CAS) is a low-cost treatment process as compared to 

other advanced treatment methodologies. Biodegradation of pharmaceuticals by 

microorganism is the key factor in this process. The efficacy of this method depends 

on hydraulic retention time (HRT) and sludge retention time (SRT). Longer HRT 

enhances removal efficiencies for most pharmaceuticals (Verlicchi et al., 2010). 

However, because of the low biodegradability of many pharmaceuticals, CAS does 

not perform well for all types pharmaceuticals like carbamazepine (Oulton et al., 

2010).  

Membrane Bio Reactor (MBR) is a combination of conventional biological treatment 

and membrane separation in a single unit (Tay et al., 2007). An MBR system works 

more efficiently by controlling the sludge retention time (SRT) and increase removal 

rate of pharmaceuticals.  Oulton et al. 2010, suggested MBR to be more effective as 

compared to CAS. From the work of Weiss and Reemtsma 2008, it is evident that 

MBR system is much effective for removal of pharmaceutical compounds which are 

easily biodegradable in nature. The shortfall of the method is exactly similar to that of 

CAS. This process is also unable to remove recalcitrant contaminants.  
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1.7.2 Sewage Sludge as potential adsorbent of pharmaceuticals 

Sewage sludge which is a waste material, been investigated as a potential adsorbent. 

This is a by-product generated after the digestion of biomass from the sewage 

treatment plant and consists of organic and inorganic (such as sand and metal oxides) 

components (G. Xu et al. 2015). Sludge contains organic components and thus it can 

be converted into an adsorbent material. It also aids a waste accumulation issue. 

Though the relatively low surface area of sewage sludge and sewage sludge-based 

materials (as compared to commercial carbon adsorbents) are relatively low, but it has 

demonstrated adsorption capacities comparable to those of commercial carbons (A. 

Bagreev et al., 2001; A. Ros et al., 2006). Sewage sludge as an adsorbent has been 

used in preceding studies to remove pollutants such as H2S (A. Bagreev et al., 2001), 

dyes (F. Rozada et al., 2003; Z. Aksu et al., 2001; L. Leng et al., 2015), phenol (W. 

Zhu et al., 2014), carbon tetrachloride (X. Chen et al. 2002), pesticides [R. Rojas et 

al., 2014] and heavy metals (Y. Su et al., 2015) effectively. All these studies indicate 

a growing interest in the repurposing of sewage sludge for the use in adsorption of 

pollutants including pharmaceuticals. 

1.7.3 Advance Treatment Methods 

Due to the shortfall of conventional methods for removal of various types of 

pharmaceuticals from wastewater effectively, advance methods that introduces 

adsorption, oxidation and membrane separation have been developed. 

Activated carbon both in granular (Granular Activated Carbon; GAC) and powdered 

(Powdered Activated Carbon; PAC) form is one of the most common adsorbents used 

in the adsorption process. However, being cost-effective powdered activated carbon 

is the most preferred choice of adsorbent (Grassi et al., 2013; Gupta et al., 2009). 
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Although it is being used in the tertiary treatment of wastewater, activated carbon 

proves as a potential adsorbent for pharmaceuticals removal (Wang and Wang, 2016). 

Carbon nanotubes (CNTs) are also used as potential adsorbent for removal of 

pharmaceuticals from wastewater but unlike conventional adsorbents they have been 

relatively less explored. The adsorption behaviour of CNTs depends on their surface 

morphology and chemistry. 

Membrane filtration techniques that include nanofiltration (NF) and ultrafiltration 

(UF) have been implemented as advanced treatment methods in wastewater treatment 

plants for the removal of natural organic substances and pesticides (Yoon et al., 2007). 

With regard to the removal of the pharmaceuticals, membrane processes including 

nanofiltration, ultrafiltration and reverse osmosis (RO) have been reported to be an 

efficient treatment method. NF also known as low-pressure RO, has pores in nanoscale 

and was so designed to fill the technical gaps of RO and UF (Yang et al., 2014). The 

removal efficiency of either of the filtration techniques is affected by the 

physicochemical properties of the pharmaceuticals like hydrophobicity, charge and 

molecular weight (Van Der Bruggen et al., 1999; Comerton et al., 2007; Yoon et al., 

2007) of the molecules and it has been observed a linear relationship between the 

retention of pharmaceuticals on the membranes and their respective log Kow values. 

Advanced Oxidation Processes (AOPs) which generally occur at ambient conditions 

of temperature and pressure, involve the generation of highly reactive radicals 

(especially hydroxyl and sulphate radicals) which have potential effects for water 

purification (Glaze et al., 1987). AOP treatment processes require chemicals like 

hydrogen peroxide, ozone, persulphate, transition metals, metal oxides and UV 

irradiation. This treatment converts or degrades the organic pollutants into carbon di 
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oxide, water, nitrogen and other smaller molecules that are easily biodegradable. This 

treatment process is found to be extremely promising for the remediation of 

contaminated ground, surface, and wastewaters containing organic pollutants such as 

pesticides, aromatics, etc. which are non-biodegradable in nature (Andreozzi et al., 

1999). Due to the high cost of chemicals and energy sources, the implementation of 

AOP treatment is not feasible in terms of cost. 

1.8 Statement of the problem 

Ciprofloxacin and ofloxacin belong to a class of antibiotics called Fluoroquinolones 

(FQs), which have a wide anti-bacterial activity against Gram-positive and Gram-

negative bacteria. Since the recent Covid-19 pandemic witnessed a magnanimous rise 

in the use of antibiotics to prevent secondary bacterial infections, it led to vast 

production and use of such antibiotics. Ultimately the antibiotics get discharged into 

the municipal sewer pipes, thereby killing the useful microbial colony. In order to 

prevent environmental degradation a commercial scale-up of the adsorption of these 

antibiotics using raw sewage sludge is an absolute necessity.  

Batch adsorption experiments are conducted using Raw Sewage Sludge (RSS) as the 

adsorbent for removing a pair of fluoroquinolones, namely, ciprofloxacin and 

ofloxacin. Well-known multicomponent adsorption models are parameterized and 

validated. As wastewater from pharmaceutical industries deals with a large amount of 

water, continuous treatment is required. Packed columns containing RSS are designed 

for the continuous adsorption of pharmaceutical wastewater. The transient behavior of 

various composite fixed beds is analyzed with respect to the removal of ciprofloxacin 

and ofloxacin. Two dynamic models (1st -order and 2nd -order pseudo kinetic 
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convective diffusion models) are also developed, on the basis of conservation of 

species, to simulate the continuous removal process. 

1.9 Specific Objectives 

i. Treatment of pharmaceutical wastewater containing ciprofloxacin and 

ofloxacin by adsorption using raw sewage sludge (RSS) as an adsorbent. 

ii. Physical and chemical characterization of the raw sewage sludge (RSS). 

iii. Design of experiments for batch equilibrium analysis of wastewaters 

containing ciprofloxacin and ofloxacin. 

iv. Development, parameterization, application, and validation of some reputed 

multicomponent competitive adsorption models using batch equilibrium 

isotherm data. 

v. Evaluation and validation of the pseudo-kinetics, pore, and film diffusions 

using various models. 

vi. Development and validation of two transient forms of a convective-diffusion 

model, which include depletion terms (in liquid-phase), being represented by 

the first and second-order pseudo-kinetics with due considerations for the 

convective and diffusive terms of liquid phase mass transfer along with film 

diffusion, intra-pellet mass transfer, and depletion of species governed by 

pseudo-kinetics of competitive adsorption under various dynamic conditions. 

vii. Estimation of parameters of the 1st and 2nd-order pseudo-kinetic equations 

using experimental data collected under dynamic conditions.  
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viii. Application of each of these convective-diffusion models to carry out a 

thorough breakthrough analysis under varying dynamic conditions for both 

ciprofloxacin and ofloxacin.  

ix. Checking on the performance of the packed bed with respect to the effects of 

changes in bed height, flow rate, and initial concentration of both 

fluoroquinolones (ciprofloxacin and ofloxacin), in combination, using first-

order and second-order convective diffusion models and estimated Damköhler 

numbers. 

x. Evaluation of the packed column in terms of its breakthrough performance 

using the Yoon-Nelson approach. Effects of varying bed heights, 

concentrations, and flow rates of influent wastewater are specifically examined 

to obtain the theoretical breakthrough curves for the adsorption column.  

1.10  Outline of the thesis 

The literatures have been reviewed in connection to various innovative methods 

applied in this research work in Chapter 2. In order to estimate the adsorption 

capacity, precursor RSS is characterized physically as well as chemically in Chapter 

3. Chapter 4 deals with the batch equilibrium adsorption of pure component 

ciprofloxacin and ofloxacin using RSS. Evaluation of various model isotherms for 

pure component ciprofloxacin and ofloxacin is carried out in this chapter. Chapter 5 

discusses the multicomponent adsorption of ciprofloxacin and ofloxacin using RSS. 

Development of two competitive adsorption models, specifically meant for batch 

equilibrium analysis of the multi-component system, is undertaken with the help of 

fundamental principles of statistical thermodynamics. Further, estimation and 

validation of the parameters of these multicomponent models are depicted in this 
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chapter. The kinetic study explains the suitability in the applications of pseudo 

kinetics, pore diffusion and film diffusion. The mechanism of macro and micro 

transport during adsorption of the two compounds by different adsorbents is also 

analyzed in this chapter. Chapter 6 emphasizes the transient behavior of the packed 

bed for continuous adsorption of ciprofloxacin and ofloxacin using RSS. Effects of 

change in bed height, flow rate and concentration of the feed solution, on the 

breakthrough curve generated from the continuous study, are portrayed here. Two 

simple one-dimensional convective diffusion models, including pseudo-kinetics 

driven depletion terms, are also developed along with the validation of the models for 

specific cases with no axial dispersion, for variations in flow rate and bed height. 

Chapter 7 describes the appropriateness, application and validation of a semi-

empirical model. Chapter 8 highlights various novelty elements in the entire span of 

research work carried out. Concluding remarks are enumerated along with 

recommendations for some new dimensions in the future work after discussing the 

limitations of this research work. The main chapters are followed by two annexures. 

Annex-I describes the parameter estimation technique using MATLAB and the fsolve 

library function. Annex-II details the characterization of the post-treated sewage 

sludge.  
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Foreword 

Various work performed by many researchers on the topic related to treatment of 

pharmaceutical wastewater are hereby reviewed in this context. 

 Consideration of hazards associated with wastewater bearing pharmaceuticals 

and subsequent treatment methodologies of pharmaceutical wastewater. 

 Potential hazards with respect to ciprofloxacin and ofloxacin. 

 Characterization including both physical and chemical of the natural 

adsorbent. 

 Batch equilibrium analysis, kinetics study and diffusion models including film 

and pore diffusion. 

 Study of transient behaviour of packed bed column applying semi empirical 

models. 
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2.1 Pharmaceutical wastewater and its treatment: Concerns for hazards 

One of the important features of the current environmental research is water pollution 

caused by emerging pharmaceutical compounds which have been considered as 

potential hazardous organic pollutants due to their widespread use and prolonged 

effect on aquatic environment (Ashfaq et al. 2016). Pharmaceutical contaminants have 

been prevailing in nearly all ecological matrices including influents and effluents from 

ground water, surface water and sludge, over the last few decades (Caban and 

Stepnowski, 2021). Nearly 713 pharmaceuticals out of those 11,926 pharmaceutically 

active compounds have been spotted in wastewater (Femina Carolin et al., 2021). 

Natural water and wastewater contain these pharmaceutical contaminants in the range 

of ng / L to µg / L (Kolpin et al. 2002; Daughton et al. 1999), µg / kg to mg / kg in 

soils and sludge (Walter et al. 2010). Even at such low concentration these organic 

contaminants show pseudo persistence in the environment and affect adversely the 

ecosystem and human health (Hernando et al. 2006; Rivera et al. 2013; Sharma et al. 

2016).The municipal sewage treatment plants (STP) are considered to be the major 

point source for these organic pollutants (Onesios et al. 2009; Ericson et al. 2010), 

because pharmaceuticals in household and hospital sewage is mainly discharged into 

sewage treatment plants (Gobel et al. 2007; Xu et al. 2007). It has been reported by 

various researchers that the discharge of effluent from sewage treatment plants is the 

main source of pharmaceutical contaminations in nearby surface waters (Wuersch et 

al. 2005; Gulkowska et al. 2008).  

Conventional wastewater treatment processes and subsequent clarification are not 

effective for the complete removal of pharmaceuticals from wastewater (Westerhoff 

et al. 2005). Many researchers found that advanced treatment processes involving 

ozonation, chlorination, ultraviolet (UV) irradiation, nanofiltration (NF), reverse 
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osmosis (RO) and activated car bon adsorption can remove antibiotics from 

wastewater effectively (Le-Minh et al. 2010). Radjenovic et al., (2009) explained that 

ozonation is effective in removal of antibiotics from wastewater only with the 

limitation that the transformed products are also biologically active and further 

resistant to ozonation. Recent studies suggest that membrane technology may be a 

very effective tool for the removal of pharmaceuticals from wastewater (Drewes et al. 

2002). Currently, effective sewage treatment processes for removal of 

pharmaceuticals from wastewater involve the use of sewage sludge, advanced 

oxidation, activated carbon adsorption, membrane separation technology and 

membrane bioreactor technology are extremely traditional (Jiao et al., 2012; Zhao et 

al., 2010). Hu et al., (2014) mentioned that biological treatments have been used 

widely to treat wastewater because of their high removal efficiency, low cost 

involvement and utilizing the microbial community to convert the contaminants into 

simpler non-toxic materials. Sewage sludge is used extensively in wastewater 

treatment process and exhibits as potential remover of carbonaceous pharmaceuticals 

from wastewater (Kreuzinger et al., 2004; Clara et al., 2005). Various researchers 

showed that a combination of sewage sludge and trickling filter are widely used as 

biological wastewater treatment method and can remove pharmaceuticals and other 

contaminants to varying amounts (Clara et al., 2005; Joss et al., 2005; Kasprzyk-

Hordern et al., 2009; Radjenovic et al., 2009; Petrie et al., 2013a). Another 

investigation revealed that the average removal efficiencies of pharmaceuticals from 

wastewater in WWTPs using sewage sludge treatment varies from 20% to 99% 

(Bueno et al., 2012). Pérez et al., (2005) investigated the fate of three sulphonamides 

at low concentration level in sewage sludge process and observed a removal ranging 

from 50 – 93% through biodegradation pathway in sewage sludge. Kim et al., (2005) 
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demonstrated the study of removal of tetracycline antibiotic using sewage sludge 

process and the subsequent results suggested the removal of tetracycline occurred 

mainly via adsorption onto the sewage sludge. 

2.2 Studies on ciprofloxacin and ofloxacin (refer to Fig. 1.2 and Fig. 1.3) 

Van Doorslaer et al., (2014) suggested that Ciprofloxacin and Ofloxacin are the 

antibiotics belonging to the Fluoroquinolones (FQs) family and these antibiotics are 

broadly used in medical and veterinary purposes. They exhibit antibacterial activities 

by intercepting the transcription and replication of bacterial DNA by cutting bacterial 

DNA in the gyrase DNA and type IV topoisomerase enzymatic complexes (Derayea 

et al., 2021; Yıldırım et al., 2020). These two antibiotics show excellent bioavailability 

because of rapid absorption following oral administration and exhibit a broad 

spectrum of activity against both gram-positive and gram-negative bacterial species 

(Derayea et al., 2021; Guan et al., 2020). Environmental hazards related to the use of 

antibiotics is the result of antibiotic resistance due to the origination of antibiotic-

resistant bacteria which is considered as one of the most emerging health associated 

problems in recent days (Guan et al., 2020, Wang et al., 2019). Various researchers 

developed new, sensitive, precise and selective analytical methods for the 

determination of ciprofloxacin and ofloxacin and their residues in food and the 

environment (Tian et al., 2020; Yu L et al., 2020). Numerous HPLC-UV methods have 

been developed for the ascertainment of these compounds in various matrices, like 

urine and human plasma (Yıldırım et al., 2020, Cairoli et l., 2020). Maia et al., (2020) 

carried out methods based on HPLC-MS for the determination such antibiotics along 

with other fluoroquinolones in wastewater. 
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2.3 Use of sustainable adsorbents for the removal of pharmaceuticals 

Adsorption is the process in which the atoms of fluid phase stick to atoms of solid 

state and the different steps involved in the process of adsorption are (i) transportation 

of solute from the bulk fluid phase (ii) film diffusion (iii) pore diffusion and (iv) 

adsorption to the solid surface by weak van der Waals attractions (Vignesh et al., 

2022). Various researchers conducted adsorption experiments with powdered 

activated carbon and elimination rate was up to 99.7% for 29 antibiotics found in 

surface water. Sotelo et al. (2012) used activated carbon in fixed bed adsorption study 

and observed the elimination rates of diclofenac and caffeine up to 96% and 99% 

respectively. Activated carbon has been used in a broad range for the elimination of 

medicaments present in different water bodies (Nguyen et al., 2020). The major 

drawback for using activated carbon as adsorbent is the requirement of huge amount 

of water for cleansing purposes (Vishnu et al., 2021).  

Though agricultural wastes are used for the preparation of activated carbon and bio-

chars but these materials can be used directly for adsorption of the pharmaceuticals 

(Baccar et al., 2012). Portinho et al. (2017) studied with grape stalk (Vitis vinifera) for 

the adsorption of caffeine substrates. Modification of grape stalk was done using 

phosphoric acid, and the discussion was made between adsorption capacities between 

the modified and unmodified material and illustrated that the modified grape stalk 

showed better adsorption capacities than the unmodified material. Villaescusa et al. 

(2011) examined various adsorbents like waste from wine production (grape stalk), 

yohimbe extraction (yohimbine bark) and cork bark for the adsorption of paracetamol 

and observed that Grape stalk was more effective in the adsorption of paracetamol 

following pseudo second order kinetics.  
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Tan et al., (2015) utilized biochars produced from pyrolyzing the pine wood at 4250C 

for the removal of salicylic acid and ibuprofen effectively by means of adsorption. 

Yao et al., (2013) used biochars, prepared from sludges from effluent treatment plants 

for the effective adsorption of gatifloxacin and other pharmaceuticals. Mondal et al., 

(2016) examined activated biochar produced from mung bean husks for the adsorption 

of ranitidine hydrochloride in the fixed bed columns. Xie et al., (2016) prepared 

biochar from pine wood under different thermochemical conditions and investigated 

the adsorption behaviour of sulfamethoxazole and sulfapyridine. 

Another promising natural adsorbent material is clay that exhibits enhanced 

adsorption for its stable nature, mechanical strength, high specific area, high ion 

exchange capacity and chemical structure (Srinivasan, 2011). Dordio et al. (2017) 

carried out experiments using lightweight expanded clay aggregates for the 

elimination of gemfibrozil, mefenamic acid, and naproxen and found better absolute 

removals; while using vermiculite obtained high adsorption capacities. 

Alkhamis et al. (2008) used chitosan particles for the adsorption of ketotifen fumarate 

and observed that its adsorption capacity is greater at pH 7 than at 10 and it may had 

adsorbed both into the bulk structure of the substance and onto its surface in 

accordance to adsorption mechanisms. 

2.4 Sewage sludge as potential adsorbent for the removal of pharmaceuticals 

Sewage sludge that has been examined as a potential adsorbent by itself or as a 

precursor, is a by-product from the sewage treatment process and consists of organic 

and inorganic components (G. Xu et al., 2015). Various researchers used sewage 

sludge as an adsorbent in different studies to remove efficiently pollutants such as dyes 

[Z. Aksu et al., 2001], phenol [W. Zhu et al., 2014] and pesticides [R. Rojas et al., 
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2014]. Some researchers have shown that sewage sludge in combination with fish 

wastes may react synergistically for the removal of carbamazepine from an aqueous 

solution [D. Bendz et al., 2005]. Rui Ding et al., (2012) carried out experiments with 

sewage sludge and waste oil sludge-derived materials as adsorbents and obtained an 

excellent result in removal of oxytetracycline, enrofloxacin and erythromycin from 

wastewater. Lu Wang et al., (2017) conducted batch experiments with five 

fluoroquinolones including ciprofloxacin, ofloxacin, norfloxacin, enrofloxacin and 

lomefloxacin using sewage sludge and investigated the detailed adsorption and 

biodegradation behavior of the five fluoroquinolones during the batch experiments. 

The results indicated that adsorption onto the sludge surface is the primary removal 

pathway of the treatment process using sewage sludge.  

2.5 Batch equilibrium study: Experimental design and parameter estimation 

Adsorption is widely considered to be the most cost-effective and efficient removal 

technique of micropollutants among the various conventional wastewater treatment 

processes [Dural et al. 2011]. Adsorption, using sewage sludge is a cost-effective and 

effective process for the treatment of various emerging organic contaminants (EOCs), 

and the same is used in wastewater treatment plants [Mishra, 2016]. The following 

steps that mainly govern the adsorption process are:  

I adsorbate transport to the adsorbent from the bulk of the liquid surrounding 

the      

II adsorbent.     

III film diffusion: diffusion of the adsorbate across the liquid film 

surrounding the adsorbent particle. 
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IV pore diffusion: diffusion of adsorbate within the porous surface of 

adsorbent particle.  

V adsorption to the solid surface by weak van der Waals attraction, electrostatic 

attractions, sometimes strong chemical bonds and hydrogen bonding. 

Removal of micropollutants through adsorption depends on the properties of both the 

adsorbates and adsorbents. Porosity, surface area, pore volume, as well as the surface 

functional groups of the adsorbent and the characteristics of the adsorbate i.e. shape, 

charge, size and hydrophobicity, have impact on the adsorption efficiency [Michael et 

al. 2013].  The removal pathways of organic micropollutants in sewage sludge system 

involves adsorption, hydrolysis, biodegradation as well as volatilisation [Kim et al., 

2005]. Bing et al., (2010) examined the adsorption of eleven antibiotics including 

ciprofloxacin and ofloxacin which are the active medicaments of various 

pharmaceutical formulations, by adsorption with activated sludge. To determine the 

maximum adsorption capacity five different isotherm models were utilized in this 

study to find out the best fitted one. 

Multicomponent adsorption study implies the competitive adsorption mechanism 

between more than one component and it is exactly important as industrial effluents 

usually contain more than one component [Erto et al., 2012]. Estimation of 

multicomponent adsorption utilizing information obtained from single component 

isotherm models, is the most complicated problem in the field of adsorption study 

[Wurster et al. 2000]. Treatment of wastewater containing organic micropollutants 

using activated sludge is carried out by many researchers [Rogers, 1996; Kim et al., 

2005; Li and Zhang, 2010; Ding et al., 2012; Xiancai et al., 2017]. Adsorptive 

properties of a binary mixture in batch adsorption analysis was carried out by Tang et 

al. (2012). Modified competitive Langmuir-like model was developed to calculate the 
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experimental data for binary system was used by many researchers [Banerjee et al., 

2020; Banerjee et al., 2014]. The kinetic study of adsorption process for single and 

binary system were conducted using pseudo-first order and pseudo-second order 

model by many researchers [Mahmoud et al. 2012; Dural et al. 2011]. Different 

researchers studied the adsorption mechanism by applying the intra-particle diffusion 

and film diffusion model respectively [Tang et al. 2012; El-Khaiary and Malash, 

2011]. Hill, 1986; Tien, 1994 predicted multicomponent adsorption data from 

multicomponent models including competitive Langmuir-like model and Le Van-

Vermeulen model using parameters from single component system. Various 

researchers analyzed Ideal Adsorbed Solution model (IAS) to explain multicomponent 

adsorption [Yun et al. 1996; Erto et al. 2012]. 

2.6 Transient behavior of packed column: Development and application of 

convective diffusion models 

Determination of the breakthrough curve for adsorption in packed bed is a very 

important concern because it provides the basic but very important information in the 

design of a packed column. The experimental method is usually a time consuming and 

un-economical process, particularly for the trace contaminants with long residence 

times [Xu et al. 2013].  

In order to overcome the stringent assumptions of these semi-empirical models, both 

in their primary and linearized forms, in this piece of research, a robust and novel 

convective-diffusion model is proposed with generation or depletion terms being 

governed by pseudo kinetics of adsorption under dynamic condition. A pore and solid 

diffusion model has been developed for a fixed bed column considering irreversible 

adsorption isotherms and neglecting outside film resistance [Weber and Chakravorti 
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1974]. Lapidus and Amundson applied a convective-diffusion model to analyse the 

transport mechanism of solute in an unsteady one-dimensional saturated flow, 

neglecting intra-pellet mass transfer [Lapidus and Amundson 1952]. Similarly, a 

number of research groups analysed packed-bed adsorption using the convective-

diffusion model with due consideration for inter-pellet diffusion [Singha et al. 2012; 

Saha et al. 2012; Thirupathi et al. 2007].  

2.7 Transient behavior of packed column: Scale-Ups using semi-empirical 

models   

In industry, the wastewater is generated in huge volumes and hence a convenient 

method to handle such a great volume of water is required to treat the same prior to 

discharge. Batch adsorption processes are not practically feasible to carry out the 

treatment method for the industrial scale to deal with huge flow of wastewater 

[Karunarathne et al. 2013]. The reliable design for the packed bed adsorbent requires 

the foundation of acceptable modelling framework for establishing the shape of the 

breakthrough curve [Lee et al. 2000]. Various parameters like bed depth or bed height, 

inlet and outlet flow rates and influent concentrations are required to be evaluated to 

study the behaviour of the breakthrough curve corresponding to a fixed bed column 

[Suyadal et al. 2000]. The dynamics of the fixed bed column depend on several 

features involving strong non-linearities between the adsorption equilibrium 

isotherms, competition of solutes of more than one kind for adsorbent sites resulting 

strong interference effects, mass transfer resistance between the fluid phase and the 

solid phase, fluid dynamics dispersion phenomenon and making the modelling of the 

dynamics of the fixed bed adsorption systems more challenging [Sotelo et al. 2012]. 

Most of the reported studies reveal that adsorption-based separation depend on 

equilibrium and kinetics of adsorption [Alhamed 2009; Lua and Jia 2009].  
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Batch equilibrium analysis followed by dynamic study can ascribe the mass transfer 

mechanism, adsorption capacities of the adsorbents, suitability of the isotherm 

representing the equilibrium and the effects of different parameters governing the 

dynamics of the adsorptive systems [Manjare and Ghoshal 2005]. Teeba M et al. 

(2017) conducted the adsorption study of ciprofloxacin and norfloxacin in a fixed bed 

column and investigated the various parameters related to the dynamic study in a fixed 

bed system, including bed height, influent concentration and flow rates respectively.  

Sizirici et al. (2020), conducted experiment for removal of organic matter in terms of 

chemical oxygen demand (COD) from synthetic wastewater using immobilised 

activated sludge in fixed bed column. The effects of parameters including column bed 

height and influent COD concentrations on removal efficiencies were analysed using 

breakthrough curves. It was found that the removal efficiency increased with increase 

in fixed bed height and with a reduction in influent COD concentration.   

Semi empirical models are simplified models used to investigate the scale of the 

laboratory column in order to make an effective design for pilot scale columns [Sarin 

et al. 2006]. In 1920, Adams and Bohart first proposed the idea of bed depth service 

time model, and it is being considered to be the simplest semi-empirical model in the 

packed bed study that permits the most rapid determination of the adsorbent bed 

performance [McKay and Bino 1990]. Working principle of this model is based on 

theory of surface reaction rate, i.e. the adsorption rate is proportional to the fraction of 

remaining adsorption capacity of the adsorbent bed [Lehmann et al. 2001]. This model 

also illustrates the correlation between the bed height or depth of the packed bed 

column and the service time [Kratochvil et al. 2000]. The model is validated based on 

the assumption that external mass transfer resistance and intra-particle diffusion both 

are negligible and the adsorption kinetics is mainly controlled by the surface chemical 
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interaction between the solute and the adsorbent, rare in real systems [Ayoob et al. 

2007]. Inherent assumption of the BDST model is the symmetry of the breakthrough 

curves and the same is not practically possible to achieve and here lies the major 

limitation of this model [Zulfadhly et al. 2001]. Although the BDST model suffers 

from certain limitations, it is practiced worldwide. The model is favourable only in 

describing the initial part of the breakthrough curve i.e. up to the breakthrough point 

or saturation points (up to 10-50% approximately). BDST model is not suitable for 

analysing systems receiving longer period of time to reach equilibrium, as the solid-

phase loading of the column bed does not bear a certain relationship with time at 

various bed heights of the column [Ko et al. 2003]. In order to eliminate such 

limitation a constant bed capacity of the column throughout the operation is 

considered for the original BDST model. This proposition may not be true in certain 

instances [Ayoob et al. 2007].   

Apart from BDST model, dynamics and performance of an adsorption column is also 

described by the Thomas model [Thomas 1944]. This model has been derived from 

the second-order reaction kinetics (the rate determining step) and is followed in any 

adsorption process [Suksabye 2008]. This model assumes Langmuir’s pseudo-kinetics 

of adsorption-desorption ignoring resistances from both intra-particle mass transfer 

and external fluid film and also assumes that there is no axial dispersion in the fixed 

bed [Franco 2017]. Primary disadvantage of this model is that it has been derived from 

second-order reversible reaction kinetics where physical adsorption does not follow 

chemical interactions always, rather controlled mainly by the inter phase mass transfer 

[Rao et al. 2002]. Experimental values can be fitted to the Thomas Model to find the 

maximum adsorption capacity of the packed bed column and the kinetic rate constant  

[Fu et al. 2004; Malkoc et al. 2006].  
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Another semi-empirical model, that is well used in the dynamic study of fixed bed 

adsorption is known as Yoon-Nelson model proposed by Yoon and Nelson [Yoon and 

Nelson 1984] assumes that the probability of solute adsorption and breakthrough is 

proportional to the decreasing rate of the adsorption probability within the fixed bed. 

This model is brief and independent of the adsorbate and adsorbent characteristics as 

well as geometric parameters of the fixed-bed column [Ahmed et al. 2018]. 

In most of the semi-empirical models, including Thomas model and BDST model, 

cross sections of the functional adsorbent bed are considered homogeneous, thereby 

neglecting the radial movements. This causes significant error in the analysis because 

these models are developed on the basis of a strictly plug flow behavior. Thomas 

model assumes Langmuir equilibrium relationship to hold good for the specific 

adsorbent, but are mostly used extensively disregarding the sorbate-adsorbent 

adsorption equilibrium. Also, the original Thomas model was found computationally 

complex as it uses first order Bessel function (Thomas 1944). The simplified Bohart-

Adams model is generally unable to accurately predict the nature of the breakthrough 

curve beyond the breakthrough concentration of 30% (Aksu 2007). Even though the 

semi-empirical models are derived independently, a critical analysis performed by 

Khim Hoong Chu (Chu 2020) shows the mathematical equivalence of simplified 

Bohart-Adams, simplified Thomas, and Yoon-Nelson models.  
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Adsorption is a simple, widely-adopted, and eco-friendly method, for its ease of 

operation, low investment, and relatively higher capability in removing contaminants 

while generating fewer hazardous by-products as compared to other available 

treatment methods. Among various commercial adsorbents, raw sewage sludge [RSS] 

is a widely used adsorbent with a proven ability to remove various micropollutants 

from wastewater. It is a matrix composed of carbonaceous matter along with other 

chemical and biological constituents. RSS is an effective adsorbent due to the presence 

of a high degree of porosity and internal surface area. Adsorption of CIP and OFLX 

on RSS depends on several factors like hydrophobicity, specific surface area, surface 

charge, and surface functional groups of the RSS. 

 

 



Chapter 3:-  Physical and chemical characterization of raw sewage sludge 

3-2 

3.1 Physical and Chemical Characterization  

The raw sewage sludge is perfectly dried at around 35C in an air oven for 5-6 days. 

The dried mass is then pulverized using a mortar and pestle and is then sieved through 

a screen (BS 60 mesh). The mass obtained after sieving is kept in a desiccator at 

normal temperature and further characterized physically and chemically.  

3.1.1 Analysis of Scanning Electron Micrography (SEM) based images 

The surface topography of adsorbent material is examined by a Field Emission 

Scanning Electron Micrograph (FE-SEM) with x6000 magnification. A Field 

Emission Scanning Electron Microscope (FE-SEM) [Make: HITACHI, Japan; Model: 

SU3800] is used in this analysis. FE-SEM study for both raw and post-treated sludge 

is carried out in order to examine the change in the surface texture and actual loading 

capacity of raw sludge before and after adsorption. 

The Scanning Electron Micrograph (SEM) image of raw sludge obtained from the 

analysis is shown in Fig. 3.1. Fig. 3.1 represents the SEM image of the raw sludge 

surface and reveals the particle morphology and surface structure of the raw sludge.  

 

Fig. 3.1  Scanning electron micrograph (SEM) image of Raw Sewage Sludge at 6000 

magnification. 
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The surface morphology of the sample is extremely rich and heterogeneous in nature. 

Some cavities are seen and different forms like fluffy sponges, balls, and simply small 

formless particles are observed. These structures could benefit in the water permeation 

and thus make the adsorbate molecules accessible.  

3.1.2 Fourier Transform Infrared Spectroscopy (FTIR) based analysis 

Characterization of the surface functional groups retained on the surface of the raw 

sewage sludge is investigated by transmission infrared spectrum obtained using 

Fourier Transform Infrared Spectroscopy (FT-IR). An FT-IR spectrophotometer 

(Make: PerkinElmer; Model: FT-IR C120947) is used for this purpose. The entire IR 

spectrum is taken in the transmission range of 4000 cm-1 - 400 cm-1. The FT-IR 

spectrum is received at a resolution of 1 cm-1. The spectrum of KBr, set as a 

background in the spectrometer, is subtracted from the spectrum of the raw sewage 

sludge sample each time. The FTIR spectroscopy output is represented by the % 

transmittance vs wavenumber in cm-1. 

The spectral analysis of raw sewage sludge represented in Fig. 3.2 indicates a 

significant peak at 3412 cm-1, probably due to broad H bonded O-H stretching of 

alcohols [J. Coates, 2006]. The bands at 2923 cm-1 and 2852 cm-1 correspond to 

methylene C-H asymmetric or symmetric stretchings of alkanes [Reveille et al., 2003]. 

No characteristic functional group is found corresponding to the band at 2343 cm-1. 

The bands at 2028 cm-1 and 1875 cm-1 indicate carbonyl compounds. The band at 1639 

cm-1 is due to the alkenyl -C=C- stretching or -N-H bending of primary amine [EI-

Hendawy, 2003]. The band at 1548 cm-1 corresponds to mild ˃N-H bending of a 

secondary amine. The band at 1426 cm-1 is assigned to organic sulfates or carbonates 

[Sheen et al., 2008]. The bands at 1384 cm-1 and 1033 cm-1 [Smidt et al., 2002] are 
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attributed to methyl C-H asymmetric stretch and primary alcohol C-O and P-O-C 

stretching of aliphatic phosphate respectively. The peak at 796 cm-1 is due to the mild 

=C-H bending of alkenes. The bands at 779 cm-1, 759 cm-1, and 730 cm-1 correspond 

to mild C-Cl stretch of aliphatic chloro-compounds. 

The band at 730 cm-1 is due to the presence of weak –(CH2)n bend of alkanes and 

alkyls. The bands at 694 cm-1 and 643 cm-1 are attributed to C-Br stretch of aliphatic 

bromo-compounds, C-H stretch of thiols and alkyne C-H bend respectively. The band 

at 533 cm-1 is attributed to C-I stretch corresponding to aliphatic iodo-compounds. The 

band at 467 cm-1 may be due to S-S polysulphides. 
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3.1.3 Elemental analysis of raw sewage sludge: 

The elemental analysis of the raw and post-treated sludge is carried out for estimating 

Carbon (C), Hydrogen (H), Nitrogen (N), and Sulphur (S) present in the samples. The 

same is carried out using a CHNS Analyzer (Make: ELEMENTAR, Germany; Model: 

VARIO MICRO CUBE). Temperatures of the combustion tube and the reduction tube 

are set at 1150oC and 850oC respectively. The pressure of the helium gas (carrier) is 

maintained at 1100 – 1200 millibar. The results are given in Table 3.1. 

Table 3.1  Elemental analysis of raw sewage sludge obtained from CHNS analyzer. 

Sample C % 

(wt % daf) 

H% 

(wt % daf) 

N% 

(wt % daf) 

S% 

(wt % daf) 

Raw Sludge 19.97 2.847 2.03 0.455 

 

The carbon, hydrogen and nitrogen load of raw sewage sludge is estimated as 19.97 

wt % daf, 2.847 wt % daf, and 2.03 wt % daf respectively. The sulphur content is 

found to be much less as compared to the other three elements.  

3.1.4 Point of Zero Charge  

The nature of the surface charge of the raw sewage sludge is determined by successive 

measurements of the zeta potential range using a zeta sizer [Make: Malvern Inc., USA; 

Series: Nano-Z; Model No: ZEN 2600]. The sludge solutions of varying pH are 

adjusted to approximately 1.0, 3.0, 5.0, 7.0, 8.0, 10.0, and 12.0 by adding 0.1 (M) HCl 

and 0.1 (M) NaOH to the primary raw sludge sample (as much required) at 25C. The 

average zeta potential for each of the pH-adjusted samples is measured using a zeta-

sizer. By plotting the measured values of zeta potential against the values of pH, a 
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curve is regressed using the pH-zeta potential scattered dataset. Afterward, the nature 

of the surface charge is ascertained effectively at a particular value of the working pH. 

It is explicit that solution pH affects the surface charge of raw sewage sludge. At a 

working solution pH of 7.8, maintained constant for all the experiments of batch 

adsorption, the surface of sewage sludge remains negative all along [refer Fig. 3.3].  

 

Fig. 3.3  Zeta potential versus pH of untreated sewage sludge. 

3.1.5 Measurement of Hydrophobicity of Raw Sewage Sludge (RSS) 

Measurement of contact angles using a wettability analyzer [Make: KRÜSS Scientific, 

Germany; Model: DSA4; Drop shape: Sessile] is important in order to elucidate the 

hydrophobicity of raw sewage sludge surface before adsorption of ciprofloxacin and 

ofloxacin. In this case, 1 μL of millipore ultra-pure water is dropped over the solid 

surface, and the contact angle is measured with the help of a goniometer. 

The contact angle (θ) and hence the degree of wettability changes when solid and 

liquid surfaces interact with each other [Mobin et al., 2022; Aslam et al., 2021]. 

Quantification of contact angle allows assessment of hydrophobicity of a liquid film 

on solid surface. According to the theory of wetting, a solid surface, in contact with 

water is considered to be hydrophobic in nature, distinctively, if the contact angle of 
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the surface area of the material with water (θH2O) > 90. On the other hand, if θH2O< 

90, the surface is considered susceptible to wetting [Vazirinasab et al., 2018]. 

 

Fig. 3.4  Contact angle measurement of Raw Sewage Sludge (RSS). 

It is observed that the average θH2O for raw sewage sludge surface is 76.6 ( 0.98) 

[see Fig. 3.4] indicating the surface is hydrophilic in nature.  

3.1.6 X-ray photoelectron spectroscopy (XPS) based analysis 

The X-ray photoelectron spectroscopy (XPS) based analysis, primarily meant for 

surface analysis is conducted using an advanced electron spectroscopy system [Make: 

Omicron Nano Technology GmbH, United Kingdom; Model: EIS-Sphera]. A 

monochromatized Al Kα source [Model: XM 500; hν = 1486.7 eV] is used for high-

resolution X-rays. XPS spectra for different elements are obtained by plotting intensity 

against binding energy. XPS-based analysis ascertains the elemental composition and 



Chapter 3:-  Physical and chemical characterization of raw sewage sludge 

3-9 

chemical states of the raw sludge [Zhang et al., 2022]. The full-scan XPS spectrum of 

raw sludge is represented in Fig. 3.5. High-resolution spectra reveal the presence of 

various elements assigned to O 1s (532.2 eV), N 1s (399.7 eV) and C 1s (284.5 eV), 

Ca 2p (347.4 eV), Si 2p (102.8 eV) etc. in raw sludge (see Fig. 3.5).  
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Chapter 4:- 

             Batch adsorption equilibrium analysis: Pure 

component analysis  

 

 

 

 

In the field of environmental engineering, adsorption has become extremely 

significant as it eliminates a large amount of organic and inorganic chemicals while 

producing barely a few hazardous by-products as compared to other conventional 

treatment processes. Numerous attempts have been made to model single-component 

behaviour from a theoretical perspective. This study includes several experiments for 

batch equilibrium analysis of each of the pure components, namely ciprofloxacin, and 

ofloxacin. 

From a practical point of view, since industrial or municipal effluents contain more 

than one contaminant, it is necessary to establish multicomponent adsorption where 

competitive adsorption of more than one component is the key factor. Adsorption 

systems with a single component as the adsorbate are represented by simplified 

models. Experiments carried out to analyse batch equilibrium ultimately establish the 
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validity of a specific adsorption isotherm. In contrast, models representing 

multicomponent adsorption involve inherent difficulties owing to competition 

between the adsorbates for the common adsorption sites of the adsorbent and mutual 

interactions between the adsorbing molecules. Treatment of wastewater containing 

organic micropollutants using activated sludge is carried out by many researchers 

[Rogers, 1996; Kim et al., 2005; Zhang et al., 2011; Liu et al., 2012; Xiancai et al., 

2017]. The primary objective of this specific study, as described in this Chapter, is to 

develop specific models like the modified competitive Langmuir-like model and the 

LeVan-Vermeulen model, describing the multicomponent adsorption process using 

fundamental hypotheses of statistical thermodynamics and application of these models 

for the adsorption of ciprofloxacin and ofloxacin in combination. 

4.1  Experimental 

4.1.1 Collection and Processing of Sludge 

Raw Sewage Sludge [RSS] is collected from the Municipal wastewater treatment plant 

[Kamarhati Municipality, North 24 Parganas, West Bengal, India]. The sludge is 

allowed to get naturally air-dried for a period of 5-6 days. The same is thus converted 

into a semi-solid mass. With this dried semi-solid sludge, the batch equilibrium 

analysis is carried out. 

4.1.2  Chemicals 

Adsorption of a single component is carried out using the pure ciprofloxacin [Make: 

Sigma–Aldrich, India; CAS No: 86483-48-9; Grade: Analytical] and pure ofloxacin 

[Make: Sigma–Aldrich, India; CAS No:  82419-36-1; Grade: Analytical]. CIFRAN-

500 (Make: Ranbaxy Laboratories Ltd., India) and OFLOMAC-200 (Make: Macleods 

Pharmaceuticals Ltd., India) are used as the representative sources for CIP and OFLX 
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respectively for the batch adsorption study. The mobile phase consists of acetonitrile 

[Make: Sigma–Aldrich, India; CAS No.: 75-05-8; Grade: HPLC grade], ultra-pure 

water [Make: Sigma–Aldrich, India; CAS No.: 7732-18-5; Grade: HPLC grade], Tri-

ethylamine [Make: Sigma–Aldrich, India; CAS No.: 121-44-8; Grade: HPLC grade] 

and phosphoric acid [Make: Sigma–Aldrich, India; CAS No.: 7664-38-2; Grade: 

HPLC grade]. 

4.1.3  Batch equilibrium analysis: Design of experiments 

In this study, raw sludge, collected from Kamarhati Municipality Waste Water 

Treatment Plant [WWTP] (South 24 Parganas, West Bengal, India), is used. Solutions 

of pure component ciprofloxacin and ofloxacin of various concentrations in the range 

of 5 ppm to 100 ppm are prepared separately for the analysis of single component 

adsorption. 0.5 g of RSS is added to the solutions of both the components and 

equilibrium is achieved just on 7 days for both the components. Batch equilibrium 

analysis of a multicomponent system is conducted using feed solutions containing a 

combination of ciprofloxacin and ofloxacin of different concentrations (Range: 5 ppm 

– 100 ppm), prepared with de-mineralized water. CIFRAN-500 (Make: Ranbaxy 

Laboratories Limited, India) and OFLOMAC-200 (Make: Macleods Pharmaceuticals 

Ltd., India) are used as primary sources of the active components of ciprofloxacin and 

ofloxacin respectively. 100 ml of each of the feed solutions of a certain concentration 

is taken in a 250 ml conical flask where 0.5 gm of raw sludge is added. Each solution 

is kept under isothermal conditions with occasional stirring, for 7 days till equilibrium 

is attained. Sample solutions are then filtered through Whatman No. 1 (diameter: 125 

mm) filter paper to remove the raw sludge (adsorbent) and subsequently filtered 

through 0.45 µm filter kit prior to analysis of the specific analytes using HPLC. These 

solutions are further analysed using HPLC (refer to section 5.2.3 of Chapter 5) in 
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triplicate after batch equilibrium was attained (Ref. Supplementary Material C) to 

estimate specific concentrations of each of ciprofloxacin and ofloxacin present before 

and after equilibrium adsorption.  

The equilibrium concentration is determined by 

𝑞𝑒 =
(𝐶0 − 𝐶𝑒)𝑉

𝑚
                                                                                                                 (4.1) 

Where qe= adsorbate concentration at equilibrium in mg adsorbate/g. adsorbent, C0 = 

initial concentration of adsorbate in mg/L, Ce = equilibrium concentration of the 

adsorbate in mg/L, V = volume of the solution, and m = weight of the adsorbent in g. 

4.1.4  Analytical technique 

Analysis of ciprofloxacin and ofloxacin (in solution) is performed using a High-

Performance Liquid Chromatography (HPLC) based system (Make: Waters, 

Germany; Model: 515) equipped with a 190-400 nm wavelength UV detector, a 

quaternary gradient system pump with a pressure range 0-4000 psi and a column oven 

with an operating temperature range in between 25C and 100C. Temperature of the 

column is maintained at 25oC. Identification of compounds is carried out with a UV 

detector (Make: Waters, Germany; Model: 2489), and the wavelength is set at 300 nm. 

In order to ensure simultaneous detection of ciprofloxacin and ofloxacin, in solution, 

a reverse phase column (Make: Waters, Germany; Model: Sunfire C18) having 

dimensions 150 mm x 4.6 mm and a particle size limitation of 5µm is employed. pH 

of the mobile phase, passing through the column, is so maintained that the same 

modulates within a range of 2-7. The mobile phase is a combination of HPLC grade 

acetonitrile (Make: Sigma-Aldrich, India; CAS No.: 75-05-8) and a buffer solution in 

the ratio of 20:80 (v/v). The buffer solution is prepared by adding 2ml tri-ethylamine 
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(Make: Sigma-Aldrich, India; CAS No.: 121-44-8) in 200 ml HPLC grade ultrapure 

water (Make: Sigma-Aldrich, India; CAS No.: 7732-18-5). Following this, the pH is 

adjusted to 6 by adding ortho-phosphoric acid (Make: Sigma-Aldrich, India; CAS No.: 

7664-38-2) dropwise, and the volume is made up to 250 ml. The buffer solution is 

then filtered through a cellulose acetate membrane filter (Pore size: 0.2 µm). The flow 

rate of the mobile phase is maintained at 1.0 ml/min. Peak areas are plotted against 

concentrations of known amounts (very accurately measured) of ciprofloxacin and 

ofloxacin in order to generate the standard curves of respective antibiotics. Standard 

curves, thus prepared, are further used to obtain the unknown concentrations of each 

of the antibiotics, present in solutions, generated before and after the adsorption of 

these antibiotics. Standard curves of each of the pure component CIP and OFLX and 

the same in combination, are provided in the Fig. 4.1 (A) and (B). 

 

 



C
h
a
p
te

r 
4
:-

 B
a

tc
h

 a
d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n
a
ly

si
s:

 P
u
re

 c
o
m

p
o
n
en

t 
a
n
a
ly

si
s 

 

4
-6

 

 

F
ig

. 
4
.1

 (
A

) 
 C

h
ro

m
at

o
g

ra
m

s 
g
en

er
at

ed
 f

ro
m

 H
ig

h
 P

er
fo

rm
an

ce
 L

iq
u
id

 C
h
ro

m
at

o
g
ra

p
h
 [

H
P

L
C

] 
fo

r 
p
u
re

 c
o
m

p
o
n
en

t 
C

ip
ro

fl
o

x
ac

in
. 

AU

0.
00

0.
20

0.
40

0.
60

0.
80

1.
00

1.
20

M
in

ut
es

0.
00

0.
50

1.
00

1.
50

2.
00

2.
50

3.
00

3.
50

4.
00

4.
50

5.
00

5.
50

6.
00

6.
50

7.
00



C
h
a
p
te

r 
4

:-
 B

a
tc

h
 a

d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n

a
ly

si
s:

 P
u
re

 c
o

m
p

o
n
en

t 
a

n
a
ly

si
s 

4
-7

 

 

F
ig

. 
4
.1

 (
B

) 
 C

h
ro

m
at

o
g
ra

m
s 

g
en

er
at

ed
 f

ro
m

 H
ig

h
 P

er
fo

rm
an

ce
 L

iq
u
id

 C
h
ro

m
at

o
g
ra

p
h
 [

H
P

L
C

] 
fo

r 
p
u
re

 c
o
m

p
o
n
en

t 
O

fl
o
x
ac

in
.

AU

0
.0

0

0
.0

5

0
.1

0

0
.1

5

0
.2

0

0
.2

5

0
.3

0

0
.3

5

0
.4

0

0
.4

5

0
.5

0

0
.5

5

M
in

u
te

s

0
.0

0
0
.2

0
0
.4

0
0
.6

0
0
.8

0
1
.0

0
1
.2

0
1
.4

0
1
.6

0
1
.8

0
2
.0

0
2
.2

0
2
.4

0
2
.6

0
2
.8

0
3
.0

0
3
.2

0
3
.4

0
3
.6

0
3
.8

0
4
.0

0
4
.2

0
4
.4

0
4
.6

0
4
.8

0
5
.0

0
5
.2

0
5
.4

0
5
.6

0
5
.8

0
6
.0

0



Chapter 4:- Batch adsorption equilibrium analysis: Pure component analysis 

 

4-8 

4.2 Isotherm Models for adsorption of single components 

4.2.1 Langmuir adsorption isotherm model 

Langmuir adsorption isotherm is widely used and accepted, even though several 

adsorption isotherms are used for the adsorption of single-component. Langmuir 

isotherm assumes homogeneous adsorption where each molecule holds constant 

activation energy and enthalpies of adsorption and all the adsorption sites have an 

equal attraction towards the adsorbates (Foo and Hameed, 2010). Langmuir isotherm 

model is expressed as follows:  

q = qmax 
𝑘𝐶

1+𝑘𝐶
                                                                          (4.2)                                                                                                                                                                                                    

Here q and C represent the amount adsorbed in gram per 100ml solution per gram of 

adsorbent and its equilibrium concentration in gram per 100ml solution respectively. 

qmax is the maximum amount adsorbed in gram per 100ml solution per gram of 

adsorbent and k is the Langmuir isotherm constant. 

4.2.2 Freundlich adsorption isotherm model 

The Freundlich adsorption isotherm describes the reversible and non-ideal adsorption. 

It is not only restricted to monolayer adsorption like Langmuir isotherm. The 

Freundlich adsorption isotherm is used to define multilayer adsorption with non-

uniformity in the distribution of adsorption heat and affinities towards the 

heterogeneous surface [Adamson and Gast 1997] and it is represented by the following 

equation: 

q = k.C1/n                                                                (4.3)                                                                                                                                                                                                                                                                                                                               

where, n and k in Eq. (4.3) describe the heterogeneity factor and the Freundlich 

isotherm constant respectively. 
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4.2.3 Halsey adsorption isotherm model 

The Halsey adsorption isotherm narrates the process of adsorption as multilayer 

adsorption and claims the adsorbent to be hetero-porous in nature [Moradi et al. 2013]. 

The Halsey adsorption isotherm is given as: 

ln 𝑞𝑒 = [(
1

𝑛
) (ln 𝐾)] − [(

1

𝑛
) (ln 𝐶𝑒)]                                                (4.4) 

where n and K indicate the exponent and Halsey isotherm constant respectively. 

4.2.4 Dubinin-Radushkevich adsorption isotherm model 

The Dubinin–Radushkevich model is generally applied to describe the adsorption 

mechanism with a gaussian energy distribution onto a heterogeneous surface 

[Dabrowski 2001]. The model can often be successfully fitted for the intermediate 

range of concentrations with high solute activities. But the model has unsatisfactory 

asymptotic properties and does not predict the Henry’s law at low pressure [Altin et 

al. 1998]. The Dubinin –Radushkevich adsorption isotherm model is represented as 

follows: 

𝑞𝑒 = (𝑞𝑠)𝑒−𝐾𝑎𝑑𝜀2
                                                                    (4.5) 

where, 𝑞𝑒= amount of adsorbate in the adsorbent at equilibrium (mg/g), 𝑞𝑠= theoretical 

saturation capacity (mg/g), Kad= Dubinin–Radushkevich isotherm constant (mol2/kJ2) 

and ε = Dubinin–Radushkevich isotherm constant. The parameter ε can be expressed 

by the following equation: 

𝜀 = 𝑅𝑇 ln [1 +
1

𝐶𝑒
]                                                             (4.5a) 

where R, T and 𝐶𝑒 represent the universal gas constant (8.314 J/mol K), absolute 

temperature (K) and adsorbate equilibrium concentration (gram per 100ml solution) 

respectively. 
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4.2.5 Elovich adsorption isotherm model 

The equation describing Elovich model [Hamdaouia and Naffrechoux, 2007] assumes 

that the adsorption sites increase exponentially along with the adsorption process, 

which depicts a multilayer adsorption. It is expressed by the following equation: 

𝑞𝑒

𝑞𝑚
= (𝐾𝐸𝐶𝑒)𝑒𝑥𝑝 (

𝑞𝑒

𝑞𝑚
)                                                             (4.6) 

where KE is the Elovich equilibrium constant and qm is the Elovich maximum 

adsorption capacity. Elovich maximum adsorption capacity and Elovich constant both 

can be calculated from the slope and the intercept of the plot ln(qe/Ce) versus qe. If the 

adsorption obeys Elovich equation, the fit will be good , as tested with the R2 value. 

4.3  Batch equilibrium analysis of pure component ciprofloxacin and ofloxacin 

Amounts of pure component ciprofloxacin and ofloxacin adsorbed (g/100ml/g 

adsorbent) are plotted against its corresponding equilibrium concentration (g/100ml 

solution). Further, the data are fitted to adsorption isotherms namely, Langmuir, 

Freundlich, Halsey, Dubinin–Radushkevich and Elovich models as described in 

Equations (4.2) to (4.6) respectively. 

Estimated parameters obtained from the linearized regression fits of the Langmuir, 

Freundlich, Halsey, Dubinin–Radushkevich and Elovich isotherm models along with 

the correlation coefficient (R2) for each of the pure components namely ciprofloxacin 

and ofloxacin are given in Table 4.1 and Table 4.2 respectively. The observed and 

predicted values of amount adsorbed per amount of adsorbate (g/100ml/g adsorbent) 

are plotted against equilibrium concentrations (g/100ml) [refer Figs. 4.2 

(a11Langmuir isotherm; b11 Freundlich isotherm; c11 Halsey isotherm; d11 

Dubinin–Radushkevich isotherm; e11 Elovich isotherm) and Figs. 4.3 

(a11Langmuir isotherm; b11 Freundlich isotherm; c11 Halsey isotherm; d11 
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Dubinin–Radushkevich isotherm; e11 Elovich isotherm) for ciprofloxacin and 

ofloxacin respectively]. From the numerical values of correlation coefficient (R2), it is 

evident that there is a good harmony between the experimental data and fitted lines 

for Freundlich, Halsey, Dubinin–Radushkevich isotherm models corresponding to 

ciprofloxacin and ofloxacin respectively. The relative errors (%) between the observed 

and predicted values [{(Observed – Predicted)/Observed}x 100] are plotted against 

equilibrium concentrations (g/100ml) [refer Figs. 4.2 (a12Langmuir isotherm; b12 

Freundlich isotherm; c12 Halsey isotherm; d12 Dubinin–Radushkevich isotherm; 

e12 Elovich isotherm) and Figs. 4.3 (a12Langmuir isotherm; b12 Freundlich 

isotherm; c12 Halsey isotherm; d12 Dubinin–Radushkevich isotherm; e12 

Elovich isotherm) for ciprofloxacin and ofloxacin respectively]. 

The Langmuir adsorption isotherm fits best for the adsorption for ciprofloxacin and 

ofloxacin in comparison to all other isotherms. Other researchers also obtained similar 

results during the adsorptive removal of fluoroquinolones [Gopal et al. 2022; Bing et 

al. 2010]. The maximum amount of ciprofloxacin and ofloxacin adsorbed (qmax) from 

Langmuir isotherm model are found to be 0.057 g/100ml/g of adsorbent and 0.017 

g/100ml/g of adsorbent respectively. Goodness of fits is evaluated with respect to 

correlation coefficient (R2). The same indicated the following order with regard to the 

fits to various isotherms: R2 (Langmuir) > R2 (Dubinin-Radushkevich) > R2 

(Freundlich), R2 (Halsey) > R2 (Elovich) for the adsorption of both ciprofloxacin and 

ofloxacin respectively onto the sewage sludge.  

A conformation to the adsorption isotherm models, namely, Langmuir, Freundlich, 

Halsey, Dubinin-Radushkevich and Elovich designate that RSS may own both homo 

and heterogeneous surface energy distribution that describes the existence of mono- 

and heterolayer solute coverage on the surface. 
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Table 4.1  Langmuir, Freundlich, Halsey, Dubinin-Radushkevich and Elovich 

isotherm constants, and correlation coefficients for the adsorption of ciprofloxacin 

onto Raw Sewage Sludge (RSS). 

 

Table 4.2  Langmuir, Freundlich, Halsey, Dubinin-Radushkevich and Elovich 

isotherm constants, and correlation coefficients for the adsorption of ofloxacin onto 

Raw Sewage Sludge (RSS). 

 

Isotherm Adsorbent Parameters R2 

     

  qmax k  

Langmuir RSS 

      

0.0405 

 

 

492.076 

 

0.9697 

  kf n  

Freundlich RSS 

 

0.696 

 

 

1.645 

 

0.88 

  k n  

Halsey  RSS 0.55 1.6453 0.88 

  kad qs  

Dubinin-

Radushkevich 
RSS 0.0627 0.0151 0.997 

  ke qm  

Elovich RSS 2308.72 0.012 0.595 

Isotherm Adsorbent Parameters R2 

     

  qmax k  

Langmuir RSS 0.0156 584.5 0.99 

  kf n  

Freundlich RSS 0.2763 1.721 0.9397 

  k n  

Halsey  RSS 0.11 1.721 0.94 

  kad qs  

Dubinin-

Radushkevich 
RSS 0.0071 0.0393 0.961 

  ke qm  

Elovich RSS 1.0266 125 0.823 



C
h
a
p
te

r 
4

:-
 B

a
tc

h
 a

d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n

a
ly

si
s:

 P
u
re

 c
o

m
p

o
n
en

t 
a

n
a
ly

si
s 

4
-1

3
 

 
 

(a
1

1
) 

(a
1

2
) 

 
 

(b
1

1
) 

(b
1

2
) 

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
.0

2

0
.0

2
5

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

C
IP

)
L

an
g
m

u
ir

 (
C

IP
)

-8
0

-6
0

-4
0

-2
00

2
0

4
0

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Residual (%)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
.0

2

0
.0

2
5

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

C
IP

)
F

re
u
n

d
li

ch
 (

C
IP

)

-5
0

-4
0

-3
0

-2
0

-1
00

1
0

2
0

3
0

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Residual (%)
E

q
u

il
ib

ri
u

m
 C

o
n

ce
n

tr
at

io
n

 (
C

e)
 g

m
/1

0
0

 m
l



C
h
a
p
te

r 
4
:-

 B
a

tc
h

 a
d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n
a
ly

si
s:

 P
u
re

 c
o
m

p
o
n
en

t 
a
n
a
ly

si
s 

 

4
-1

4
 

 
 

(c
1

1
) 

(c
1

2
) 

 
 

(d
1

1
) 

(d
1

2
) 

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
.0

2

0
.0

2
5

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

C
IP

)
H

al
se

y
 (

C
IP

)

-5
0

-4
0

-3
0

-2
0

-1
00

1
0

2
0

3
0

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Residual (%)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
.0

2

0
.0

2
5

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

C
IP

)
D

-R
 (

C
IP

)
-1

8
0
.0

0
0

0

-1
6

0
.0

0
0

0

-1
4

0
.0

0
0

0

-1
2

0
.0

0
0

0

-1
0

0
.0

0
0

0

-8
0

.0
0

0
0

-6
0

.0
0

0
0

-4
0

.0
0

0
0

-2
0

.0
0

0
0

0
.0

0
0

0

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Residual (%)
E

q
u

il
ib

ri
u

m
 C

o
n

ce
n

tr
at

io
n

 (
C

e)
 g

m
/1

0
0

 m
l



C
h
a
p
te

r 
4

:-
 B

a
tc

h
 a

d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n

a
ly

si
s:

 P
u
re

 c
o

m
p

o
n
en

t 
a

n
a
ly

si
s 

4
-1

5
 

 
 

(e
1

1
) 

(e
1

2
) 

 F
ig

. 
4
.2

  
P

re
d
ic

te
d
 c

ip
ro

fl
o
x
ac

in
 c

o
n
ce

n
tr

at
io

n
s 

u
si

n
g
 v

ar
io

u
s 

is
o
th

er
m

s 
(a

1
2


L
an

g
m

u
ir

 i
so

th
er

m
; 

b
1

2


 F
re

u
n
d
li

ch
 i

so
th

er
m

; 
c 1

2


 H
al

se
y
 

is
o
th

er
m

; 
d

1
2


 D
u
b
in

in
–
R

ad
u
sh

k
ev

ic
h
 i

so
th

er
m

; 
e 1

2


 E
lo

v
ic

h
 i

so
th

er
m

) 
al

o
n
g
 w

it
h
 r

es
id

u
al

s1
(a

1
2


L
an

g
m

u
ir

 i
so

th
er

m
; 

b
1

2


 F
re

u
n
d
li

ch
 

is
o
th

er
m

; 
c 1

2


 H
al

se
y
 i

so
th

er
m

; 
d

1
2


 D
u
b
in

in
–
R

ad
u
sh

k
ev

ic
h
 i

so
th

er
m

; 
e 1

2


 E
lo

v
ic

h
 i

so
th

er
m

).
 

 

 
1
 R

es
id

u
a

ls
 [

C
IP

] 
=

 [
{(

o
b

se
rv

ed
 C

IP
 C

o
n

ce
n

tr
a

ti
o

n
-p

re
d

ic
te

d
 C

IP
 C

o
n

ce
n

tr
a

ti
o

n
)/

o
b

se
rv

ed
 C

IP
 C

o
n

ce
n

tr
a

ti
o

n
} 

x 
1
0

0
] 

0

0
.0

5

0
.1

0
.1

5

0
.2

0
.2

5

0
.3

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

C
IP

)
D

-R
 (

C
IP

)
-1

8
0
0

-1
6

0
0

-1
4

0
0

-1
2

0
0

-1
0

0
0

-8
0

0

-6
0

0

-4
0

0

-2
0

00

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Residual (%)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l



C
h
a
p
te

r 
4
:-

 B
a

tc
h

 a
d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n
a
ly

si
s:

 P
u
re

 c
o
m

p
o
n
en

t 
a
n
a
ly

si
s 

 

4
-1

6
 

 
 

(a
1

1
) 

(a
1

2
) 

 
 

(b
1

1
) 

(b
1

2
) 

0

0
.0

0
2

0
.0

0
4

0
.0

0
6

0
.0

0
8

0
.0

1

0
.0

1
2

0
.0

1
4

0
.0

1
6

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Amount OFLX adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l
-2

0

-1
5

-1
0-505

1
0

1
5

0
0

.0
0
0

5
0

.0
0
1

0
.0

0
1

5
0

.0
0
2

0
.0

0
2

5
0

.0
0
3

Residual (%)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Amount OFLX 

adsorbed/amount of adsorbent 

(gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

O
F

L
X

)
F

re
u
n

d
li

ch
 (

O
F

L
X

)
-3

0

-2
0

-1
00

1
0

2
0

3
0

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Residual (%)
E

q
u

il
ib

ri
u

m
 C

o
n

ce
n

tr
at

io
n

 (
C

e)
 g

m
/1

0
0

 m
l



C
h
a
p
te

r 
4

:-
 B

a
tc

h
 a

d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n

a
ly

si
s:

 P
u
re

 c
o

m
p

o
n
en

t 
a

n
a
ly

si
s 

4
-1

7
 

 
 

(c
1

1
) 

(c
1

2
) 

 
 

(d
1

1
) 

(d
1

2
) 

0

0
.0

0
5

0
.0

1

0
.0

1
5

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

O
F

L
X

)
H

al
se

y
 (

O
F

L
X

)
-3

0

-2
0

-1
00

1
0

2
0

3
0

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Residual (%)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

0

0
.0

1

0
.0

2

0
.0

3

0
.0

4

0
.0

5

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

O
F

L
X

)
D

-R
 (

O
F

L
X

)
-2

5
0
0

.0
0

0
0

-2
0

0
0

.0
0

0
0

-1
5

0
0

.0
0

0
0

-1
0

0
0

.0
0

0
0

-5
0

0
.0

0
0

0

0
.0

0
0

0

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Residual (%)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l



C
h
a
p
te

r 
4
:-

 B
a

tc
h

 a
d
so

rp
ti

o
n

 e
q

u
il

ib
ri

u
m

 a
n
a
ly

si
s:

 P
u
re

 c
o
m

p
o
n
en

t 
a
n
a
ly

si
s 

 

4
-1

8
 

 
 

(e
1

1
) 

(e
1

2
) 

  F
ig

. 
4
.3

  
P

re
d
ic

te
d
 o

fl
o
x
ac

in
 c

o
n
ce

n
tr

at
io

n
s 

u
si

n
g

 v
ar

io
u
s 

is
o
th

er
m

s 
(a

1
2


L
an

g
m

u
ir

 i
so

th
er

m
; 

b
1

2


 F
re

u
n
d
li

ch
 i

so
th

er
m

; 
c 1

2


 H
al

se
y
 i

so
th

er
m

; 

d
1

2


 D
u
b
in

in
–
R

ad
u
sh

k
ev

ic
h
 i

so
th

er
m

; 
e 1

2


 E
lo

v
ic

h
 i

so
th

er
m

) 
al

o
n
g
 w

it
h
 r

es
id

u
al

s2
(a

1
2


L
an

g
m

u
ir

 i
so

th
er

m
; 

b
1
2


 F
re

u
n
d

li
ch

 i
so

th
er

m
; 

c 1
2


 

H
al

se
y
 i

so
th

er
m

; 
d

1
2


 D
u
b
in

in
–
R

ad
u

sh
k
ev

ic
h
 i

so
th

er
m

; 
e 1

2


 E
lo

v
ic

h
 i

so
th

er
m

).
 

 

 
2
 R

es
id

u
a

ls
 [

O
F

L
X

] 
=

 [
{(

o
b

se
rv

ed
 O

F
L

X
 C

o
n

ce
n

tr
a

ti
o

n
-p

re
d

ic
te

d
 O

F
L

X
 C

o
n

ce
n

tr
a

ti
o

n
)/

o
b

se
rv

ed
 O

F
L

X
 C

o
n

ce
n

tr
a

ti
o

n
} 

x 
1

0
0

] 

0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Amount CIP adsorbed/amount 

of adsorbent (gm/100 ml/gm)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l

O
b

se
rv

ed
 (

O
F

L
X

)
E

lo
v

ic
h
 (

O
F

L
X

)
-6

0
0
0

-5
0

0
0

-4
0

0
0

-3
0

0
0

-2
0

0
0

-1
0

0
00

0
0

.0
0
1

0
.0

0
2

0
.0

0
3

0
.0

0
4

0
.0

0
5

Residual (%)

E
q

u
il

ib
ri

u
m

 C
o

n
ce

n
tr

at
io

n
 (

C
e)

 g
m

/1
0

0
 m

l



Chapter 5:- Batch equilibrium analysis: Development and validation of competitive 

multicomponent adsorption models 

5-1 

 

Chapter 5:- 

             Batch equilibrium analysis: Development and 

validation of competitive multicomponent adsorption 

models  

 

 

 

 

 

5.1 Background 

Ciprofloxacin and Ofloxacin belong to a class of antibiotics known as 

Fluoroquinolones (FQs). Individually or in combination with other drugs these two 

specific drugs constitute the formulations of various pharmaceuticals in the forms of 

tablets, oral suspensions, intravenous infusions, etc. which are used to treat a number 

of bacterial infections. These include infections in bones and joints, and within the 

abdomen, including a certain type of infectious diarrhea, respiratory tract infections, 

etc. Ciprofloxacin (CIP) and Ofloxacin (OFLX) are broad-spectrum antibiotics with a 

large use in treating human beings and in animal husbandry. Generally, antibiotics 

used in human beings and livestock are poorly absorbed by the human body and thus 
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50% – 90% of the applied antibiotics are finally excreted as metabolites or as precursor 

chemicals (Schlüsener and Bester, 2006).  

Municipal solid wastes and wastewater, generated from within the residential areas 

under various municipal zones, pharmaceutical manufacturing units, hospitals, 

livestock farming units, agriculture and aquaculture facilities etc. primarily constitute 

the most prominent sources of FQs contamination (Sukul and Spiteller, 2007). FQs 

are mostly brought into the environment through waste disposal, wastewater disposal, 

and transport across a range of environmental media through various interactions, like 

run-off, partitioning, percolation, and bioaccumulation (Van Doorslaer et al., 2014). 

The FQs, including primary and secondary precursors, and corresponding 

transformation products, are often discharged into the environment, during production 

and through the routes of consumption or disposal of drugs, both used and unused 

(Daughton and Ternes, 1999). Residual FQs are thus generally detected in inland 

surface water, groundwater, samples of soils, and sediments (Gothwal and Shashidhar, 

2015). Potential adverse effects of FQs on various organisms present in the 

environment are of major concern. Bacteria develop drug-resistant genes due to long-

term contact or through gene transfer (Gao et al., 2012a; Gao et al., 2012b). 

Consequently, a shortfall of antibiotics in medication is observed (Séveno et al., 2002). 

Health risk due to the resistance towards Ciprofloxacin and Ofloxacin is of major 

research interest. 

Toxicity of Ciprofloxacin towards prokaryotes needs to be noted with chronic EC50 

(half maximal Effect Concentration) values: 15-51 nmol/L for the cyanobacteria 

Microsystis aeruginosa (Halling-Sørensen et al., 2000); 241 nmol/L for the bacteria 

Pseudomonas putida (Kümmerer et al., 2000); 301.8 nmol/L for the detritivorous 

microbial communities present in the waste stream (Maul et al., 2006). Ofloxacin is 
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toxic towards Microcystis aeruginosa (Blue-Green Algae) with chronic EC50 values 

between 18-24 g/L (Robinson et al., 2005), for Pseudokirchneriella subcapitata 

(Green Algae) being 10400-13700 g/L (Robinson et al., 2005), followed by 52-201 

g/L for the Species: Lemna minor (Duckweed) (Robinson et al., 2005). Considering 

these eco-toxicological effects, it is recommended that pharmaceutical wastewater 

containing ciprofloxacin and ofloxacin needs to be treated prior to discharge into the 

inland surface water bodies.  

Adsorption, using activated sludge is a cost-effective process for the treatment of 

various emerging organic contaminants (EOCs), and the same is used in wastewater 

treatment plants (Mishra, 2016), where waste-reuse is efficiently demonstrated.  

Treatment of wastewater containing organic micropollutants using activated sludge is 

carried out by many researchers (Rogers, 1996; Göbel et al., 2005; Kim et al., 2005; 

Li and Zhang, 2010; Zhang et al., 2011; Ding et al., 2012; Liu et al., 2012; Xiancai et 

al., 2017). Adsorption of CIP and OFLX on RSS depends on several factors like 

hydrophobicity, specific surface area, surface charge, and surface functional groups of 

RSS. The specific purpose of this piece of research work is to analyze the batch 

equilibrium adsorption of CIP and OFLX in combination, using raw sewage sludge 

(RSS) with the help of competitive multicomponent adsorption models. 

5.2 Experimental 

5.2.1 Collection and Processing of sludge 

Raw sewage sludge [RSS] is collected from the Municipal wastewater treatment plant 

[Kamarhati Municipality, North 24 Parganas, West Bengal, India]. The sludge is 

allowed to get naturally air-dried for a period of 5-6 days. The same is thus converted 
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into a semi-solid mass. With this dried semi-solid sludge, the batch equilibrium 

analysis is carried out.  

5.2.2 Chemicals 

CIFRAN-500 (Make: Ranbaxy Laboratories Ltd., India) and OFLOMAC-200 (Make: 

Macleods Pharmaceuticals Ltd., India) are used as the representative sources for CIP 

and OFLX respectively for the batch adsorption study. Adsorption of a single 

component is carried out using the pure component Ciprofloxacin [Make: Sigma–

Aldrich, India ; CAS No: 86483-48-9; Grade: Analytical] and pure component 

Ofloxacin [Make: Sigma–Aldrich, India ; CAS No:  82419-36-1; Grade: Analytical]. 

The mobile phase consists of Acetonitrile [Make: Sigma–Aldrich, India; CAS No.: 

75-05-8; Grade: HPLC grade], ultra-pure water [Make: Sigma–Aldrich, India; CAS 

No.: 7732-18-5; Grade: HPLC grade], Tri-ethylamine [Make: Sigma–Aldrich, India; 

CAS No.: 121-44-8; Grade: HPLC grade] and phosphoric acid [Make: Sigma–

Aldrich, India; CAS No.: 7664-38-2; Grade: HPLC grade]. 

5.2.3 Analytical technique 

Analysis of Ciprofloxacin and Ofloxacin (in solution) is performed using a High-

Performance Liquid Chromatography (HPLC) based system (Make: Waters, 

Germany; Model: 515) equipped with a 190-400 nm wavelength UV detector, a 

quaternary gradient system pump with a pressure range 0-4000 psi and a column oven 

with an operating temperature range in between 25C to 100C. The protocol is 

described in detail in Chapter 4 (section 4.1.4). Standard curves of CIP and OFLX in 

combination, along with relevant chromatograms, are provided within Supplementary 

Material A [refer Fig. SI, Table SI, Fig. SII, and Fig. SIII]. The LC calibration report 
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of the standard curves, as generated using Empower 3 Software, a chromatography 

data system (CDS) [Make: Waters, Germany] is shown in Supplementary Material B. 

5.2.4 Experiments in batch mode: Analysis 

Solutions of pure component ciprofloxacin and ofloxacin of various concentrations in 

the range of 5 ppm to 100 ppm are prepared separately for analysis of single 

component adsorption. In this study, raw sludge, collected from Kamarhati 

Municipality Waste Water Treatment Plant [WWTP] (South 24 Pgs., West Bengal, 

India), is used. Feed solutions containing a combination of ciprofloxacin and ofloxacin 

of different concentrations (Range: 5 ppm – 100 ppm) are prepared with de-

mineralized water. CIFRAN-500 (Make: Ranbaxy Laboratories Limited, India) and 

OFLOMAC-200 (Make: Macleods Pharmaceuticals Ltd., India) are used as primary 

sources of the active components of ciprofloxacin and ofloxacin respectively. 100 ml 

of each of the feed solutions of a certain concentration is taken in a 250 ml conical 

flask where 0.5 gm of raw sludge is added. Each solution is kept under isothermal 

conditions with occasional stirring, for 7 days till equilibrium is attained. Sample 

solutions are then filtered through Whatman No. 1 (diameter: 125 mm) filter paper in 

order to remove the raw sludge and subsequently filtered through 0.45 µm filter kit 

prior to analysis of the specific analytes using HPLC. These solutions are then 

analysed using HPLC (refer to section 5.2.3) in triplicate after batch equilibrium was 

attained (Ref. Supplementary Material C) to estimate specific concentrations of each 

of ciprofloxacin and ofloxacin present before and after equilibrium adsorption.  

The equilibrium concentration is determined by 

𝑞
𝑒= 

(𝐶0− 𝐶𝑒
)𝑉

𝑚
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Where qe= adsorbate concentration at equilibrium in terms of mg adsorbate/g. 

adsorbent, C0 = initial concentration of adsorbate in mg/L, Ce = equilibrium 

concentration of the adsorbate in mg/L, V = volume of the solution, and m = weight of 

the adsorbent in g. 

5.3 Theory and Calculations 

A number of studies have carried out single-component adsorption of specific 

adsorbates and their outcomes are fitted to various isotherms namely, Langmuir, 

Freundlich, BET, Toth, and Temkin isotherms (Sadhukhan et al., 2009). 

5.3.1 Adsorption of single components: Choice of model as the basis of competitive 

models for multicomponent adsorption 

Langmuir adsorption isotherm is widely used and accepted, even though several 

adsorption isotherms are used for the adsorption of single-component. Langmuir 

isotherm assumes homogeneous adsorption where each molecule holds constant 

adsorption activation energy and enthalpies and all the adsorption sites have an equal 

attraction towards the adsorbates (Foo and Hameed, 2010). Langmuir isotherm model 

is expressed as follows:  

q = qmax 
𝑘𝐶

1+𝑘𝐶
                                                                                                          (5.1) 

Here q and C represent the amount adsorbed in gram per 100ml solution per gram of 

adsorbent and its equilibrium concentration in gram per 100ml solution respectively. 

qmax is the maximum amount adsorbed in gram per 100ml solution per gram of 

adsorbent and k is the Langmuir isotherm constant. 
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5.3.2 Development of models for multicomponent adsorption (Hill, 1986; Tien, 

1994) 

Modified Competitive Langmuir-like model and LeVan-Vermeulen model [based on 

the ideal adsorbed solution (IAS) theory] are developed and further applied in this 

study for the adsorption of ciprofloxacin and ofloxacin. The development of these 

models is based on the elementary theories of statistical thermodynamics. 

5.3.2.1 Modified competitive Langmuir-like model (Model 1): Development  

In this specific developmental approach, one ignores interaction in between adsorbed 

molecules in the adsorbent. This leads to the competitive Langmuir equations where 

the presence of the second type of adsorbate leads to competition between molecules, 

depending on the strength of the interaction with the adsorbent surface.  

Here, we consider only three components with one of the components present in large 

quantities, i.e. the solvent. The grand canonical partition function, for a system of non-

interacting molecules adsorbed on a homogenous adsorbent can be written as:

( ) ( ) ( )1 2 3

1 2 3

1 2 3

1 1 2 2 3 3

0 0 0 1 2 3 1 2 3

! ( ) ( ) ( )

! ! !( )!
N N N M

N N N
M M M

N N N

M q T q T q T

N N N M N N N

  

+ + 

= = =

 =
− − −

  
                   (5.2)

 

Equation (5.2) represents the grand canonical partition function as a function of 

temperature through dependence on the single solute partition function ( )iq T  (i=1, 2, 

3) on temperature. The 
i s are related to the chemical potentials via the relation, 

  𝜆1 = exp(𝛽𝜇𝑖)   (5.3) 

where 
i  is the chemical potential of the ith adsorbent. Equation (5.2) can be re-written 

as  
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Ξ = [1+q1(T)λ1 + q2(T)λ2 + q3(T)λ3]
M                                       (5.4) 

Using concepts in statistical mechanics, we can relate the derivative of the logarithm 

of the grand-canonical partition function with respect to the chemical potential to the 

average of the number of particles present in the grand-canonical system and hence to 

the number of moles of adsorbate adsorbed. On differentiation, we get 

 𝑁̅𝑖 =  
𝑀𝑞𝑖(𝑇)𝜆𝑖

[1+𝑞1(𝑇)𝜆1+𝑞2(𝑇)𝜆2+𝑞3(𝑇)𝜆3]
                                                                (5.5) 

Since the system is at equilibrium with the bulk solution, the chemical potentials of 

the components are the same in the bulk as in the solution, where the chemical 

potential is a function of temperature and concentration. The chemical potential may 

be written as, 

( , ) lnp

i i i iT P kT x  = +                                                             (5.6) 

Therefore, the  ’s may be written as, 

( , )i i i iK T P x =                                    (5.7) 

Hence the average number of adsorbed molecules is given by, 

𝑁̅𝑖 =  
𝑀𝑞𝑖(𝑇)𝐾𝑖(𝑇,𝑃)𝛾𝑖𝑥𝑖

[1+𝑞1(𝑇)𝐾1(𝑇,𝑃)𝛾1𝑥1+𝑞2(𝑇)𝐾2(𝑇,𝑃)𝛾2𝑥2+𝑞3(𝑇)𝐾3(𝑇,𝑃)𝛾3𝑥3]
             (5.8) 

The 
ix ’s may be written as, 

/

/

i i
i

i i

i

c M
x

c M
=


                                                                                                        (5.9) 

The 
ic ’s are the mass concentrations of the respective components. Joining all the 

terms expect concentration into a term ( , , )i jB T P c for each component we get, 
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𝑁̅𝑖 =  
𝑀𝐵𝑖(𝑇,𝑃,𝑐𝑗)𝑐𝑖

[1+𝐵1(𝑇,𝑃,𝑐𝑗)𝑐1+𝐵2(𝑇,𝑃,𝑐𝑗)𝑐2+𝐵3(𝑇,𝑃,𝑐𝑗)𝑐3]
                                              (5.10) 

We take component 1 to be the solvent and components 2 and 3 to represent the solutes 

which are present in trace amounts. For components 2 and 3 we take, 

1 1

( , , )
( , , )

1 ( , , )

i j

i j

j

B T P c
A T P c

B T P c c
=

+
                                 (5.11) 

Then, for components 2 and 3, equation (5.10) reduces to, 

𝑁̅𝑖 =  
𝑀𝐴𝑖(𝑇,𝑃,𝑐𝑗)𝑐𝑖

[1+𝐴2(𝑇,𝑃,𝑐𝑗)𝑐2+𝐴3(𝑇,𝑃,𝑐𝑗)𝑐3]
                                            (5.12) 

For trace amounts of components 2 and 3, the coefficients for the different 

concentrations become independent of the concentrations and since the solvent is a 

liquid, it becomes practically independent of pressure. The above equation is the 

competitive Langmuir model. 

( )2 2 3 31

i i
i

MA c
N

A c A c
=

+ +
                                                                             (5.13) 

This specific competitive model is derived using the fact that there are two types of 

sites, one in which only one of the two components is adsorbed and the other where 

both components are adsorbed competitively. The grand canonical partition function 

can thus be written as, 

𝛯 =  [1 + 𝑞1(𝑇)𝜆1 + 𝑞2(𝑇)𝜆2 + 𝑞3(𝑇)𝜆3]𝑀1[1 + 𝑞1
′ (𝑇)𝜆1 + 𝑞2

′ (𝑇)𝜆2 + 𝑞3
′ (𝑇)𝜆3]𝑀2  

(5.14) 

The average number of molecules adsorbed can be deduced in a similar manner as the 

case of the competitive Langmuir model to get, 
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( ) ( )
1 2

2 2 3 3 2 2 3 31 1

i i i i
i

M Ac M Ac
N

A c A c A c A c


= +

 + + + +
                (5.15) 

Let the total number of sites be, 

1 2M M M= +                                                                             (5.16) 

Depending on the maximum amount adsorbed during single component adsorption, 

relationships are derived between the two sets of coefficients. Let the maximum 

amount adsorbed in single component adsorption be greater for component 2. We 

further assume that, though all sites on the adsorbent are available for adsorption of 

component 2, only a fraction of them are available for adsorption of component 3. Let 

M1 be the sites where only component 2 is adsorbed. Then the following relationships 

are in synchronization with the above assumptions. 

3

2 2

3

0A

A A B

A C

=

= =

 =

                                                                      (5.17)   

Then equation (5.15) becomes, 

( ) ( )
2 2 2 2

2

2 2 3

( )

1 1

M M Bc M Bc
N

Bc Bc Cc

−
= +

+ + +
                          (5.18) 

( )
2 3

3

2 31

M Cc
N

Bc Cc
=

+ +
                                                      (5.19) 

Equations (5.18) and (5.19) give the modified competitive Langmuir model. 

The modified competitive Langmuir like model that was modified by Jain and 

Snoeyink (Jain and Snoeyink, 1973) is used by many researchers (Banerjee et al., 

2020; Banerjee et al., 2014; Banerjee et al., 2013) in order to describe antiseptic based 
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multicomponent systems. This model is based on the assumption that the adsorption 

capacities of the specific adsorbent with respect to the two competitive adsorbates are 

not same. 

X1 = 
(𝑋𝑚.1−𝑋𝑚.2)𝐴𝐶𝑒𝑞1

1+𝐴𝐶𝑒𝑞1
 + 

𝑋𝑚.2  𝐴𝐶𝑒𝑞1

1 + 𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2
                            (5.20) 

X2 =
𝑋𝑚.2  𝐵𝐶𝑒𝑞2

1 + 𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2
                                                          (5.21)      

Here X1 and X2 are the amounts of solutes 1 and 2 adsorbed per unit weight of 

adsorbent at equilibrium concentrations Ceq1 and Ceq2 respectively and Xm,1 and Xm,2 

represent the maximum amount adsorbed for components 1 and 2 respectively, where 

Xm,1> Xm,2. The constants A and B are affinity constants for components 1 and 2 

respectively. 

5.3.2.2 Ideal Adsorbed Solution (IAS) model  

IAS model assumes that the components comprising the adsorption system constitute 

an ideal solution in the adsorbed phase. IAS is such that the chemical potential of each 

of its components, assuming the adsorbed phase to be of negligible volume fraction, 

can be written as: 

0( , ) ( , ) ln ad

i i iT T RT x  =  +                                               (5.22) 

This is in line with the definition of a bulk ideal solution, with bulk pressure being 

replaced by the spreading pressure. The thermodynamic equation for the adsorbed 

phase can be written as, 

0i i

n

SdT Ad n d− +  − =                                    (5.23)         

For a single component system at constant temperature, this reduces to, 
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 0 0 0i iAd n d − =                                                      (5.24) 

We get the equation for calculating spreading pressure by equating the chemical 

potentials in the adsorbed and bulk phases respectively. Final form of the equation 

[5.22] is,    

0

0 0

0

(ln )
iC

i i

A
q d c

RT


=                                                                      (5.25) 

where 0

iC  is the bulk concentration of single component system, giving the same 

spreading pressure as that of the multicomponent system and 0

iq  is related to 0

ic  by 

the adsorption isotherm. The mole fraction of adsorbent in the adsorbed phase is found 

by the following relation, 

0

i i iC C x=                                                                                                          (5.26) 

Since the adsorbed phase is an ideal solution, the specific adsorption area of a 

particular solute at a specific spreading pressure is the same in the multicomponent 

case as it is in the single component case. The total surface area of the adsorbed 

multicomponent mixture is inversely proportional to the total amount adsorbed, so the 

total amount adsorbed is given by, 

1

0
1

N
i

t

i i

x
q

q

−

=

 
=  
 
                                                                                          (5.27)   

The total amount of adsorbed adsorbate per gram of adsorbent is given by, 

i t iq q x=                                                                                              (5.28) 

Solving equations (5.25) - (5.28), we get the adsorption isotherm of the 

multicomponent system. In these equations interactions between molecules of the 
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same species is taken care of by the pure component adsorption isotherm while the 

interactions between different species is taken care of by the ideal adsorbed solution 

theory. 

IAS model, established by Myers and Prausnitz for the first time, is considered for 

adsorption of gaseous mixtures and later it was extended to liquid solutions. The 

difference in interfacial tension between pure solvent and the solid interface and the 

solution and the solid interface is known as the spreading pressure of a solute (∏i). 

Mathematically, the spreading pressure of a solute is given by the equation: 

∏i=
𝑅𝑇

𝑆
∫

𝑋𝑖

𝐶𝑒𝑞𝑖

𝐶𝑒𝑞𝑖
∗

0
d Ceqi                                                                                                       (5.29) 

Here Xi and Ceqi  are the amount adsorbed and equilibrium concentrations for the ith 

species in the multicomponent system respectively. 𝐶𝑒𝑞𝑖
∗ is the equilibrium 

concentration of the ith species in a single component system. S is the surface area of 

adsorbent, R is the molar gas constant and T is the absolute temperature. 

5.3.2.3 LeVan – Vermeulen model (Model 2) 

Based on the thermodynamic discrepancy of the competitive Langmuir-like model 

(LeVan and Vermeulen, 1981), LeVan and Vermeulen modified the same on account 

of the Ideal Adsorbed Solution Theory (IAS). The third order Taylor series is used for 

the estimation of the LeVan-Vermeulen model for component 1 and is given by the 

following equation: 

X1 = 
𝑋𝑚̅̅ ̅̅ ̅𝐴𝐶𝑒𝑞1

1+𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2
 + ∆L2. (1 + ∆L3)                                             (5.30) 

Here 𝑋𝑚
̅̅ ̅̅ , which is the maximum amount adsorbed, can be estimated from the Eq. 

(5.31)  



Chapter 5:- Batch equilibrium analysis: Development and validation of competitive 

multicomponent adsorption models 

 

5-14 

𝑋𝑚
̅̅ ̅̅  =  

𝑋𝑚,1𝐴 𝐶𝑒𝑞1+ 𝑋𝑚,2𝐵𝐶𝑒𝑞2

𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2
 + 2 

(𝑋𝑚,1− 𝑋𝑚,2)2

(𝑋𝑚,1+ 𝑋𝑚,2)

(𝐴𝐶𝑒𝑞1𝐵𝐶𝑒𝑞2)

(𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2)2 

              × [(
1

𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2
+  

1

2
) ln(1 + A𝐶𝑒𝑞1 +  𝐵𝐶𝑒𝑞2) - 1]                 (5.31)       

Where Xm,1 and Xm,2 represent the maximum amounts adsorbed for the components 1 

and 2 respectively. The same is derived from single solute systems. ∆L2 and ∆L3 are 

given by the following equations: 

∆L2 = (Xm,1 – Xm,2) 
(𝐴𝐶𝑒𝑞1𝐵𝐶𝑒𝑞2)

(𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2)2
 ln(1 + ACeq1 + BCeq2)                      (5.32) 

∆L3 = 
(𝑋𝑚,1− 𝑋𝑚,2)

(𝑋𝑚,1+ 𝑋𝑚,2)

1

(𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2)
 × [ 

(𝐵𝐶𝑒𝑞2)2+ (2𝐵𝐶𝑒𝑞2) −  (4𝐴𝐶𝑒𝑞1) – (𝐴𝐶𝑒𝑞1)2

(𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2)
ln(1 +

𝐴𝐶𝑒𝑞1 +  𝐵𝐶𝑒𝑞2) +              
3(𝐴𝐶𝑒𝑞1)2+ 4𝐴𝐶𝑒𝑞1+ 𝐴𝐶𝑒𝑞1𝐵𝐶𝑒𝑞2− 2𝐵𝐶𝑒𝑞2− 2 (𝐵𝐶𝑒𝑞2)2

(1 + 𝐴𝐶𝑒𝑞1+ 𝐵𝐶𝑒𝑞2)
]        (5.33) 

Isotherm expression for component 2 can be obtained by changing the subscripts of 

the components of Eqs. (5.30), (5.32) and (5.33). 

5.4 Pseudo-kinetics, intraparticle and film diffusion: Insights of adsorption 

mechanism 

Lagergren (Lagergren, 1898) proposed the pseudo-first order kinetic model, given by: 

𝑑𝑞𝑡

𝑑𝑡
= k1 (qe - qt)                                                                     (5.34a) 

Where, qe is the amount of adsorbate adsorbed at equilibrium (g. adsorbate/100ml/g 

of adsorbent), qt is the amount of adsorbate adsorbed at time t (g. adsorbate/100ml/g 

of adsorbent) and k1 (day−1) is the pseudo first-order rate constant. Integrating Eq. 

(5.34a) for the initial conditions qt=0 at t=0, we get the linearized form of the model 

as given below: 

log(qe - qt)=log (qe) - 
𝑘1 .𝑡

2.3   
                                                 (5.34b) 
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Plotting log(qe- qt) versus t, the values of k1 and qe are determined from the slope and 

the intercept respectively.  

The second-order kinetic model is expressed as: 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2  (𝑞𝑒 − 𝑞𝑡)2                                                                                   (5.35a)        

Where k2 (g. adsorbate/100ml/g. adsorbent min) is the pseudo second-order rate 

constant. Integrating the Eq. (35a) for the initial conditions at t = 0 and qt = 0 we get 

the linear form: 

𝑡

𝑞𝑡
=  

𝑡

𝑞𝑒
+  

1

𝑘2 𝑞𝑒
2                                                                                            (5.35b) 

Numerical values of qe and k2 are found out from the intercept and slope of the plot of 

(t/qt) against t, respectively. 

The intra-particle diffusion model (Weber Jr and Morris, 1963), represented in 

equation 36, is applied to find out the mechanism involved in the adsorption process.  

qt = kit
1/2 + C                                                                                                   (5.36) 

Where ki is the intra-particle diffusional rate constant (g. adsorbate/100ml/g. adsorbent 

min1/2) and C (g. adsorbate/100ml/g. adsorbent) is a constant which indicates the 

boundary-layer thickness. More the numerical values of C, more effective boundary 

layer is expected for mass transfer. When intra-particle diffusion process becomes the 

rate controlling step, plot of qt against t1/2 produces a straight line passing through the 

origin. 

Boyd’s film diffusion model is based on the assumption that boundary layer around the 

adsorbent particle imparts the primary resistance to diffusion. The extent of film 
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resistance during the adsorption process is evaluated using this model. Film diffusion 

model is given by: 

F = 1 – (
6

∏2
) ∑ (

1

𝑛2
) 𝑒(−𝑛2 𝐵𝑡)

𝛼

𝑛=1
                            (5.37) 

Here, F is the fractional achievement of equilibrium, at different times, t (in days) and 

Bt is a function of F, represented by:   

F = 
𝑞𝑡

𝑞𝑒
                       (5.38) 

Where qt and qe are the amounts of ciprofloxacin or ofloxacin adsorbed at time t and 

at equilibrium, respectively. On applying Fourier transform, Reichenberg 

(Reichenberg, 1953) approximated equations (5.39a) and (5.39b), on integrating 

Eq.(5.37) under specific bounds of F.  

For F > 0.85: Bt = 0.4977–ln(1−F)                                                   (5.39a) 

With F < 0.85: Bt=(√𝜋   −   √𝜋 −  (
𝜋2 

3
𝐹))

2

                                     (5.39b) 

Adsorption process is primarily governed by intra-particle diffusion mechanism, if the 

plot of Bt against time t produces a straight line that passes through origin. If the plot, 

either linear or nonlinear, does not pass through the origin, it can be concluded that 

film-diffusion or chemical interaction is the major rate controlling factor during the 

adsorption process (El-Khaiary and Malash, 2011). The sludge is physically and 

chemically characterized, as described in Chapter 3. 
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5.5 Parameter Estimation 

The parameters of Eqs. (5.20), (5.21) and (5.30) i.e. A and B are evaluated using the 

software MATLAB and the fsolve MATLAB Library [refer Annex I]. The fsolve 

command from the library is devised to minimize a nonlinear sum of squares (SSQ) 

function, subject to some limitations. 

Evaluation of the two models 

Evaluation of the following statistical parameters is required to infer on the estimated 

parameters: 

1. The square of errors between model data and experimental data is minimized 

to get the values of two parameters A and B. The two least square errors 

functions are solved using fsolve command in order to get the values of A and 

B corresponding to the least error.  

2. The uncertainties associated with the estimate of each parameter are termed as 

the standard error, σ. These are the square root of the error term covariance 

matrix Cij of the fit. The closer this value is to zero, the better is the fit. 

3. The higher the percentage of correlation coefficient (R2) the better is the fit. 

5.6 Results and Discussions 

5.6.1 Batch equilibrium analysis 

Maximum amount of adsorption of pure component ciprofloxacin and ofloxacin is 

analysed, once equilibrium is reached, using raw sewage sludge as the adsorbent. The 

observed data sets are plotted and fitted to the Langmuir adsorption isotherm [refer 

equation (5.1)]. The parameters of Langmuir adsorption isotherm are obtained by 

plotting 1/q against 1/c. From the slope and intercept, maximum amount adsorbed 
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(qmax) and Langmuir constant (k) are calculated respectively. Values of the parameters 

qmax, k and the correlation coefficient (R2) are tabulated, as given in Table 5.1 below. 

Table 5.1 

Parameter estimation outputs of Langmuir adsorption isotherm for pure components. 

 

Component 

Parameters  

R2 qmax (g. / 100 ml sol. /g.) k (100 ml / g.) 

Ciprofloxacin hydrochloride 0.0544 359.73 0.9729 

Ofloxacin 0.01468 626.10 0.9914 

 

It is evident from Table 4.1 and Table 4.2 that Langmuir isotherm fits well for 

ciprofloxacin [refer Fig. 4.2(a11)] and ofloxacin [refer Fig. 4.3(a11)] respectively. This 

is the main reason for using both the Langmuir-like model [referred as Model 1] and 

the LeVan-Vermeulen model [referred as Model 2] in this study. The values of 

equilibrium concentration (g./100 ml) and maximum amount adsorbed (g./100 ml/g. 

adsorbent), obtained from the batch experiments for the multicomponent systems, are 

then applied in these two models. The parameters of Eqs. (5.20), (5.21), and (5.30), 

namely A and B are estimated using MATLAB with the help of fsolve MATLAB 

library [refer Annex I]. Optimized values of the model parameters (A and B) and the 

final objective values for each of these models are given in Table 5.2. Observed 

amounts of ciprofloxacin and ofloxacin are plotted against equilibrium concentrations 

of the two components respectively. Predicted concentrations of ciprofloxacin and 

ofloxacin are estimated using the best-fit [based on the minimum values of the 

objective function: Sum of the Squares (SSQ) of the residuals] model parameters of 

both Model 1 and Model 2 [refer eqs. (5.20), (5.21) and (5.30) respectively]. The same 

are plotted for ciprofloxacin [see Fig. 5.1 (a) and Fig. 5.2 (a)] and ofloxacin [see Fig. 

5.1 (b) and Fig. 5.2 (b)] separately. It is evident from these plots that there is a good 
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convergence of data with the predicted and observed values for both ciprofloxacin 

than ofloxacin for Langmuir-like model exhibiting competitive adsorption mechanism 

between ciprofloxacin and ofloxacin involved in the adsorption process. 

Table 5.2   

Competitive Langmuir like adsorption isotherm (Model 1) and LeVan-Vermeulen 

model (Model 2) parameters for ciprofloxacin and ofloxacin obtained from fsolve 

library based MATLAB programme. 

Model Parameter Final objective value 

A B 

Model 1 3.738 325.18 8.22*10-4 

Model 2 1141 1164 4.21*10-3 

 

 

(a) 
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(b) 

Fig. 5.1  Multicomponent adsorption isotherms following Modified Langmuir-like 

model (Model-1) for (a) ciprofloxacin; (b) ofloxacin. 

 

 

(a) 
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(b) 

Fig. 5.2  Multicomponent adsorption isotherms following LeVan-Vermeulen model 

(Model 2) for (a) ciprofloxacin; (b) ofloxacin. 

 

5.6.2 Kinetic Study 

Effect of residence time on the adsorption of ciprofloxacin and ofloxacin by raw 

sewage sludge is examined using the pseudo-kinetic equations related to both 

physisorption and chemisorption. Amounts of adsorbed ciprofloxacin and ofloxacin 

increase with time and reach an optimum equilibrium in approximately 14 days. 

Parameters of the kinetic models, specifically pseudo-first order (eq. 5.34a) and 

pseudo-second order (eq. 5.35a) are then computed and the subsequent plots are 

represented in Fig. 5.3 [pseudo 1st order: (i) and (ii); pseudo 2nd order: (iii) and (iv) for 

ciprofloxacin and ofloxacin respectively]. The values of rate constants k1, k2 and qe are 

determined from the slopes and intercepts of the linearized plots (see Table 5.3) of log 

(qe - qt) vs. t (refer eq. 5.34b) for pseudo-first order and (t/qt) vs. t (refer eq. 5.35b) for 

pseudo-second order kinetic models respectively.  
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It is evident from Table 5.3 that adsorption of both ciprofloxacin and ofloxacin using 

raw sewage sludge, follows a pseudo 2nd order kinetic model as the same provides a 

better fit with R2 values for ciprofloxacin and ofloxacin being 0.999 and 0.995 

respectively, while compared with the 1st order pseudo kinetic model. Predicted values 

of qe calculated from pseudo 2nd order kinetic model match well with the experimental 

values of maximum amounts of adsorption for both the components. The same model 

also authenticates the process of chemisorption of ciprofloxacin and ofloxacin using 

raw sewage sludge as the adsorbent. The same has been applied to adsorption of 

pollutants from aqueous solutions in recent years (Miao et al., 2004, Banerjee et al., 

2013). 

Table 5.3  Parameters of the pseudo 1st order and pseudo 2nd order kinetic models 

for the adsorption of ciprofloxacin and ofloxacin by raw sewage sludge. 

Component qe,exp(g. / 

100ml/g. of 

adsorbent) 

Pseudo-first order Pseudo-second order 

qe (g./100 

ml / g. 

adsorbent) 

k1 

(1/day) 

R2 qe(g./100 

ml / g. 

adsorbent) 

k2(g./100ml 

day) 

R2 

Ciprofloxacin  0.0138 0.0036 0.2921 0.984 0.0139 226.806 0.999 

Ofloxacin 0.0088 0.0515 0.736 0.845 0.009 118.82 0.995 

 

  
  

(i) (ii) 
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                                       (iii)                                                                 (iv) 

Fig. 5.3  Pseudo first order plots for (i) ciprofloxacin and (ii) ofloxacin; Pseudo second 

order plots for (iii) ciprofloxacin and (iv) ofloxacin respectively. 

 

5.6.3 Intra-particle diffusion model 

The process of adsorption occurs through three consecutive stages, i.e. (i) film 

diffusion through concentration boundary-layer, (ii) intra-particle diffusion and (iii) 

adsorption of the molecules of adsorbate(s) on to the interior surface of the pores of 

the adsorbent (Low, 1960). Intra-particle diffusion model is validated by plotting the 

experimental data of concentrations of ciprofloxacin and ofloxacin adsorbed onto the 

raw sewage sludge against time (refer Fig. 5.4). The constant parameter (C) obtained 

from the intercepts of the linear plots [refer eqn. 5.36] are given in Table 5.4. If the 

fitted plot passes through origin, intra-particle diffusion would be considered as the 

rate determining step for the mechanism of adsorption. Experimental data fits well for 

both the components with high correlation coefficient, R2
ciprofloxacin = 0.986 and 

R2
ofloxacin = 0.991. All the values of C [for both ciprofloxacin and ofloxacin], are found 

to be very close to zero. Intra-particle diffusion, thus, is the controlling mechanism for 

initial mass transfer for the adsorption of both ciprofloxacin and ofloxacin. 
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Table 5.4 Parameters for intra-particle diffusion model for the adsorption of 

ciprofloxacin and ofloxacin by raw sewage sludge. 

Component ki 

(g./L.g. adsorbent min1/2) 

C 

(g/g.adsorbent) 

R2 

Ciprofloxacin  0.001 0.009 0.986 

Ofloxacin 0.001 0.003 0.991 

 

  

(i) (ii) 

Fig. 5.4  Intra-particle diffusion plots for (i) ciprofloxacin and (ii) ofloxacin. 

5.6.4 Boyd’s Film Diffusion  

Boyd’s plots are obtained [shown in Fig. 5.5 (i) and Fig. 5.5 (ii) for ciprofloxacin and 

ofloxacin respectively] by computing Bt from equations (5.37-5.39b) against time (t). 

It is evident that the plots do not pass through origin. It is observed that intercepts of 

the plots [refer parameters given in Table 5.5] are largely non-zero. Values of 

intercepts, in case of adsorption of ciprofloxacin and ofloxacin, are 0.840 and 0.071 

respectively. Values of R2 for ciprofloxacin and ofloxacin are found to be 0.984 and 

0.930 respectively. 
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Table 5.5  Parameters of Boyd’s film diffusion model for the adsorption of 

ciprofloxacin and ofloxacin by raw sewage sludge. 

Component Intercept R2 

Ciprofloxacin hydrochloride 0.840 0.984 

Ofloxacin 0.071 0.930 
 

Film diffusion, thus, controls the adsorption mechanism for both ciprofloxacin and 

ofloxacin. Specifically, 0.84 is the numerical value of the intercept for ciprofloxacin 

and the same shows that adsorption of ciprofloxacin is strongly dependent on film 

diffusion mode. Also, it is observed that ciprofloxacin gets the priority over ofloxacin 

in the competitive adsorption process on the sludge surface. The quantity of ofloxacin 

left in solution gets attached to the raw sludge based adsorbent surface by surface 

coordination through hydrogen bonding. The same is also validated by the pseudo 

second order kinetic model. Intra-particle diffusion has not been observed as the sole 

rate controlling factor. Chemisorption is thus the rate controlling factor in this 

particular study. Considering the values of R2 [R2
ciprofloxacin=0.984 and 

R2
ofloxacin=0.930] Boyd’s Film diffusion model represents adsorption of ciprofloxacin 

better as compared to the adsorption of ofloxacin. 

(i) (ii) 

Fig. 5.5  Boyd’s film diffusion plots for (i) ciprofloxacin and (ii) ofloxacin. 
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5.7 Probable mechanism of adsorption of ciprofloxacin and ofloxacin onto the 

raw sewage sludge [refer Annex II]  (Coates 2006; Vazirinasab et al. 2018; Aslam et 

al. 2021a; Aslam et al. 2021b; Mobin et al. 2022; Zhang et al. 2022) 

Generally, organic adsorbents containing various oxygenated functional groups and 

phenolic groups make interactions with FQs through electrostatic attraction, hydrogen 

bonding, π–π interaction, and hydrophobic interactions. These interactions are 

possible because of the presence of functional groups like -COOH, -NH2, and -OH in 

ciprofloxacin and ofloxacin and a variety of functional groups present on the sludge 

surface (refer to Annex II: Fig. II.2). The possibility of π–π interaction between the 

semi-dried raw sewage sludge and the adsorbates [CIP and OFLX] leading to the 

observed adsorption of ciprofloxacin and ofloxacin is much less as abundant ionic 

groups are present in the sludge surface, as substantiated by the FTIR spectrum of the 

raw sludge [see Fig. 3.2] and point of zero charge of the adsorbent that refers the 

surface to be negatively charged at a working pH of ~7.8 [refer Fig. 3.3] (Aslam et al. 

2021b, a; Mobin et al. 2022).  

In an acidic solution with pH below 6.1, CIP and OFLX molecules exist in a cationic 

form mainly due to the protonation of the amine group in the piperazine moiety [refer 

to Fig. 5.6]. When its pH is higher than 8.7, it exists as an anion due to the loss of a 

proton from the carboxylic group. With 6.1<pH<8.7, CIP exists in a zwitterionic form. 

In the working pH of 7.8, CIP and OFLX exist primarily in zwitterionic or neutral 

forms. Also, the semi-dried sludge surface is negative at pH=7.8 [refer to Fig. 3.3]. 

FT-IR results further suggested that the protonated amine group of ciprofloxacin and 

ofloxacin, in its zwitterionic form, was not electrostatically attracted to a large extent 

to the negatively charged sites of the sludge surfaces. Thus, the net ionic attraction 

between zwitterionic CIP and negative sludge surface is not appreciably effective.  
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(i) 

 

(ii) 

Fig. 5.6  Different ionic states of (i) Ciprofloxacin in different ranges of pH and (ii) 

Ofloxacin existing at various ranges of pH; (a) Cationic (at pH ~ 4), (b) Neutral or 

Zwitterionic (at pH ~ 7) and (c) Anionic (at pH ~ 9). 

 

The hydrophobic interaction is also negligible because both the adsorbent and 

adsorbates are hydrophilic in nature as substantiated by a contact angle measurement 

study that indicates the contact angles of both the raw sludge [refer to Fig. 3.4] and 

the treated sludge [refer to Fig. II.3] are less than 90o. Apart from these theoretical 

speculations, a modified competitive Langmuir-like model fitted well for 

ciprofloxacin. The modified competitive Langmuir-like model mainly follows the 

monolayer adsorption (Luna et al. 2010) of adsorbates onto the semi-dried sludge 
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surface. The weak hydrophobic interactions, that results from multilayer adsorptions, 

have very little contribution to the process.  

The sewage sludge still exhibits a relatively high adsorption capacity towards 

ciprofloxacin and ofloxacin in weakly alkaline medium (pH at ~ 7.8) due to the 

negative charge assisted hydrogen bonding, on the basis of the following equations 

[see equations 5.40, 5.41, 5.42a, 5.42b or 5.43]. Carboxylic acid groups of both CIP 

and OFLX are hydrogen bonded to the basal oxygen atoms of the sludge layers. 

CIP-COO-  +  H2O                                CIP-COOH + OH-                           (5.40) 

OFLX-COO-  +  H2O                            OFLX-COOH + OH-                           (5.41) 

RSS-O-  +  HOOC-FQs                           RSS – [ O…..H – OOC ]- - FQs        (5.42a) 

                                                              Or 

RSS-COOO2-  +  HOOC-FQs               RSS – [ COOO…..H – OOC ]—FQs (5.42b)  

Or 

(RSS-O)3–P=O   +  HOOC-FQs                 (RSS-O)3 – [P=O…H-OOC]-FQs (5.43) 

The neutral forms of the two FQs probably react with the raw sewage sludge [RSS] as 

shown in equations (5.40), (5.41) and (5.42a). The XPS study [refer Fig. II.4 (A O 1s) 

and (B O 1s)] indicates a shift in the binding energy of O 1s from 532.2 eV to 531.8 

eV substantiating the existence of H-bonding between the negatively charged surface 

of raw sewage sludge and specific functional groups on the surface of two FQs 

resulting due to lesser electron density on base O element after the formation of H 

bonds with the FQs.  
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Outcomes of both pseudo-second-order kinetic model and Boyd’s film diffusion 

model supplement the probable surface-complex interactions of CIP and OFLX with 

the sludge surface. The same supports that the interactions are chemical in nature and 

chemisorption is taking place on the surface of the sludge.  

A significant change in the sludge surface, after the adsorption of ciprofloxacin and 

ofloxacin, is observed in the FTIR spectrum of post-treated sludge [refer to Fig. II.2 

of Annex II]. Certain new bands in the region 1527 cm-1 – 1548 cm-1 indicate the 

presence of aromatic ring systems along with amine and carboxylic acid groups. This 

indicates that both of the FQ molecules interact with the functional groups of the 

sludge, primarily due to hydrogen bonding. The adsorption process is also evaluated 

in terms of the XPS study [refer Fig. II.4 (B F 1s)] which indicates that presence of an 

F atom in the treated sludge originates after the adsorption of the two FQs onto the 

raw sludge surface. 
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6.1 Background 

Large-scale use of the FQs during and after Covid-19 pandemic has increased the 

quantum of FQs being discharged into inland surface waterbodies with an 

enhancement of risks (Comber et al. 2020). The FQs exist in the range of ng/L to µg/L 

in aqueous matrices and ng/Kg to mg/Kg in solid matrices resulting in acute and 

chronic toxicity as well as the emergence of antibiotic-resistant bacteria (van 

Doorslaer et al. 2014). Ciprofloxacin (CIP) and ofloxacin (OFLX) are broad spectrum 

antibiotics belonging to this class. The amount of ciprofloxacin (CIP) and ofloxacin 

(OFLX) found in aqueous matrices are approximately 44.0 μg/L and 35.5 μg/L 

respectively (Schlüsener and Bester 2006; Prieto et al. 2011; González-Pleiter et al. 

2013).  
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A huge quantity of pharmaceutical wastewater containing CIP and OFLX can be 

treated using a packed column with suitable adsorbent. Activated sludge is a widely 

used environment-friendly adsorbent for its proven ability to remove various 

micropollutants from wastewater (Clara et al. 2005; Radjenović et al. 2009; Koh et al. 

2009; McAdam et al. 2010; Petrie et al. 2013; Wan Ismail et al. 2022). Activated 

sludge, composed of carbonaceous matter along with other chemical and biological 

constituents, is an effective adsorbent due to the presence of a high degree of porosity 

and internal surface area (Rio et al. 2005). The efficiency of the adsorber depends on 

a proper design, which in turn requires the prediction of effluent concentration-time 

profile. Effects of several parameters i.e. height and diameter of packing, influent 

concentration, and flow rate are examined in order to find out the breakthrough curves 

for a fixed bed column.  

Determination of the breakthrough curve for adsorption in a packed bed is a very 

important concern because it provides basic but very important information in the 

design of a packed column. The experimental method is usually a time-consuming and 

un-economical process, particularly for trace contaminants with long residence times 

(Xu et al. 2013). In order to overcome the stringent assumptions of these semi-

empirical models, both in their primary and linearized forms, in this piece of research, 

a robust and novel convective-diffusion model is proposed with generation/depletion 

terms being governed by pseudo kinetics of adsorption under dynamic condition. A 

pore and solid diffusion model is developed for a fixed bed column considering 

irreversible adsorption isotherms and neglecting outside film resistance (Weber and 

Chakravorti 1974). Lapidus and Amundson applied a convective-diffusion model to 

analyze the transport mechanism of solute in an unsteady one-dimensional saturated 

flow, neglecting intra-pellet mass transfer (Lapidus and Amundson 1952). Similarly, 
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a number of research groups analysed packed-bed adsorption using the convective-

diffusion model with due consideration for inter-pellet diffusion (Thirupathi et al. 

2007; Selvaraju and Pushpavanam 2009; Saha et al. 2012; Singha et al. 2012). A fixed 

bed packed with sewage sludge (adsorbent) and inert granular glass materials (packing 

material) is used in this study.  

6.2 Materials and Methods 

6.2.1 Sampling and processing of raw sewage sludge 

Raw sewage sludge [RSS] is collected from the Sewage Treatment Plant (STP), 

managed by Kamarhati Municipality, North 24 Parganas, West Bengal, India. The 

sludge is dried in ambient air under natural convective mode for a duration of 5-6 days. 

The dried semi-solid sludge is then used as the adsorbent to serve as the primary 

component of packing for the fixed bed used during the dynamic study afterward. A 

list of chemicals used for the study is given in section 5.2.2 of Chapter 5. The 

analytical protocol which is followed to analyse ciprofloxacin and ofloxacin in 

combination is elaborated in Chapter 5 (see section 5.2.3). 

6.2.2 Operational Conditions 

Various factors considered during the breakthrough analysis are bed depths (3, 5, and 

7 cm), influent concentrations (50, 100, and 200 ppm), and flow rates (0.67, 0.90, and 

2.14 ml/min). The wastewater is fed and treated till the ratio Ct/C0 becomes equal to 

0.85. The experiments are conducted at different bed heights, flow rates, and feed 

concentrations without changing the pattern of packing of the column with the 

adsorbent and inert glass beads. Treated wastewater emerging out of the bottom of the 

column [refer Fig. 6.1] is collected at specific intervals of time and then the same is 

analyzed in HPLC (refer to section 5.2.3 of Chapter 5) in triplicate for the unknown 
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concentrations of ciprofloxacin and ofloxacin simultaneously using respective 

standard curves.  

 

Fig. 6.1  Experimental setup consisting of a packed bed column made by a 

combination of sewage sludge and glass beads in a ratio of 1:2 for the removal of 

ciprofloxacin and ofloxacin. 

 

6.3 Theory 

In order to model a solid-liquid column adsorption system, it is necessary to describe 

the adsorption process into four basic steps (refer Fig. 6.2a) (Worch 2012):   

(1) liquid phase mass transfer includes convective mass transfer and molecular 

diffusion.  

(2) film diffusion is defined as the interfacial diffusion between the liquid phase 

and the exterior surface of the adsorbent.  

(3) intra-pellet mass transfer concerning pore diffusion and surface diffusion and   
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(4) the adsorption-desorption reaction governed by 1st and 2nd order pseudo-

kinetics (Crittenden and Weber 1978; Crittenden et al. 1986; Friedrich G. 

Helfferich 1995). 

6.3.1 Liquid phase mass transfer 

Specific pharmaceutical species (in the forms of molecules and ions) present in the 

column, can transport both in the axial and radial directions under convective as well 

as diffusive modes. In order to simplify the model, it is usually assumed that all cross-

sections are homogeneous and the radial transports (both convective and diffusive) are 

neglected (Xu et al. 2013). Considering the axial dispersion to be present, a mass 

conservation equation is developed, on a macroscopic scale, to relate different process 

variables in the column, like concentration of the adsorbed adsorbate (q), the 

concentration of the bulk solution (c), distance to the inlet (z), superficial velocity (us) 

and axial dispersion coefficient (Dz). Starting with a differential control volume [refer 

Fig. 2b] within the packed column (Costa and Rodrigues 1985; Tien 1994; Fournel et 

al. 2010), a convective-diffusion based species transport equation is developed 

[equation (6.1)] considering a depletion term, consisting of the removal of primary 

species [adsorbate] by virtue of adsorption. 

𝜀𝑏
𝜕𝐶

𝜕𝑡
+ 𝑢𝑠

𝜕𝐶

𝜕𝑧
+ (1 − 𝜀𝑏)𝜌𝑎

𝜕𝑞

𝜕𝑡
= 𝐷𝑧

𝜕2𝐶

𝜕𝑧2           (6.1)  

where, the initial and boundary conditions are:   

t = 0     →     C (z,t) = 0,  

t = 0     →     q(z,t) = 0,   

z = 0     →    C (0, t = 0) = 0,  

C (0, t > 0) =  C0, 

z = L    →     
𝜕𝐶

𝜕𝑧
= 0 
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When the axial dispersion is neglected, equation (6.1) becomes  

𝜀𝑏
𝜕𝐶

𝜕𝑡
+ 𝑢𝑠

𝜕𝐶

𝜕𝑧
+ (1 − 𝜀𝑏)𝜌𝑎

𝜕𝑞

𝜕𝑡
= 0                                       (6.2)  

The initial and boundary conditions also change to the following:  

t = 0     →    C (z, t) = 0  

t = 0, for  0    →     C = 0, q=0  

z = 0     →    𝐶 = 𝐶0 for t > 0  

z = H    →    
𝜕𝐶

𝜕𝑧
= 0  

where, εb is the bed porosity, t is the time, ρa is the adsorbent density, Cin is the initial 

concentration of the influent, and H is the bed height.  

 

Fig. 6.2a  Adsorption process of an adsorbent pellet, represented on a macroscopic 

scale 
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In Fig. 6.2a, A= bulk fluid, B = interface region, C = adsorbent pellet, 1 ≡ film 

diffusion 2 ≡ intra-pellet diffusion  

In Fig. 6.2b, 1 = convective mass transfer, 2 = axial dispersion, 3 = adsorbed by 

adsorbent, 4 = accumulation of adsorbate. In Fig. 6.2b 

(1+) - (1-)     →    −𝑢𝑠
𝜕𝐶

𝜕𝑧
 

(2+) - (2-)      →    −𝐷𝑧
𝜕2𝐶

𝜕𝑧2 

                            (3-)     →    (1-εb)𝜌a
𝜕𝑞

𝜕𝑡
      

                    (4)      →    εb
𝜕𝐶

𝜕𝑡
          

Equations (1) and (2) are based on the following assumptions (Xu et al. 2013):   

(1)  the entire process is isothermal;    

(2) no chemical reaction occurs in the column;   

(3) the packed bed is made of porous spherical adsorbent particles, uniform in size;   

(4) the bed is homogeneous and the concentration gradient in the radial direction 

of the bed is negligible;   

(5) the flow rate is constant and invariant with the column position (Petrus and 

Warchoł 2003); and,   

(6) the activity coefficient of each species is unity.  
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Fig. 6.2b  Schematic diagram of the species conservation around a differential control 

volume. 

Now, we can write the bulk density of the bed as:    𝜌𝑏 = (1 − 𝜀𝑏)𝜌𝑎 

So, equation (6.2) can be written as,   

𝜀𝑏
𝜕𝐶

𝜕𝑡
+ 𝑢𝑠

𝜕𝐶

𝜕𝑧
+ 𝜌𝑏

𝜕𝑞

𝜕𝑡
= 0                                 (6.3)               

Integrating equation (6.3) over the bed from  = 0 (where 𝐶 = 𝐶0) to Z = H (where,  

C = Ct), and noting that 𝜌𝑏𝑞 ≫ 𝜀𝑏𝐶, we obtain  

𝐶𝑡

𝐶0
= 1 −

𝜌𝑏𝐻

𝑢𝑠𝐶0

𝑑𝑞̅

𝑑𝑡
                                                            (6.4)  

where,  is the average solid-phase adsorbate concentration in the bed, given by  

𝑞̅ =  
1

𝐻
∫ 𝑞𝑑𝑥

𝐻

0
                                                                                 (6.5)  

 

4 3 

1

+ 

2+ 

1 - 2 - 
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However, 𝑞̅ is also a function of time t, since the mass transfer zone shifts from the 

beginning of the bed to the end with time, thus increasing the adsorbent uptake of the 

bed with time. 

𝑞𝑡̅ =
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑒𝑑 𝑢𝑝𝑡𝑜 𝑡𝑖𝑚𝑒 𝑡

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑏𝑒𝑑
=

𝑚𝑡
𝑎

𝑚𝐴
                        (6.6) 

𝑚𝐴  attributes to the weight of sludge taken in the bed. Mass adsorbed by the 

differential control element of the bed 𝑑𝑚(𝑡), at any time is given by the difference of 

inlet concentration and the outlet concentration at that time i.e. 

𝑑𝑚(𝑡) =  (𝐶0 − 𝐶𝑡)𝑄𝑑𝑡                                                                                         (6.7)                                             

Where 𝑄 = volumetric flow rate of the solution through the bed. 

∴ 𝑚𝑡
𝑎 = ∫ 𝑑𝑚(𝑡)

𝑡

𝑡=0
= ∫ (𝐶0 − 𝐶𝑡)𝑄𝑑𝑡

𝑡

𝑡=0
                                                            (6.8) 

Thus, 

𝑞𝑡̅ =
∫ (𝐶0−𝐶𝑡)𝑄𝑑𝑡

𝑡
𝑡=0

𝑚𝐴
                                                                                                   (6.9) 

Also, 𝑞𝑒𝑞 signifying the maximum amount of adsorbate that can be adsorbed by the 

bed, that is, the adsorbent loading at time 𝑡 = 𝑡𝑒𝑞  (a time when the entire bed is 

saturated), is given by: 

𝑞𝑒𝑞 =
∫ (𝐶0−𝐶𝑡)𝑄𝑑𝑡

𝑡=𝑡𝑒𝑞
𝑡=0

𝑚𝐴
                                                                                             (6.10) 

6.3.2 First order model 

The pseudo first-order kinetic model is given by the equation  

𝑑𝑞̅

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞̅)                                                                 (6.11) 
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The solution of equation (6.11), subject to the initial condition 𝑞̅ = 0 at  = 0, is  

𝑞̅ = 𝑞𝑒[1 − 𝑒𝑥𝑝(−𝑘1𝑡)]                                           (6.12) 

Using equation (6.12) in equation (6.4), we find  

𝐶𝑡

𝐶0
= 1 −

𝜌𝑏𝐻𝑘1𝑞𝑒

𝑢𝑠𝐶0
exp (−𝑘1𝑡)                      (6.13)  

Let  be the number of bed volumes of fluid that have passed through the bed since  

= 0, that is,   

𝑛 =
𝑢𝑠(𝑡−

𝐻𝜀𝑏
𝑢𝑠

)

𝐻
=

𝑄𝑡

𝑉𝑏𝑒𝑑
− 𝜀𝑏 ≈

𝑄𝑡

𝑉𝑏𝑒𝑑
                                  (6.14) 

Where,  and  are the volumetric flow rate of the fluid though the adsorbent bed 

and the volume of the bed respectively. The expression for the breakthrough curve, 

given by equation (6.13), can be written as:  

𝐶𝑡

𝐶0
= 1 − 𝐷𝑎1

𝑛𝑠𝑡𝑜𝑖𝑐𝑒𝑥𝑝 (−𝑛𝐷𝑎1
)                               (6.15a)  

Or,  

𝐶𝑡

𝐶0
= 1 − 𝑒𝑥𝑝 [−𝐷𝑎1

(𝑛 − 𝑛𝐵𝑇)]                                                 (6.15b)  

Where,  is the number of bed volumes at breakthrough (i.e. when Ct  0). The 

dimensionless parameters 𝐷𝑎1
 and  are given by  

 𝐷𝑎1
=

𝑘1𝐻

𝑢𝑠
=

𝑘1𝑉𝑏𝑒𝑑

𝑄
           (6.16) 

𝑛𝑠𝑡𝑜𝑖𝑐 =  
𝜌𝑏𝑞𝑒

𝐶0
                                                             (6.17) 
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Thus, the two parameters governing the breakthrough curve equation are 𝐷𝑎1
 and 

𝑛𝑠𝑡𝑜𝑖𝑐  [from equation (6.15a)], or 𝐷𝑎1
 and  [from equation (6.15b)]. Equating 

equations (6.15a) and (6.15b), one can obtain, 

𝑛𝐵𝑇 =
𝑙𝑛(𝐷𝑎1𝑛𝑠𝑡𝑜𝑖𝑐)

𝐷𝑎1

                                                                        (6.18)  

Assuming 𝑛𝑠𝑡𝑜𝑖𝑐 to be constant, differentiating equation (6.18) with respect to 𝐷𝑎1
and 

setting the derivative equal to zero, the maximum number of bed volumes at 

breakthrough is obtained, as given below,  

𝑛𝐵𝑇,𝑚𝑎𝑥 =
𝑛𝑠𝑡𝑜𝑖𝑐

𝑒
= 0.368𝑛𝑠𝑡𝑜𝑖𝑐 = 0.368

𝜌𝑏𝑞𝑒𝑞

𝐶0
                                         (6.19)  

6.3.3  Second-order model 

The second-order kinetic model (Ho and McKay 1999), is given by  

𝑑𝑞̅

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞̅)2                                                                         (6.20)  

Integrating equation (6.20), subject to the initial condition: 𝑞̅ = 0 at  = 0, is given by  

𝑞̅ =
𝑞𝑒

2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
                                                                         (6.21)  

Using equation (6.21) in equation (6.4), gives  

𝐶𝑡

𝐶0
= 1 −

𝜌𝑏𝐻𝑘2𝑞𝑒
2

𝑢𝑠𝐶0(1+𝑘2𝑞𝑒𝑡)2                                                         (6.22)  

Equation (6.22) can also be expressed equivalently as  

𝐶𝑡

𝐶0
= 1 −

𝑛𝑠𝑡𝑜𝑖𝑐𝐷𝑎2

(1+𝑛𝐷𝑎2)
2                                           (6.23a)  

Or 
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𝐶𝑡

𝐶0
= 1 − (

1+𝑛𝐵𝑇𝐷𝑎2

1+𝑛𝐷𝑎2

)
2

                                                  (6.23b)  

where, 

 𝐷𝑎2
=

𝑞𝑒𝑘2𝐻

𝑢𝑠
=

𝑞𝑒𝑘2𝑉𝑏𝑒𝑑

𝑄
                                (6.24)  

Thus, from the pseudo second-order kinetic reaction, the two parameters governing 

breakthrough are 𝐷𝑎2
 and 𝑛𝑠𝑡𝑜𝑖𝑐  [from equation (6.23a)], or 𝐷𝑎2

 and  [from 

equation (6.23b)]. Equating equations (6.23a) and (6.23b), we obtain   

𝑛𝐵𝑇 =
√𝑛𝑠𝑡𝑜𝑖𝑐𝐷𝑎2−1

𝐷𝑎2

                                           (6.25)  

Differentiating equation (6.25) with respect to 𝐷𝑎2
 and equating to zero, 𝑛𝐵𝑇,𝑚𝑎𝑥 is 

obtained as:   

𝑛𝐵𝑇,𝑚𝑎𝑥 =
𝑛𝑠𝑡𝑜𝑖𝑐

4
= 0.25𝑛𝑠𝑡𝑜𝑖𝑐 = 0.25

𝜌𝑏𝑞𝑒

𝐶0
                            (6.26)  

6.4 Method of Solution 

The equation of the breakthrough curve given by pseudo 1st order model 

[equation(6.15a)] and   pseudo 2nd order model [equation(6.24a)] have two unknown 

constants, 𝐷𝑎1
and 𝑛𝑠𝑡𝑜𝑖𝑐1

and 𝐷𝑎2
and 𝑛𝑠𝑡𝑜𝑖𝑐2

respectively. Once estimated, these can 

help predict the outlet concentration at any time t for t<𝑡𝑒𝑞.  

From equation (6.17) 𝑛𝑠𝑡𝑜𝑖𝑐 can be calculated directly when 𝑞𝑒  is known. In order to 

calculate 𝑞𝑒𝑞 from equation (6.10), it is necessary to know the outlet concentration 

𝐶𝑡 as a function of time, which is exactly what we are trying to find out by modelling. 

So, the experimental values of outlet concentration 𝐶𝑡 versus time 𝑡 along with the 

inlet concentration (C0), for every run, are used to form the model dataset 
𝐶𝑡 

𝐶0 ⁄ vs 𝑡. 
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This data set and the model equations are fed into the lsqcurvefit function on Matlab 

R2018a in order to optimize the model parameters to find the best fit curve of input 

dataset for every run for both FQs for pseudo-first and pseudo-second-order models 

using a non-linear least square method. The model parameters for each of the 

experiments, are estimated by minimizing the SSQ values (Sum of Squares of 

Residuals), 

𝑆𝑆𝑄 = ∑
(𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑)2

𝑁−𝑘−1

𝑛
𝑖=1                                                        (6.27) 

The parameters, so estimated, are finally used to formulate the model equations. 

Corresponding SSQ values indicate the accuracy of prediction. For sufficiently low 

SSQ values, it can be concluded that the fit is a ‘good fit’. Hence the rate constants 

(𝑘1 and 𝑞𝑒𝑞) and (𝑘2 and 𝑞𝑒𝑞) can be calculated from the model parameters of both 

the models using equations (6.16), (6.17) and (6.24). Estimated parameters of the first-

order and second-order models are given in Table 6.1. A flowchart representing the 

sequential methods of solution is given in Fig. 6.3. 

Considering pseudo-kinetics to be valid, Da1 and Da2 can be considered as equivalent 

Damköhler numbers (Da)1. Damköhler number (Da) is a useful ratio for determining 

whether diffusion rates or reaction rates are ‘important’ on a relative scale, for defining 

a steady-state distribution of a chemically reactive species over the length and time 

scales of interest. For Da >> 1 the reaction rate is much greater than the diffusion rate. 

Corresponding concentration distribution is said to be diffusion limited (diffusion is 

slower, so diffusion characteristics dominate and the reaction is assumed to be 

 
1 Damköhler numbers (Da) are, in general, are dimensionless numbers used in chemical engineering 

to relate the chemical reaction timescale (reaction rate) to the transport phenomena rate occurring in 

a system. It is named after German chemist Gerhard Damköhler. In its most commonly used form, the 

Damköhler number relates the reaction timescale to the convection times scale, flow rate, though the 

packed bed reactor for a continuous processes:  

http://en.wikipedia.org/wiki/Dimensionless_number
http://en.wikipedia.org/wiki/Dimensionless_number
http://en.wikipedia.org/wiki/Chemical_engineering
http://en.wikipedia.org/wiki/Chemical_engineering
http://en.wikipedia.org/wiki/Chemical_engineering
http://en.wikipedia.org/wiki/Chemical_engineering
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Reaction_rate
http://en.wikipedia.org/wiki/Transport_phenomena
http://en.wikipedia.org/wiki/Transport_phenomena
http://en.wikipedia.org/wiki/Transport_phenomena
http://en.wikipedia.org/wiki/Gerhard_Damk%C3%B6hler
http://en.wikipedia.org/wiki/Gerhard_Damk%C3%B6hler
http://en.wikipedia.org/wiki/Convection
http://en.wikipedia.org/wiki/Convection
http://en.wikipedia.org/wiki/Flow_rate
http://en.wikipedia.org/wiki/Reactor
http://en.wikipedia.org/wiki/Reactor
http://en.wikipedia.org/wiki/Reactor
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instantaneously in equilibrium). For Da <<1 diffusion occurs much faster than the 

reaction, thus diffusion reaches an ‘equilibrium’ well before the reaction achieves 

equilibrium. 

6.5 Results and discussion 

6.5.1 Effect of bed height 

For both first-order and second-order models, the effective maximum breakthrough 

times, for both FQs increase with an increase in bed depth [refer to Table 6.2 and Fig. 

6.4] while maintaining flow rate and inlet concentration constant. The experimental 

breakthroughs come much earlier for ofloxacin as compared to the same for 

ciprofloxacin. This outcome is in line with the fact that OFLX occupies the pores much 

faster than CIP. The existing functional groups of the sewage sludge start playing a 

major role as both the FQs interact with the functional groups of the sludge, primarily 

due to hydrogen bonding [refer to section 5.7 of Chapter 5]. In case of ofloxacin, it is 

observed that the experimental breakthroughs come later than the predicted ones, 

while the same for ciprofloxacin is not always so. Pseudo-kinetics is not taking care 

of the complex surface-coordination pathways. This is the probable reason for the 

mismatch. The first-order and second-order Damköhler numbers initially decreases 

with an increase in bed height but increases afterward for both the antibiotics, under 

constant flow rate and inlet concentration, probably due to the competitive adsorption 

of CIP and OFLX onto the functionalized surface sites. 

6.5.2 Effect of flow rate 

When bed height and concentration are kept constant, the values of 𝑛𝐵𝑇,𝑚𝑎𝑥 for both 

ciprofloxacin and ofloxacin are seen to increase almost uniformly while 𝐷𝑎1
 and 𝐷𝑎2
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decrease with a decrease in flow rate from 2.14ml/min to 0.67ml/min for both first and 

second- order models [refer to Table 6.2 and Fig. 6.5].   

6.5.3 Effect of inlet concentration 

With a constant bed height and flow rate, 𝑛𝐵𝑇,𝑚𝑎𝑥 decreases with an increase in the 

inlet concentration. The rate of increase of𝑛𝐵𝑇,𝑚𝑎𝑥 is found to be much more with inlet 

concentration varying from 100ppm to 200ppm as compared to the rate of increase of 

𝑛𝐵𝑇,𝑚𝑎𝑥 with variation of inlet concentration in between 50ppm to 100ppm [refer to 

Table 6.2 and Fig. 6.6]. At very high concentrations, there is so much of adsorbate 

available that the rate of adsorption is very high causing faster saturation of bed and 

this explains much less value of 𝑛𝐵𝑇,𝑚𝑎𝑥.  

Also, for both the compounds, values of 𝐷𝑎1
 and 𝐷𝑎2

 increase subtly when inlet 

concentration is changed from 50ppm to 100ppm while the corresponding values 

increase significantly when the inlet concentration increases from 100ppm to 200ppm, 

keeping the bed height and flow rate constant. The increase in values of Damköhler 

number also validates the increase in reaction rate with increase in inlet concentration. 

With the values of Damköhler numbers being << 1, adsorption remains the rate 

determining step. 
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Fig. 6.3  Flowchart representing the sequence of solution. 

The accuracy of curve-fitting using non-linear regression analysis is effectively 

quantified by the SSQ values calculated for both the models with every dataset. From 
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Not Used 

𝐷𝑎1
, 𝑛𝑠𝑡𝑜𝑖𝑐  

obtained 

𝐷𝑎2
, 𝑛𝑠𝑡𝑜𝑖𝑐  

obtained 

2nd order 

equation: 

 

1st order equation: 
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Table 6.1, it is observed that the SSQ values are predominantly less than 0.02 and even 

less than 0.01 in quite a number of cases, ensuring a very good fit of the data. Overall, 

the second order model gives a better fit for ciprofloxacin in 5 out of 7 cases and for 

ofloxacin in 6 out of 7 cases. So, it can be concluded that both the FQs are chemisorbed 

onto the sludge. The same is substantiated through a probable mechanism of 

adsorption of CIP and OFLX, described in section 5.7 of Chapter 5 (refer to Chapter 

3 and Annex II for specific figures that supplement the mechanism). The values of 𝑞𝑒 

are estimated for both CIP and OFLX for each of the models (see Table 6.1). It is 

observed that the estimated values of 𝑞𝑒 are close to one another for both models for 

a particular bed height, flow rate and initial concentration. Minor differences are 

attributed to the differences in the rates of depletion for 1st and 2nd order pseudo-

kinetics. 
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Table 6.2  Breakthrough times in minutes, for the dynamic study of removal of (a) 

ciprofloxacin and (b) ofloxacin by raw sewage sludge at various flow rates, bed height 

and initial concentrations. 

Parameters Ciprofloxacin Ofloxacin 

Experimental 

datapoint 

closest to 

breakthrough 

1st order 

model 

prediction 

2nd order 

model 

prediction 

Experimental 

datapoint 

closest to 

breakthrough 

1st order 

model 

prediction 

2nd order 

model 

prediction 

Bed Height↓ 

7 cm 780 845 898 540 456 393 

5 cm 630 669 785 430 309 321 

3 cm 360 323 357 150 132 133 

Flow Rate↓ 

2.14 ml/min 300 251 286 80 81 84 

0.90 ml/min 630 669 785 430 309 321 

0.67 ml/min Didn’t reach 

breakthrough 

1305 1616 540 556 648 

Initial Concentration↓ 

200ppm 300 269 268 180 178 193 

100ppm 630 669 785 430 309 321 

50ppm 840 900 981 780 797 878 

 

In general, the breakthrough time (BT) increases with an increase in bed height, a 

decrease in flow rate and a decrease in inlet concentration. Also, the breakthrough time 

for ciprofloxacin is higher than the same for ofloxacin indicating a slower adsorption 

of ciprofloxacin as compared to adsorption of ofloxacin. On a competitive time-scale, 

ofloxacin occupies the pores faster and ciprofloxacin largely forms surface complexes 

through hydrogen bonding. In most of the cases the predicted breakthrough times 

using first-order and second-order convective-diffusion models are quite close to the 

observed breakthrough times (refer Table 6.2), thereby validating the effectiveness of 

the adopted method. Minor differences are primarily due to the differences in the rates 

of depletion for 1st and 2nd order pseudo-kinetics. 

In cases, where there is insufficiency of data points, that is, in cases where data is 

recorded to time lesser than or just up to the breakthrough time, there are deviations 

from the actual experimental breakthrough times (observed). Best predictions are 
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achieved when there are a few more datapoints recorded even after the bed has 

achieved breakthrough. Additionally, the models are still capable of predicting 

breakthrough times even if the bed did not actually reach breakthrough during the total 

span of experimentation. 

Table 6.3  Variations in the ratio of first-order and second-order Damköhler numbers 

of ciprofloxacin to ofloxacin with changes in flow rate and inlet concentration. 

 

Parameter 𝐷𝑎1𝐶𝑖𝑝𝑟𝑜
: 𝐷𝑎1𝑂𝑓𝑙𝑜𝑥

 𝐷𝑎2𝐶𝑖𝑝𝑟𝑜
: 𝐷𝑎2𝑂𝑓𝑙𝑜𝑥

 

Flow Rate↓ 

2.14 1:3.076 1:3.434 

0.9 1:2.114 1:2.452 

0.67 1:2.569 1:2.511 

Initial Concentration↓ 

200 1:1.578 1:1.429 

100 1:2.114 1:2.452 

50 1:1.219 1:1.238 

 

In all the experiments, Das<<1 for both CIP and OFLX. It indicates a faster diffusion 

process with respect to the rate of pseudo-reaction. Diffusion thus reaches an 

‘equilibrium’ well before the reaction achieves pseudo chemical equilibrium. Ratios 

of the Damköhler numbers, meant to represent the first-order and second-order 

convective-diffusion models for ciprofloxacin to ofloxacin is < 1 (refer to Table 6.3). 

It indicates a faster rate of pseudo-reaction for ofloxacin as compared to ciprofloxacin. 

Additionally, the values of pseudo rate constants for ofloxacin are observed to be 

greater than the same for ciprofloxacin in case of both the models (see Table 6.1). 
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7.1 Background 

Fluoroquinolones (FQs) belong to a class of synthetic antibiotics considered to have 

broad-spectrum anti-bacterial effects against Gram-positive as well as Gram-negative 

bacteria (Rusu et al. 2014). These have been tested in vitro against SARS-CoV-2 and 

molecular docking studies prescribed ciprofloxacin, enoxacin, and moxifloxacin as 

effective inhibitors of SARS-CoV-2 (Alaaeldin et al. 2022). Specific fluoroquinolones 

have been tested for their potential capacity to bind to the protease of SARS-CoV-2, 

thereby blocking subsequent replication (Karampela and Dalamaga 2020). Ofloxacin 

is very potent in the treatment of gastrointestinal disorders, which originate as a less 

frequent symptom in patients suffering from Covid-19.  

Large-scale use of the FQs during Covid-19 pandemic has increased the quantity of 

FQs being discharged into inland surface waterbodies (Comber et al. 2020).  
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A packed column with suitable adsorbent can be exercised in a continuous process for 

elimination of the FQs from large quantities of wastewater at the industrial as well as 

municipal levels. An effective design of a packed column requires prediction of the 

concentration-time profile for each of the adsorbates, FQs in this case, present in the 

effluent. The maximum adsorption capacity of a specific adsorbent (with the packed 

column being operated under continuous mode), needs to be evaluated adequately for 

developing an effective scale-up correlation (Malkoc and Nuhoglu 2006).  

Semi empirical models are simplified models used to investigate the scale of the 

laboratory column in order to make an effective design for pilot scale columns 

(Sharma and Forster 1996; Sarin et al. 2006). The procedure is carried out by 

evaluating some of the design parameters, which can capably describe the 

performance and receptivity of the adsorbent in a dynamic process. The parameters of 

the representative breakthrough curves (theoretical) are estimated using linear/non-

linear least square techniques. Afterwards, the predicted breakthrough curves, so 

obtained, are compared with the experimental breakthrough curves. The design of a 

packed column, operated under various flow rates, influent concentrations and bed 

heights, requires a comparison between the service times obtained experimentally with 

theoretically predicted values obtained from the parameterised semi-empirical models. 

Various semi-empirical mathematical models are well known for the design and scale-

up of a packed adsorption column. Most familiar models amidst them are BDST, 

Thomas and Yoon-Nelson models. These models are assessed using experimental data 

for certain parameters representative of the dynamics of the packed bed, like 

breakthrough and bed exhaustion time, influent concentration at time t0 (C0), effluent 

concentration at time t (Ct), linear flow rate, bed height, service time etc. 



Chapter 7:- Transient behavior of a packed column: Scale-Up using Semi-Empirical 

Approach 

7-3 

The specific objective of this particular study is the evaluation of a packed column by 

modelling its breakthrough performance using Yoon-Nelson approach. Effects of 

varying bed heights, concentrations and flow rates of influent wastewater are 

specifically examined to obtain the theoretical breakthrough curves for the adsorption 

column.  

7.2 Materials and Methods 

7.2.1 Materials 

Synthetic wastewaters are prepared by dissolving ciprofloxacin and ofloxacin in 

ultrapure water for conducting the experiments. CIFRAN-500 (Make: Ranbaxy 

Laboratories Ltd., India) and OFLOMAC-200 (Make: Macleods Pharmaceuticals 

Ltd., India) are used as the representative sources for CIP and OFLX respectively for 

the dynamic study. In order to generate the standard curves for pure component CIP 

and OFLX, standard analytical grade Ciprofloxacin [Make: Sigma–Aldrich, India ; 

CAS No: 86483-48-9; Grade: Analytical] and standard analytical grade Ofloxacin 

[Make: Sigma–Aldrich, India ; CAS No:  82419-36-1; Grade: Analytical] are used 

respectively. The mobile phase used during HPLC-based analysis consists of 

Acetonitrile [Make: Sigma–Aldrich, India; CAS No.: 75-05-8; Grade: HPLC grade], 

ultra-pure water [Make: Sigma–Aldrich, India; CAS No.: 7732-18-5; Grade: HPLC 

grade], Tri-ethylamine [Make: Sigma–Aldrich, India; CAS No.: 121-44-8; Grade: 

HPLC grade] and phosphoric acid [Make: Sigma–Aldrich, India; CAS No.: 7664-38-

2; Grade: HPLC grade]. 

7.2.2 Sampling and Processing of raw sewage sludge 

Raw sewage sludge [RSS] is collected from the Sewage Treatment Plant (STP), 

managed by Kamarhati Municipality, North 24 Parganas, West Bengal, India. The 
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protocol for drying and preparing the RSS to be used in a packed bed column is 

described in detail in section 6.2.1 (Chapter 6). A list of chemicals used for the study 

is given in section 5.2.2 of Chapter 5. The analytical protocol which is followed to 

analyse ciprofloxacin and ofloxacin in combination is elaborated in Chapter 5 (see 

section 5.2.3). 

7.2.3 Operational Conditions 

Various operating parameters for the breakthrough curve analysis are bed depths (3, 5 

and 7 cm), influent concentrations (50, 100 and 200 ppm) and flow rates (0.67, 0.90 

and 2.14 ml/min). The wastewater is fed and treated till the ratio Ct/C0 becomes equal 

to 0.85. The experiments are conducted at different bed heights, flow rates and feed 

concentrations without changing the random arrangement of packing of the column. 

The treated wastewater is collected at the outlet at definite intervals of time and then 

the same is analysed for ciprofloxacin and ofloxacin concentrations, using a 

standardised analytical technique. Changes in concentrations of ciprofloxacin and 

ofloxacin at a definite interval of time are analysed by High-Performance Liquid 

Chromatographic (HPLC) based method (refer to section 5.2.3 of Chapter 5). 

7.2.4 Experimental Design: Breakthrough curve and breakthrough point 

In order to carry out the experiments for simultaneous adsorption of ciprofloxacin and 

ofloxacin continuously from artificially synthesized waste water, a glass column 

(internal diameter: 25 mm and length: 15 cm) is used. The other accessories of the 

treatment process are a 1000 ml capacity borosilicate glass beaker used as a storage 

tank, a pumping system including a peristaltic pump and a distribution arrangement 

(refer to Fig. 6.1). The column is packed with a known quantity of raw sewage sludge 

and glass beads (internal diameter range: 0.6 – 0.8 mm) in a ratio of 1:5 in order to get 
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the desired bed depth of the column and to enhance the porosity of the packed bed. At 

the bottom portion of the column, a globule of glass wool is provided in order to 

support the packing of the fixed bed. On the uppermost surface of the packed material, 

a thin layer of cotton is placed in order to maintain a uniform distribution of influent 

wastewater throughout the packed bed of the column. The inlet of the column is so 

equipped that entry effect is minimized to ensure a sustained uniform flow across the 

cross section of the packed bed. The glass wool at the bottom of the packed column 

resists the washout of adsorbent material from being eliminated along with the 

outgoing stream of treated wastewater. Synthetic wastewater containing ciprofloxacin 

and ofloxacin, is allowed to pass through the fixed bed column in a down-flow mode. 

Before the experiment the bed is rinsed with di-mineralized water and left overnight 

for having a closely packed arrangement. A peristaltic pump (Make: Watson Marlow; 

Model: 101U/R) is used to control the inflow rate of the wastewater. 

7.3 Theory 

7.3.1   BDST Model 

In 1920, Adams and Bohart (Bohart and Adams 1920) first proposed the idea of bed 

depth service time model, and it is being considered to be the simplest semi-empirical 

model in the packed bed study that permits the most rapid determination of the 

adsorbent bed performance (McKay and Bino 1990). Working principle of this model 

is based on theory of surface reaction rate, i.e. the adsorption rate is proportional to 

the fraction of remaining adsorption capacity of the adsorbent bed (Muraleedharan et 

al. 1994; Lehmann et al. 2001). This model also illustrates the correlation between the 

bed height or depth of the packed bed column and the service time (Kratochvil and 

Volesky 2000; Vijayaraghavan and Prabu 2006). The model is validated based on the 
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assumption that external mass transfer resistance and intra-particle diffusion both are 

negligible and the adsorption kinetics is mainly controlled by the surface chemical 

interaction between the solute and the adsorbent, rare in real systems (Ayoob et al. 

2007). The inherent assumption of the BDST model is the symmetry of the 

breakthrough curves and the same is not practically possible to achieve. Here lies the 

major limitation of this model (Zulfadhly et al. 2001). Although the BDST model 

suffers from certain limitations, it is practised worldwide. The model is favourable 

only in describing the initial part of the breakthrough curve i.e. up to the breakthrough 

point or saturation points (up to 10-50% approximately). BDST model is not suitable 

for analysing systems receiving longer periods of time to reach equilibrium, as the 

solid-phase loading of the column bed does not bear a certain relationship with time 

at various bed heights of the column (Ko et al. 2003). In order to eliminate such 

limitation a constant bed capacity of the column throughout the operation is 

considered for the original BDST model. This proposition may not be true in certain 

instances.  

The original expression of BDST model is as follows: 

 𝑙𝑛 (
𝐶0

𝐶𝑡
− 1) = 𝑙𝑛[𝑒𝑥𝑝

𝐾𝑍𝑁0
𝑣 ⁄ − 1] -  KC0t                                (7.1)         

where,  

C0 = Initial concentration of the solute in influent (mg/L) 

Ct = Solute concentration in effluent at any time (mg/L) 

K = Adsorption rate constant or BDST model constant (L/mg h) 

Z = Bed height or depth (cm) 

N0 = Adsorption capacity (mg/L) 
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v = Linear flow velocity (cm/h) 

t = Service time (h) 

Using the BDST model certain characteristic parameters including adsorption rate 

constant (K), and adsorption capacity (N0) of the column bed, can be estimated.  

Rearranging Eq. (7.1) into a linear form that produces an expression of service time 

(t), proposed by Hutchins (Hutchins RA. 1973) as:  

t  =  
𝑍𝑁0

𝐶0 𝑣
 - 

1

𝐾𝐶0
𝑙𝑛 (

𝐶0

𝐶𝑡
 − 1)                                                                          (7.2)  

When, expKN
0

Z/v>>1, this model is applicable for both the breakthrough point1 and 

exhausted point2 of the breakthrough curve. If the service time is tb and exhausted time 

is tx at the breakthrough point with the corresponding effluent concentrations being Cb 

and Cx respectively, then the equation (7.2) may be written as: 

tb = 
𝑍𝑁0

𝐶0 𝑣
 - 

1

𝐾𝐶0
𝑙𝑛 (

𝐶0

𝐶𝑏
 − 1)                                                                          (7.3) 

tx = 
𝑍𝑁0

𝐶0 𝑣
 - 

1

𝐾𝐶0
𝑙𝑛 (

𝐶0

𝐶𝑥
 − 1)                                                                                (7.4)  

Both Eqs. (3) and (4) can be linearized as:  

t = aZ− b                                                                                                              (7.5) 

with slope = a = 
𝑁0

𝐶0 𝑣
  and intercept = b = 

1

𝐾𝐶0
𝑙𝑛 (

𝐶0

𝐶𝑥
 − 1) 

Now plotting t vs Z for a fixed flow rate, we get a straight line. From the slope and 

intercept of this straight line the adsorption capacity (N0) and adsorption rate constant 

 
1 A breakthrough point is the time at which a packed bed is fully utilized and it has low adsorption 

capacity towards the influent wastewater and the effluent water has a sudden increase in concentration 

than the initial. 

2 A point on the breakthrough curve at which solute concentration in the outlet becomes almost equal 

to the influent concentration. 
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(K) are obtained respectively. Different flow rates give different straight lines with 

different values of N0 and K. Effect of flow rates upon the performance of the column 

bed can thus be studied using BDST model. Validity of the linearized form of the 

BDST model for a particular dynamic system can be established by the higher values 

of regression coefficients (Kobya 2004). Utilising different values of N0 and K (from 

graph), the theoretical values of service time (t) for a specific bed height (Z) can be 

obtained from Eq. (7.2) and these values can be fitted as predicted data along with the 

experimental data points over a series of flow rates. 

A minimum bed depth that is required in a column filled with adsorbent for a specific 

breakthrough concentration (Cb) is known as the critical bed depth (Z0) 

(Sankararamakrishnan et al. 2008). Z0 is the theoretical bed depth of adsorbent column 

by which it can be confirmed that the solute concentration in the effluent does not 

surpass the breakthrough concentration (Cb) at time t=0. Hence Z0 can be calculated 

by putting t=0 in Eq. (7.2) and solving for it in terms of Z0, we get:  

Z0 = 
𝑣

𝐾𝑁0
 𝑙𝑛 (

𝐶0

𝐶𝑏
 − 1)                                                                                      (7.6) 

Another efficacy of the BDST model is that we can compute the minimum bed height 

essential for a specific influent concentration and a specific flow rate. However, 

critical bed depth varies with K (Vijayaraghavan et al. 2005). With a high value of K, 

a short bed can avoid breakthrough but as the value of K decreases gradually, longer 

bed is essential to eliminate breakthrough. At 50% of the breakthrough curve, the 

effluent solute concentration Ct is just half of the influent solute concentration C0, i.e. 

Ct= 
1

2
 C0, and Eq. (7.2) can be written as, 

t50 = 
𝑍𝑁0

𝑣𝐶0
                                                                                                             (7.7)   
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where, t50 denotes the service time at 50% of the breakthrough curve (Netpradit et al. 

2004). Eq. (7.7) expresses the straight line with no intercept. If the plot of t50 against 

Z is a straight line passing through the origin, an inference can be drawn that the 

adsorption data-set fits to the BDST model well. 

An experiment with one flow rate can be consistently scaled up for the other flow rates 

without carrying out further experiments (Othman et al. 2001; Goel et al. 2005). From 

the known slope of a straight line already predicted, the slope of the straight line of t 

versus Z plot with a new flow rate can be obtained. If the previous flow rate is q with 

slope a, then the new slope a1 with the new flow rate q1 is obtained as follows, 

a1 = a (
𝑞

𝑞1
)                                                                                            (7.8) 

In this case the intercept of the straight line (b) is not adjusted as this is dependent only 

on the influent solute concentration (C0) but not affected by changes in flow rates.  

Designing columns with other influent solute concentrations can be obtained by one 

influent solute concentration using the BDST model (Kumar and Chakraborty 2009). 

The slope and intercept of the known system are used to obtain the new values of the 

slope and the intercept with changes in influent concentrations. If a1 and b1 are the 

slope and intercept of a known system with the influent concentration C1, then the new 

slope a2 and new intercept b2 for the influent concentration C2 can be calculated by the 

following equations – 

a2 = a1 (
𝐶1

𝐶2
)                                                                                                  (7.9)    

b2=b1 (
𝐶1

𝐶2
) [

𝑙𝑛(
𝐶2
𝐶𝐹

 −1)

𝑙𝑛(
𝐶1
𝐶𝐵

−1)
]                                                                                   (7.10)  

where,  
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CF = effluent concentration with influent concentration C2 

CB = effluent concentration with influent concentration C1  

7.3.2   Thomas Model 

Dynamics and performance of an adsorption column is also described by the Thomas 

model (Thomas 1944). This model has been derived from the second-order reaction 

kinetics (the rate determining step) and is followed in any adsorption process 

(Suksabye et al. 2008). This model assumes Langmuir’s pseudo-kinetics of 

adsorption-desorption ignoring resistances from both intra-particle mass transfer and 

external fluid film and also assumes that there is no axial dispersion in the fixed bed 

(de Franco et al. 2017). Experimental values can be fitted to the Thomas Model to find 

the maximum adsorption capacity of the packed bed column and the kinetic rate 

constant  (Fu and Viraraghavan 2004; Malkoc et al. 2006). 

The Thomas model is expressed as:  

 
𝐶𝑡

𝐶0
 = 

1

1+𝑒𝑥𝑝[(
𝑘𝑇ℎ

𝑄
) (𝑀𝑞0 − 𝐶0𝑉𝑒𝑓𝑓) ]

                                                      (7.11) 

where,  

kTh = Thomas rate constant (ml/min/gm) 

Q = Flow rate (ml/min) 

q0 = Maximum adsorption capacity of the adsorbent bed (mg/g) 

M = Mass of the adsorbent (g) 

Veff = Volume of the effluent (ml) 

The linearized form of Eq. (11) is:  
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𝑙𝑛 (
𝐶0

𝐶𝑡
− 1)  = 

𝑘𝑇ℎ𝑞0𝑀

𝑄
 - 

𝑘𝑇ℎ𝐶0𝑉𝑒𝑓𝑓

𝑄
                                                 (7.12)  

As discussed before, the service time, t=Veff/Q. So, Eq. (12) can be expressed as, 

𝑙𝑛 (
𝐶0

𝐶𝑡
− 1)  = 

𝑘𝑇ℎ𝑞0𝑀

𝑄
 - 𝑘𝑇ℎ𝐶0𝑡                                                           (7.13) 

By plotting ln(C0/Ct − 1) against t,  a straight line is obtained. Thomas rate constant 

(kTh) and the highest adsorption per gm of adsorbent (q0) can be calculated from the 

intercept and slope of the straight line, respectively. Predicted results are compared 

with the experimental findings and the nature of breakthrough curves can be projected 

by the fitment of the curve. Primary disadvantage of this model is that it has been 

derived from second-order reversible reaction kinetics where physical adsorption does 

not follow chemical interactions always, rather controlled mainly by the inter phase 

mass transfer (Rao and Viraraghavan 2002). Therefore, when this model is applied for 

a process governed by physical adsorption, it generates some error. Instead, the 

Thomas Model may validate the cases well where chemisorption plays a significant 

role.  

7.3.3   Yoon-Nelson Model 

This model is usually expressed in the following linear form:  

𝑙𝑛 (
𝐶0

𝐶
− 1) = kYN τ – kYN t                                                                    (7.14) 

where, kYN = Yoon-Nelson rate coefficient and τ = time required for 50% breakthrough. 

Eq. (7.14) has been derived by Yoon and Nelson (YOON and NELSON 1984) 

independently without claiming origins in the BDST model treatment. It is simple to 

illustrate that the Yoon-Nelson equation can be obtained from the simplified BDST 

model for expKN
0

Z/v  >>1, as given by the following equation:  
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𝑙𝑛 (
𝐶0

𝐶𝑡
− 1) =  

𝐾𝑍𝑁0

𝑣
 - KC0 t                                                                          (7.15)   

At t=τ we have C/C0=0.5, the simplified BDST model given by Eq.(7.15) may then 

be expressed as:   

0 =  
𝐾𝑍𝑁0

𝑣
 -  KC0 τ                                                                                           (7.16) 

Rearranging Eq. (7.16) we have, 

𝑍𝑁0

𝑣
  = C0 τ                                                                                                           (7.17) 

Substituting Eq. (7.17) in Eq. (7.15) we get:  

𝑙𝑛 (
𝐶0

𝐶𝑡
− 1) = KC0 τ   -  KC0 t                                                                            (7.18) 

If we consider, KC0 = kYN, then Eq. (7.18) becomes -  

ln (
𝐶0

𝐶𝑡
− 1) = kYN τ – kYN t                                                                                      (7.19) 

Eq. (7.19) is the same as Eq. (7.14), the common expression of the Yoon-Nelson 

model. By plotting, ln (
𝐶0

𝐶𝑡
− 1) against time t, we get straight line with a negative 

slope. From the plots we can obtain kYN and τ respectively. 

7.4   Results and Discussion 

During adsorption in a fixed bed, a concentration gradient between the adsorbate and 

the adsorbent is always available until the time the bed gets saturated since the 

adsorbate is in contact with fresh adsorbent at all times (Huang et al. 2002; Aksu et al. 

2007). Fixed bed adsorption systems can be best designed by modelling the 

breakthrough curves for a given adsorbate-adsorbent system along with computation 

of breakthrough times and bed volumes for the same to understand the performance 



Chapter 7:- Transient behavior of a packed column: Scale-Up using Semi-Empirical 

Approach 

7-13 

of the designed column (Unuabonah et al. 2010). It has been observed experimentally 

that the shape of the breakthrough curve is heavily influenced by the design parameter: 

bed depth and the operating parameters: inflow rate and inlet concentration of 

adsorbate solution. Experimental data for studying the impact of the design and 

operating parameters on the adsorption performance of the bed are recorded until 

breakthrough time is reached. 

7.4.1 Effect of bed height  

The effect of bed depth on the shape of the breakthrough curve is studied at an inflow 

rate of adsorbate solution of 0.90 ml/min and inlet concentration of 100ppm modelled 

antibiotic solution at 3 different bed heights of 3cm, 5cm and 7cm. The breakthrough 

curve for each run is plotted using the values of the ratios of recorded effluent 

concentration to the influent concentration against service time of the bed 

(𝐶 𝐶0⁄  𝑣𝑠 𝑡). From the obtained breakthrough curves for varying bed heights for both 

ciprofloxacin and ofloxacin as shown in Fig. 7.1, it can be observed that the shape and 

gradient of each curve changes with variation in bed depth. Although maximum 

adsorption of ciprofloxacin and ofloxacin is seen to occur at the beginning of the bed, 

the quantum of removal reduces with time. It can be concluded that the higher the bed 

depth, it will be saturated later since it has more adsorbent materials present. Thus, an 

adsorption column with greater height has more adsorption sites and a larger contact 

time between the adsorbate and the adsorbent, hence, more adsorption capacity with 

a greater breakthrough time.  

7.4.2 Effect of inflow rate 

The effect of inflow rate on the performance of the packed bed is studied at a bed 

height of 5cm and inlet concentration of the adsorbate solution of 100ppm for 3 
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different inflow rates: 2.14ml/min, 0.90ml/min and 0.67ml/min. It can be noted from 

Fig. 7.2, that as inflow rate decreases, the breakthrough curve becomes less steep and 

the breakthrough time increases. This is explained by the fact that at lesser flow rate, 

the residence time is higher, causing the removal efficiency of the packed bed to be 

on the higher side. A higher residence time ensures availability of sufficient time for 

the adsorbate to bond with the adsorbent, so a lesser flow rate is imperative to efficient 

removal of Ciprofloxacin and Ofloxacin. At higher flowrates, the mass transfer rate is 

high causing the bed to achieve breakthrough sooner.  
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7.4.3 Effect of inlet concentration 

The effect of inlet adsorbate solution concentration on the shape of the breakthrough 

curve is studied by taking a bed height of 5cm and keeping the inflow rate at 

0.90ml/sec and varying the inlet concentrations at 200ppm, 100ppm and 50ppm. The 

modelled breakthrough curves from Fig. 7.3 indicate that breakthrough time increases 

with decreasing influent concentration as the same adsorbent bed is exposed to a lesser 

amount of adsorbate when exposed to the same amount of model antibiotic solution. 

From the iconic works of K. H. Chu (Chu 2020), it is observed that despite different 

assumptions for derivations of all the existing semi empirical models, such as the 

BDST model, the Thomas model and the Yoon–Nelson model, they all can be 

linearized into a simple format. 

Linearized BDST Model Equation:  𝑙𝑛 (
𝐶0

𝐶
− 1) =

𝑘𝐵𝐴𝑁0𝐿

𝑢
− 𝑘𝐵𝐴𝐶0𝑡        (7.20) 

Linearized Thomas Model: 𝑙𝑛 (
𝐶0

𝐶
− 1) =

𝑘𝑇𝑞0𝑀

𝑄
− 𝑘𝑇𝐶0𝑡                     (7.21) 

Linearized Yoon-Nelson Model: 𝑙𝑛 (
𝐶0

𝐶
− 1) = 𝑘𝑌𝑁𝜏 − 𝑘𝑌𝑁𝑡                  (7.22) 

When 𝑙𝑛 (
𝐶0

𝐶
− 1) vs 𝑡 is plotted, we get the same value of slope and intercept for all 

the 3 cases since 𝑙𝑛 (
𝐶0

𝐶
− 1) and 𝑡 are independent of the models used. The slopes and 

intercepts obtained from the regression analysis helps to find very important details 

about the adsorption process from the following equations: 

𝑘𝐵𝐴 = 𝑘𝑇 =
𝑠𝑙𝑜𝑝𝑒

𝐶0
                                                                                                (7.23) 

𝑘𝑌𝑁 = 𝑠𝑙𝑜𝑝𝑒                                                                                                         (7.24) 
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The values of 𝑞0, 𝑁0 and  𝜏 obtained from each of the 3 models can be estimated using 

the values of the intercept calculated.  

For BDST model:   𝑁0 =
𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡∗𝑢

𝑘𝐵𝐴𝐿
                                                                 (7.25) 

For the Thomas model:   𝑞0 =
𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡∗𝑄

𝑘𝑇𝑀
                                                    (7.26) 

For Yoon-Nelson model:    𝜏 =
𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑘𝑌𝑁
                                                         (7.27) 

So, the sigmoidal curve for all the 3 semi-empirical models can be generalised as the 

following equation of breakthrough curve: 

𝐶

𝐶0
=

1

1+exp (𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡−(𝑠𝑙𝑜𝑝𝑒∗𝑡))
                                                                    (7.28) 

In this study, since it could be proved that all the well-known semi-empirical models 

that exist, can essentially be represented by one generalized equation, the 

breakthrough curves are generated by fitting the experimental data-sets into the Yoon-

Nelson model. Estimated model parameters are compiled in Table 7.1 as given below. 
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It can be observed from Table 7.1, that most of the correlation coefficients for the plots 

are more than 0.81. The Yoon-Nelson constant, the Thomas constant and the Bohart-

Adams constant can be seen to decrease with an increase in bed height. By calculating 

the parameters for the Thomas model, it may be noted that the maximum amount 

adsorbed increased from 0.00138g/g  to  0.00838g/g for Ciprofloxacin while the same 

increased from 0.001031g/g to 0.0414g/g in case of Ofloxacin.  The Yoon-Nelson 

model fits quite well for both of ciprofloxacin and ofloxacin with increasing bed height 

[refer Fig. 7.4]. The Yoon-Nelson Model gives an idea of the time where 50% 

breakthrough has taken place and it is seen to increase with increase in bed height. 

For decreasing flow rates, the Yoon-Nelson constant, the Thomas constant and the 

Bohart-Adams constant decreased for Ciprofloxacin and increased for Ofloxacin.  The 

calculations using Thomas model show that the maximum amount adsorbed increased 

with decrease in flow rate from 0.00604g/g to 0.00958g/g for Ciprofloxacin and 

0.002923g/g to 0.00577g/g in case of Ofloxacin. The Yoon-Nelson model showed that 

the time when 50% breakthrough arrives increases with a decrease in flow rate for 

both Ciprofloxacin and Ofloxacin. The Yoon-Nelson model fits for Ciprofloxacin and 

Ofloxacin with decreasing inflow rate [refer Fig. 7.5]. 

For decreasing inlet concentration, the values of Yoon-Nelson constant, the Thomas 

constant and the Bohart-Adams constant decreased for both Ciprofloxacin and 

Ofloxacin. The Thomas model showed that the maximum amount adsorbed increased 

with decrease in flow rate from 0.00838g/g to 0.00207g/g for Ciprofloxacin and 

0.00414g/g to 0.00282g/g in case of Ofloxacin when the inlet concentration was 

reduced from 100ppm to 50ppm. The Yoon-Nelson model showed that the time when 

50% breakthrough takes place increases with a decrease in inlet concentration for both 

Ciprofloxacin and Ofloxacin. The Yoon-Nelson model fit for Ciprofloxacin and 
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Ofloxacin with decreasing inflow rate is shown in Fig. 7.6. The 𝑅2 values for both 

Ciprofloxacin and Ofloxacin at very high concentration were <0.81 questioning the 

applicability of the semi empirical models at very high inlet concentrations. 

It is observed, for most of the runs that at any point of time, concentration of 

Ciprofloxacin in the effluent solution is lower than Ofloxacin. Also, the breakthrough 

of Ofloxacin occurs earlier to that of Ciprofloxacin. All these indicate that 

Ciprofloxacin is adsorbed faster as compared to Ofloxacin. The maximum amount of 

Ciprofloxacin adsorbed is always greater than that of Ofloxacin adsorbed. Since the 

adsorption bed has fixed number of adsorption sites in a run, Ciprofloxacin wins the 

competition of adsorption and occupies most of the adsorption sites leaving fewer 

sited for adsorption of Ofloxacin to take place.   
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Chapter 8 

             Novelty Elements, Concluding Remarks, 

and Recommendations for Future Work 

 

 

8.1 Foreword 

This chapter gives a brief summary of the complete research work, highlights the 

novelty elements and the specific conclusions with the important outcomes of each 

part of the research and provides recommendation for the future direction of research 

that should continue after this piece of research.  

8.2 Novelty Elements 

✓ Development of the modified competitive Langmuir-like model and the 

LeVan-Vermeulen model using fundamental hypotheses of statistical 

thermodynamics and application of these models for the multicomponent 

adsorption of ciprofloxacin and ofloxacin in combination.  

✓ Model parameters are implicitly estimated using MATLAB and the fsolve 

MATLAB Library for each of CIP and OFLX with the fitted models indicating 

patterns of competitive adsorption dynamics and mechanism for each of 

ciprofloxacin and ofloxacin. 
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✓ Validation of the models on a relative scale, with the help of a robust scheme 

elucidating the probable mechanism behind the multicomponent adsorption 

scenarios (details are given in section 5.7 Chapter 5 and Annex II). Adsorbent 

has been physically and chemically characterized using both destructive and 

non-destructive techniques involving FE-SEM, Zeta sizer, FT-IR, 

Goniometer, XPS instrument and elemental analysis using CHNS analyser.   

✓ Development and validation of two transient forms of a convective-diffusion 

model, which include depletion terms (in liquid-phase), being represented by 

the first and second-order pseudo-kinetics. Starting with the species continuity 

equation, two convective-diffusion models are developed with ciprofloxacin 

[CIP] and ofloxacin [OFLX] being the target species, in combination 

✓ Consideration of convective and diffusive terms of liquid phase mass transfer 

along with film diffusion, intra-pellet mass transfer, and depletion of species 

governed by pseudo-kinetics of competitive adsorption under various dynamic 

conditions. Parameters of the 1st and 2nd order pseudo-kinetic equations are 

estimated using experimental data collected under dynamic conditions and 

each of these convective-diffusion models is applied to carry out a thorough 

breakthrough analysis under varying dynamic conditions for both CIP and 

OFLX. 

✓ Performance of the packed bed is analysed with respect to the effects of 

changes in bed height, flow rate, and initial concentration of both 

fluoroquinolones (CIP and OFLX), in combination, using first-order and 

second-order convective diffusion models and estimated Damköhler numbers. 
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✓ Validation of K. H. Chu’s proposition: “Bohart-Adams model gives the same 

goodness of fit as compared to those of the Thomas and Yoon-Nelson models 

expectedly, as the three simplistic fixed bed models can be expressed in terms 

of mathematically equivalent logistic equations of population growth”.     

[Background story: The century-old Bohart-Adams model is by far the best-

known one which also serves as the foundation of the bed depth-service time 

(BDST) equation. The oversimplified Bohart-Adams equation is in effect an 

exponential function that predicts an exponentially increasing breakthrough 

value with time. As such, it is unable to fit typical breakthrough curves which 

are S-shaped or sigmoidal].  

8.3 Concluding Remarks 

8.3.1  Adsorption of Fluoroquinolones on a competitive scale: Batch equilibrium 

analysis 

The results of this portion of the study reveal that: 

➢ Raw sewage sludge can be utilized as a good adsorbent for the removal of 

pharmaceuticals from wastewater.  

➢ Starting with the grand canonical partition function, for a system of non-

interacting molecules adsorbed on a homogenous adsorbent, two important 

multicomponent adsorption models i.e. the modified competitive Langmuir-

like model and the LeVan-Vermeulen model are developed using fundamental 

principles of statistical thermodynamics.  

➢ Parameters are estimated using a routine fsolve, with the help of MATLAB 

library. The same is applied and validated for multicomponent adsorption of 

ciprofloxacin and ofloxacin onto sewage sludge.  
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➢ Pure components of CIP and OFLX follow the Langmuir adsorption isotherm 

and hence modified competitive Langmuir-like model exhibits quite good fits 

for both the adsorbates even though the adsorption capacities for the pure 

components differ from each other.  

➢ The intra-particle diffusion model is not the rate-determining step for the 

adsorption of either ciprofloxacin or ofloxacin but only governs the initial mass 

transfer of the components onto the sludge.  

➢ Film diffusion, assisted by the negative charge-assisted hydrogen bonding [see 

‘Probable Mechanism’ in section 5.7 of Chapter 5] controls the adsorption 

mechanism for both ciprofloxacin and ofloxacin onto the semi-solid raw 

sewage sludge. The surface of RSS remains negative at the working pH of 7.8 

during the entire process of adsorption, as indicated by the zeta potential. 

Zwitterionic forms of CIP and OFLX, at this pH, hardly aid the adsorption 

process through electrostatic interaction. RSS still exhibits a high adsorption 

capacity towards ciprofloxacin and ofloxacin in a weakly alkaline medium (pH 

at ~ 7.8) due to the negative charge-assisted hydrogen bonding. Carboxylic 

acid groups of both FQs are hydrogen bonded to the basal oxygen atoms of 

the sludge layers. The same is supplemented by the physical characterization 

of RSS using FT-IR and point of zero charges (see Chapter 3 and Annex II).  

➢ Analyses using the intra-particle diffusion model, film diffusion model, and 

2nd order pseudo kinetic equation also validated the proposed mechanism of 

adsorption of ciprofloxacin and ofloxacin onto the RSS surface.  
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8.3.2  Transient behaviour of a packed column: Development and validation of 

convective diffusion models with due considerations for pseudo-kinetics driven 

depletion of species 

The key highlights of this portion of the study are: 

➢ The values of 𝑛𝐵𝑇,𝑚𝑎𝑥 for ciprofloxacin is always observed to be greater than 

the same for ofloxacin, indicating a greater amount of adsorption of 

ciprofloxacin from the same n number of bed volumes of solution passed.  

➢ With reference to the values of SSQ shown in Table 6.1 [refer to Chapter 6], it 

may be inferred that multicomponent adsorption of ciprofloxacin and 

ofloxacin is better fitted by the convective-diffusion model including a second-

order pseudo-reaction kinetics driven depletion term. The same implies 

chemisorption to be the primary mode of competitive adsorption for both the 

FQs.  

➢ The values of Damköhler numbers (Das), evaluated from the first-order and 

second-order convective-diffusion models, used for both the FQs are much less 

than 1.  

➢ The reaction rate is thus much less than the convective-diffusion rate and the 

entire adsorption process under dynamic conditions is reaction-limited1. This 

also supports chemisorption very strongly.  

➢ Da s increase with the increase in bed heights and decrease in flow rates, in 

general, irrespective of the order of the reaction and the component.  

 
1 The reaction is slowest so reaction characteristics like pseudo-kinetic rate constants etc. dominate and the 

convective diffusion reaches equilibrium instantaneously. 
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➢ The ratios of Damköhler numbers, for both ciprofloxacin and ofloxacin, do not 

change much with flow rate (refer to Table 6.3). It signifies that the pseudo-

reaction rates of CIP and OFLX change in the same proportion as with the 

convective mass transfer.  

➢ The ratio of the Damköhler numbers for the two FQs thus depends either on 

the ratio of the two pseudo rate constants (for both the components following 

1st-order pseudo-kinetics) or on the ratio of the product of pseudo-kinetic rate 

constant and maximum equilibrium adsorption (for both the FQs following 

pseudo-second-order kinetics). 

➢ Under all the experimental conditions, the breakthrough time (BT) for 

ciprofloxacin is observed to be greater than the same for ofloxacin. It indicates 

that ofloxacin occupies the pores much faster than ciprofloxacin, on the basis 

of a competitive adsorption mechanism [refer to section 5.7 of Chapter 5]. This 

is also validated by the values of the ratios of Damköhler numbers (see Table 

6.3). 

➢ Values of Damköhler numbers for both 1st-order and 2nd-order convective-

diffusion models, in the case of adsorption of ofloxacin, are found greater than 

the same in the case of ciprofloxacin. 

➢ Values of rate constants for both 1st-order and 2nd-order convective-diffusion 

models (see Table 6.1) for ofloxacin are found greater than the same for 

ciprofloxacin for both 1st-order and 2nd-order models.  

➢ Breakthrough time (BT) increases with bed heights: BT-OFLX<BT-CIP for a 

particular bed height (refer to Table 6.2). This shows that OFLX wins in the 

competition and occupies the pores much faster than CIP. 
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➢ Experimental {
BT−CIP 

BT−OFLX 
}~1.58 , irrespective of flow rate and initial 

concentration, signifying that the pseudo-reaction rates of CIP and OFLX 

change in the same proportion with the convective mass transfer. 

➢ Breakthrough time increases with a decrease in initial concentration (refer to 

Table 6.2). 

8.3.3   Transient behaviour of a packed column: Scale-Up using Semi-Empirical 

Approach 

The key findings of this portion of the study are: 

➢ A couple of semi-empirical models are applied to analyse the transient 

behaviour of an adsorption column packed with raw sewage sludge in order to 

remove ciprofloxacin and ofloxacin from pharmaceutical wastewater.  

➢ The three semi-empirical models from literature, the BDST model, the Thomas 

model and the Yoon-Nelson model are assessed and compared in order to 

arrive at a generalised equation representing the breakthrough curves.  

➢ The experimental trends observed show that the breakthrough curve and hence 

the breakthrough times are affected by the design and the operating parameters 

of the setup.  

➢ The breakthrough time increases with an increase in bed height while it 

decreases with an increase in inflow rate and inlet concentration of the model 

antibiotic solution.  

➢ The semi-empirical models fit into the experimental data to generate the 

breakthrough curve for each run and ultimately help in validating the 
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generalised semi-empirical equation with the observed trends [K. H. Chu’s 

proposition].  

➢ The slope and intercept of the generalised equation help to calculate the 

maximum adsorption of adsorbate and time of 50% breakthrough based on the  

estimated model parameters. The 𝑅2  values are >0.81 for most of the runs     

validating that the model fits with the recorded data well. The fit fails at very 

high values of inlet concentration of 200ppm. 
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➢ Possible opportunities and challenges for using the studied method to remove 

target antibiotics from the wastewater matrix including possible 

interferences:  

To address the problem of water contamination by antibiotics the studied method 

renders a robust and effective treatment methodology. Removal of antibiotics using 

raw sewage sludge may be achieved in sewage treatment plants (STP), bulk drug 

manufacturing units, and formulation houses of pharmaceutical companies. Both 

batch and continuous processes may be applied for the removal of target antibiotics 

from wastewater matrix.  

The possible major challenges encountered in using the studied methods include 

handling and disposal of a huge mass of sludge obtained after each treatment protocol 

since removal through adsorption using the sewage sludge as an adsorbent is 

proportional to excess sludge wastage (Andersen et al., 2005). The complete 

elimination of various antibiotics from the wastewater matrix becomes an intricate 

issue since the same appears in very low concentrations in municipal wastewater. 

The surface of the raw sewage sludge remains negative at the working pH of  ~ 7.8. 

The sewage sludge exhibits a relatively high adsorption capacity towards 

ciprofloxacin and ofloxacin in a weakly alkaline medium (pH at ~ 7.8) due to the 

negative charge-assisted hydrogen bonding. Carboxylic acid groups of both CIP and 

OFLX are hydrogen bonded to the basal oxygen atoms of the sludge layers. The 

presence of mono- or multivalent cations may affect the adsorption efficacy. The 

presence of heavy metals has varying effects on the adsorption of specific antibiotics 

onto the sewage sludge. Multivalent cations (Ca2+, Mg2+, Al3+, Pb2+, Cd2+, etc) 

suppress the adsorption process onto sewage sludge compared to the monovalent 

cations (Xiancai et al.,2017). Heavy metal cations interact with the negatively charged 

basal oxygen atoms of the sludge layers through strong electrostatic interaction. The 

same can reduce adsorption capacity of sewage sludge for removing the antibiotics by 

the formation of hydrogen bonds. 
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8.4   Recommendations for future work in the light of limitations of the study  

8.4.1 Limitations 

▪ The major limitation of both models is the adoption of a constant flow velocity 

throughout the packed bed. The velocity profile needs to be evaluated 

considering momentum transfer through packed-bed of specific voidage. This 

in turn will require a full-length solution of momentum transport equations 

under transient mode for the entire length of the bed considering advective 

diffusion of momentum and the same needs to be validated for various bed 

heights and flow rates. 

▪ In the case of ofloxacin, observed breakthroughs come later than the predicted 

ones, while the same is not always true for ciprofloxacin.  

▪ Pseudo-kinetics is not capable to substantiate either the complex hydrogen 

bonding or surface-complexation pathways efficiently, in this case.  

8.4.2 Recommendations for future work 

❖ Molecular modeling of each of CIP and OFLX, and in the presence of one 

another would be challenging work. 

❖ If the effect of axial dispersion (at least in one dimension) could be studied, 

with respect to equation 6.1 of the convective diffusion model, a better scenario 

of the whole process of adsorption could be visualized. 

❖ Effect of variation in bed diameter is another challenging objective that could 

be studied. Variations in bed diameter could be modeled by incorporating the 

convective and diffusive terms in the radial direction. This could be an 
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extremely demanding task, especially for multi-component systems with 

higher levels of non-linearities. 

❖ Molecular modeling techniques are used in the fields of computational 

chemistry, drug design, computational biology, and material science for 

studying molecular systems ranging from small chemical systems to large 

biological molecules and material assemblies. Molecular modeling of each of 

the fluoroquinolones and in presence of one another would be a challenging 

work. 
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Annex I 

Parameter Estimation using MATLAB and fsolve 

library function 

 

The parameters of the Modified Competitive Langmuir-like model and the LeVan 

Vermeulen model i.e. A , 1,mX and 2,mX are estimated using MATLAB and the fsolve 

Library function. The fsolve library is devised to minimize a nonlinear sum of squares 

(SSQ) function. The problem is stated in the following way: 

We have used non–linear least square regression. For this, we define a objective 

function as the sum of squares of errors. 

Say 𝑋1
𝑚= value of 𝑋1 by model; 𝑋1

𝑒= value of 𝑋1by experiments 

Then, the Sum of the Square of Error (SSE) function: 

(𝜓) = (𝑋1
𝑚 − 𝑋1

𝑒)2 + (𝑋2
𝑚 − 𝑋2

𝑒)2 

We have to minimize the value of the least square error function. 

Condition for minimisation of 𝜓 is:  

(
𝜕𝜓

𝜕𝐴
)

𝐵
= 0; (

𝜕𝜓

𝜕𝐵
)

𝐴
= 0 

(
𝜕𝜓

𝜕𝐴
)

𝐵
= 0 ∶ −     (𝑋1

𝑚 − 𝑋1
𝑒) ∗ (

𝜕(𝑋1
𝑚)

𝜕𝐴
)

𝐵
+ (𝑋2

𝑚 − 𝑋2
𝑒) ∗ (

𝑑(𝑋2
𝑚)

𝜕𝐴
)

𝐵
= 0         (I.1) 

(
𝜕𝜓

𝜕𝐵
)

𝐴
= 0: −     (𝑋1

𝑚 − 𝑋1
𝑒) ∗ (

𝜕(𝑋1
𝑚)

𝜕𝐵
)

𝐴
+ (𝑋2

𝑚 − 𝑋2
𝑒) ∗ (

𝑑(𝑋2
𝑚)

𝜕𝐵
)

𝐴
= 0.          (I.2) 

Hence, we have two non-linear equations with two unknowns. This can easily be 

solved by using “fsolve” command in MATLAB. 

fsolve solves systems of non-linear equations of several variables by implementing 3 

different algorithms.  Trust region dogleg  Trust region reflective  Levenburg-

Marquardt. 
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Characterization of the post-treated sewage sludge 

II.1 Elemental Analysis of Treated Sludge 

The elemental analysis for estimating Carbon (C), Hydrogen (H), Nitrogen (N), and 

Sulphur (S) present in the post-treated sludge is carried out in a CHNS Analyzer 

(Make: ELEMENTAR, Germany; Model: VARIO MICRO CUBE). Temperatures of 

the combustion tube and the reduction tube are set at 1150oC and 850oC respectively. 

The pressure of the helium gas (carrier) is maintained at 1100 – 1200 millibar. The 

results are given in Table II.1. 

Table II.1  Elemental analysis of raw and treated Sludge obtained from CHNS 

analyzer. 

Sample C % 

(wt % daf) 

H% 

(wt % daf) 

N% 

(wt % daf) 

S% 

(wt % daf) 

Treated Sludge 28.61 3.823 4.21 1.687 

 

The carbon contents for pre (refer Table 3.1) and post-treated raw sludge are 19.97 

((wt % daf) and 28.61 ((wt % daf)) respectively. The hydrogen content of raw sludge 

is 2.847 (wt % daf) whereas for the treated sludge is 3.823 (wt % daf). Nitrogen content 

varies from 2.03 (wt % daf) to 4.21 (wt % daf) in the case of raw and post-adsorbed 

sludge. Increased values for carbon, nitrogen, and hydrogen contents of treated sludge 

(as compared to the raw sludge) clearly substantiate that the increased C%, H%, as 

well as N%, are due to the adsorption of ciprofloxacin and ofloxacin onto the sludge 

surface. 
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II.2 Scanning Electron Micrography (SEM) Images 

The surface morphology of treated sludge is identified by a Field Emission Scanning 

Electron Micrograph (FE-SEM) with x6000 magnification [Make: HITACHI; Model: 

SU3800]. FE-SEM study for both raw and post-treated sludge is carried out in order 

to examine the change in the surface texture of raw sludge before and after adsorption. 

 

Fig. II.1  Scanning electron micrograph (SEM) images of treated sludge at 6000 

magnification. 

 

Fig. II.1 represents the SEM images of post-treated sludge. Fig. 3.1 reveals a rough 

surface with a lot of cavities in the case of raw sludge. Fig. II.1 represents post-treated 

sludge with a comparatively smoother surface than the surface of raw sludge and it 

contains various cluster-like structures. Fig. II.1 of post-treated sludge contains a 

lesser number of cavities indicating pure physisorption of ciprofloxacin and ofloxacin 
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along with surface complexation through H-bonding, which is substantiated by the 

cluster-like structures present on the surface of the post-treated sludge. 

II.3 FT-IR spectral analysis 

Analysis of the functional groups, retained on the surface of the raw sewage sludge 

and sewage sludge after treatment are investigated by transmission infrared spectrum 

obtained using Fourier Transform Infrared Spectroscopy (FT-IR). An FT-IR 

spectrophotometer (Make: PerkinElmer; Model: FT-IR C120947) is used for this 

purpose. The entire IR spectrum is taken in the transmission range of 4000 cm-1 - 400 

cm-1. The FTIR spectrums are received at a resolution of 1 cm-1. The spectrum of KBr 

which is set as background in the spectrometer is subtracted from the spectrum of each 

of the raw and post-treated sewage sludge samples. 

The FT-IR spectra of raw sewage sludge are presented in Fig. 3.2 and corresponding 

spectra of the same after adsorption of ciprofloxacin and ofloxacin from wastewater 

are shown in Fig. II.2. The IR spectrum of the raw untreated sludge is described in 

detail in Chapter 3 section 3.1.2.   

FT-IR spectrum of the post-treated sludge, after adsorption of ciprofloxacin and 

ofloxacin, is represented in Fig. II.2. The pattern of the FTIR spectrum of the treated 

sludge is quite similar to the same for raw sludge along with the inclusion of certain 

small bands in the region 2035 cm-1, 1527 cm-1 - 1411 cm-1, 1303 cm-1 - 1271 cm-1 

and 670 cm-1. 

The band at 2035 cm-1 is attributed to -N-C=S stretch of iso-thiocyanate [57]. The 

band at 1527 cm-1 corresponds to aromatic carboxylic acid salt (Org-chem, IR Chart). 

The bands at 1484 cm-1 and 1458 cm-1 represent methylene C-H bend, C=C-
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C aromatic ring stretch, and methyl C-H asymmetric or symmetric stretch 

respectively. The band at 1411 cm-1 represents carbonate ions. The band at 1303 cm-1 

is probably due to skeletal C-C vibrations or due to the primary or secondary aromatic 

amines. The band at 1271 cm-1 is due to the aryl -O- stretch or could be due to the C-

N stretch of aromatic primary amine. The peak at 1033 cm-1 is due to the strong C-O 

stretch of alkyl-substituted ether or primary alcohol. The band at 670 cm-1 is assigned 

to C-H out of plane bending corresponding to aromatics. 

Comparison of both the spectra of raw and post-treated sludge reveals inclusions of 

certain new bands, particularly in the region of 1527 cm-1 – 1458 cm-1 indicating the 

presence of six-membered ring structures along with carboxylic and amine groups, 

resembling fluoroquinolones. Adsorption of ciprofloxacin and ofloxacin onto the 

sludge surface may be substantiated this way using FT-IR outputs.   

II.4 Contact-angle based analysis  

Contact angles are measured using a wettability analyzer [Make: KRÜSS Scientific, 

Germany; Model: DSA4; Drop shape: Sessile] in order to elucidate the hydrophobicity 

of sewage sludge surface after adsorption [refer Fig. II.3) of ciprofloxacin and 

ofloxacin in comparison to the precursor sludge surface [refer Fig. 3.4). The protocol 

of measurement of the hydrophobicity of raw and post-treated sewage sludge (RSS) 

is the same and the same is described in detail in Chapter 3 (refer section 3.1.5). 
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Fig. II.3  Contact angle measurement of treated sludge. 

 

It is observed that the average θH2O for raw sewage sludge surface is 76.6 ( 0.98) 

and that for the treated sludge surface is 74.99 ( 0.35) [see Fig. 3.4 and Fig. II.3] 

indicating both the surfaces are hydrophilic in nature. The decrease in contact angle 

value of the treated sludge (from 76.6 to 74.99) affirms the inclusion of polar 

moieties i.e. ciprofloxacin and ofloxacin onto the surface of raw sewage sludge after 

adsorption and its hydrophilicity is also enhanced (R. Aslam, 2021b). 

II.5 XPS analysis 

The XPS study is carried out using an advanced electron spectroscopy system [Make: 

Omicron NanoTechnology GmbH, United Kingdom; Model: EIS-Sphera] meant for 

surface analysis. A monochromated Al Kα source [Model: XM 500; hν = 1486.7 eV] 

is used for high-resolution X-rays. Various spectra are obtained by plotting intensity 
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versus binding energy curves for different elements. Results for the post-treated sludge 

are shown in Fig. II.4. The peaks in the full-scan spectrum of treated sludge are 

assigned to O 1s (531.8 eV), N 1s (399.7 eV), and C 1s (284.4 eV) (see Fig. II.4 B) 

along with the inclusion of a minor peak corresponding to elemental F 1s (687 eV). 

High-resolution spectra reveal the presence of various elements i.e Ca 2p, Si 2p, Fe 

2p, P 2p both in raw sludge [refer section 3.1.6] and treated sludge. The high-

resolution spectrum of C1s and O1s before and after adsorption reveals a band shift 

towards lower binding energy i.e red-shift occurs. The band of C1s of raw sludge and 

treated sludge are found to be 284.5 eV and 284.4 eV respectively. The band of O1s 

in raw sludge and treated sludge are found to be 532.2 eV and 531.8 eV respectively. 

The band of O 1s at 532.2 eV corresponds to either C-O or -C=O. The shift in the 

binding energy of O 1s from 532.2 to 531.8 eV might have been caused due to the 

existence of H-bonds between adsorbing molecules (ciprofloxacin and ofloxacin) and 

the adsorbent sewage sludge (Zhang et al. 2022).  No obvious shift in the binding 

energies is observed in the N1s spectra. The band corresponding to F1s at 687eV has 

been detected in the spectrum of the treated sludge after the adsorption of 

ciprofloxacin and ofloxacin onto the sewage sludge surface. 
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Treated Sludge 

 

(B) 

 

 (B: C 1s) 

 

(B: O 1s) 



Annex II 

II-9 

 

(B: N 1s) 

 

(B: Ca 2p) 

 

(B: F 1s) 
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(B: Fe 2p) 

 

(B: Si 2p) 

(B: P 2p) 

 

(B: S 2p) 

 

Fig. II.4  XPS spectra of treated sludge at different levels.
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Fig. SI.  Chromatograms generated from High Performance Liquid Chromatograph 

[HPLC] for Ciprofloxacin and Ofloxacin in combination. 

 

Table SI  Concentrations versus peak areas for the standard curve  

A
U
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1.00

Minutes

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Concentrations 

(ppm) 

Ciprofloxacin [CIP] 

Peak areas  

(Volts-min) 

Ciprofloxacin 

[CIP] 

Concentrations 

(ppm)     

Ofloxacin [OFLX] 

Peak areas  

(Volts-min) 

Ofloxacin 

[OFLX] 

100 6135554 100 11689514 

75 4369980 75 8111124 

50 3376774 50 6274043 

25 2021399 25 3601883 

10 1194951 10 1785143 
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Fig. SII.  Standard Curves for Ciprofloxacin and Ofloxacin in combination. 
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LC Calibration Report 

System:  UV_VISProcessing Method:  Rajib

Channel:  W2489 ChAProcessing Method ID: 2027

Proc. Chnl. Descr.:  W2489 ChA 300nmCalibration ID:  2032

Date Calibrated:  5/17/2022 12:35:50 AM IST

Project Name:    CIPRO + OFLOXReported by User:  System

Report Method:  LC Calibration Report Date Printed:

1008 5/17/2022Report Method ID: 1008

12:43:40 AM Asia/CalcuttaPage: 1 of 3

Peak Name: CIPRO;   RT:  3.898;   Fit Type: Linear (1st Order);   Cal Curve Id: 2033;   R: 0.987797;   R^2: 

0.975743;   Weighting:  None;   Equation: Y = 4.64e+004 X + 6.67e+004; Normalized Intercept/Slope: 

0.026146; RSD(E): 12.436589

A
re

a

0

1x106

2x106

3x106

4x106

5x106

Amount

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00

1

2

3

4

5

Sample Name Result Id Peak Name Level X Value Response
Calc.

Value

STD CIPRO + OFLOX = 10 ppm

STD CIPRO + OFLOX = 25 ppm

STD CIPRO + OFLOX = 50 ppm

STD CIPRO + OFLOX = 75 ppm

STD CIPRO + OFLOX = 100 ppm

2035

2036

2037

2038

2039

CIPRO

CIPRO

CIPRO

CIPRO

CIPRO

10.000

25.000

50.000

75.000

100.000

676595.763

1255158.297

2270211.893

3163547.797

5026970.241

13.150

25.624

47.509

66.770

106.947

 Peak: CIPRO
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Project Name:    CIPRO + OFLOXReported by User:  System

Report Method:  LC Calibration Report Date Printed:

1008 5/17/2022Report Method ID: 1008

12:43:40 AM Asia/CalcuttaPage: 2 of 3

1

2

3

4

5

%

Deviation
Manual Ignore

31.50

2.50

-4.98

-10.97

6.95

No

No

No

No

No

No

No

No

No

No

 Peak: CIPRO

Peak Name: OFLOX;   RT:  4.503;   Fit Type: Linear (1st Order);   Cal Curve Id: 2034;   R: 0.992759;   R^2: 
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Supplementary Material C 

 

❖ Regeneration and Reusability of raw sewage sludge for the removal of 

ciprofloxacin and ofloxacin in combination in an aqueous phase using a packed 

bed filled with sewage sludge under dynamic condition:    

 

The dynamic study for the regeneration and reusability of the raw sewage sludge is selected 

with the following operational conditions: 

1. Bed Length - 5 cm  

2. Sludge taken 4.0 g.  

3. In-flow rate 0.90 ml/sec  

4. Concentration of antibiotics 100 ppm each 

 
 

  After the complete study, the bed is thoroughly washed with water until the pH of the outlet 

water becomes ~ 7.2 ensuring complete removal of excess adherence of CIP and OFLX onto 

the sludge bed. The fixed bed is then dried for several days under ambient conditions. A similar 

experiment maintaining the above-said operational condition is being conducted using this 

dried sludge in the packed bed to investigate the reusability of the dried raw sewage sludge. 

The results of the two studies are given below: 

Table S-C. 1  Dynamic Study using raw sewage sludge. 

Time (mins) Ciprofloxacin (A1) 

in Volts-mins 

Ofloxacin (A2) 

in Volts-mins 

Ciprofloxacin (C1) 

in ppm 

Ofloxacin (C2)       

in ppm 

0 4011414 10001565 100 100 

30 283125 1106285 7.05798504 11.06111893 

60 510362 2422550 12.72274565 24.2217093 

90 692596 3547251 17.26563252 35.46695942 

120 842819 4421132 21.01052148 44.20440201 

150 998823 5236514 24.89952421 52.35694614 

180 1139897 5988887 28.41633898 59.87949886 

210 1347255 6555277 33.58553867 65.5425126 

240 1359194 6551290 33.88316439 65.50264884 

270 1532240 7297564 38.19700485 72.9642211 

310 1604238 7643548 39.9918333 76.42351972 

370 2051292 7411291 51.13638233 74.10131314 

430 2336239 7738416 58.23978777 77.37205127 
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490 2591479 8497343 64.60263139 84.96013374 

550 2771561 8709296 69.09187135 87.07933208 

590 3099212 9451654 77.25983905 94.50175048 

630 3271561 9589412 81.55630409 95.87911492 

 

Table S-C. 2  Dynamic Study using recycled sewage sludge. 

Time 

(mins) 

Ciprofloxacin (A1) in 

Volts-mins 

Ofloxacin (A2) in 

Volts-mins 

Ciprofloxacin (C1) 

in ppm 

Ofloxacin (C2)      

in ppm 

0 5068964 9387548 100 100 

15 734615 2102709 14.49 22.39 

30 1932932 4669226 38.13 49.73 

90 3410824 7837776 67.3 83.49 

210 4093874 9092132 80.76 96.85 

270 4430663 9486838 87.4 101.05 

 

The reusability study using raw sewage sludge and recycled raw sewage sludge has revealed 

the following: 

From Table S-C. 1, the concentrations of ciprofloxacin and ofloxacin in outlet water are 7.05 

and 11.06 ppm respectively after 30 mins. of interval from the study's starting point. That 

implies that the amount adsorbed by the packed bed filled with raw sewage sludge for 

ciprofloxacin and ofloxacin from the wastewater matrix is significantly high (93.0 and 89.0 

ppm approx. for ciprofloxacin and ofloxacin respectively).  Using recycled sewage sludge, the 

concentrations of ciprofloxacin and ofloxacin in outlet water become 38.1 and 49.7 ppm (Table 

S-C. 2) respectively which implies a drastic drop in the quantum of adsorption (61.9 and 50.3 

ppm for ciprofloxacin and ofloxacin respectively) while reused sewage sludge is used.  

The bed exhaustion time for raw sewage sludge is 630 minutes, whereas using reused sewage 

sludge the same is 270 mins.  

Observing the above comparison study, it is evident that the reused sewage sludge exhibits less 

efficacy in terms of the adsorption capacity compared to the raw sewage sludge; hence, the 

reusability of recycled sludge is not a cost-effective option. 
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❖ The study includes the use of raw sewage sludge without functionalization: 

 

In the case of IR spectrum of the raw sewage sludge [refer Fig. I.2 (a)] there is a significant 

peak at 3412 cm-1, which is probably due to broad H bonded O-H stretching of alcohols. The 

bands at 2028 cm-1 and 1875 cm-1 indicate carbonyl compounds (˃C=O group). The band at 

1639 cm-1 is due to alkenyl -C=C- stretch or -N-H bending of primary amine (-NH2 group). 

The band at 1548 cm-1 corresponds to mild ˃N-H bending of secondary amine (˃NH group). 

The band at 1426 cm-1 is assigned to organic sulphates or carbonates (SO4
2-, CO3

2- groups). 

The bands at 1384 cm-1 and 1033 cm-1 are attributed to methyl C-H asymmetric stretch and 

primary alcohol C-O and P-O-C stretching of aliphatic phosphate respectively. The bands at 

779 cm-1, 759 cm-1, and 730 cm-1 correspond to mild C-Cl stretch of aliphatic chloro-

compounds. The bands at 694 cm-1 and 643 cm-1 are attributed to the C-Br stretch of aliphatic 

bromo compounds, the C-H stretch of thiols, and the alkyne C-H bend respectively. The band 

at 533 cm-1 is attributed to C-I stretch corresponding to aliphatic iodo compounds.  

The FT-IR study of raw sewage sludge reveals the presence of several functional groups i.e.     

-OH, ˃C=O, -NH2, ˃NH, SO4
2-, CO3

2-, PO4
3-, -Cl, -Br and -I, onto the surface of the sewage 

sludge.  Hence, the study is being conducted without functionalisation of the raw sewage sludge 

using  NH4OH, HCl, H2SO4, or H3PO4.    

 

❖ Data on Pure component and multi-component analysis:  

Batch Equilibrium analysis of pure component Ciprofloxacin    

         

               Ceq    
 qe   

     
    

No. of Expt. Ceq  Values Mean  Ceq Std Dev.  No. of Expt. qe Values Mean qe Std Dev. 

1 0.00012 0.0001 0.00002  1 0.0019 0.0018 0.000265 

2 0.0001   
 2 0.002   

3 0.00008   
 3 0.0015   

    
 
    

1 0.0002 0.0002 0.0001  1 0.005 0.0046 0.0004 

2 0.0003   
 2 0.0042   

3 0.0001   
 3 0.0046   

    
 
    

1 0.0008 0.0005 0.0003  1 0.0091 0.009 0.0001 

2 0.0002   
 2 0.009   

3 0.0005   
 3 0.0089   
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1 0.0008 0.0009 0.000264575  1 0.0134 0.0132 0.0002 

2 0.0007   
 2 0.0132   

3 0.0012   
 3 0.013   

    
 
    

1 0.002 0.0018 0.0002  1 0.014 0.014 0.0002 

2 0.0016   
 2 0.0142   

3 0.0018   
 3 0.0138   

    
 
    

1 0.0028 0.0028 0.00010  1 0.0144 0.0144 0.0004 

2 0.0027   
 2 0.014   

3 0.0029    3 0.0148   

 

 

Batch Equilibrium analysis of pure component Ofloxacin    

         

         Ceq    
 qe   

         

No. of Expt. Ceq  Values Mean  Ceq Std Dev.  No. of Expt. qe Values Mean qe Std Dev. 

1 0.0002 0.0002267 0.000162  1 0.0016 0.0016 0.00010 

2 0.0004    2 0.0017   

3 0.00008    3 0.0015   

         

1 0.0006 0.0005 0.000265  1 0.0037 0.004 0.00052 

2 0.0007    2 0.0037   

3 0.0002    3 0.0046   

         

1 0.0014 0.0013 0.000173  1 0.0075 0.0074 0.00010 

2 0.0014    2 0.0074   

3 0.0011    3 0.0073   

         

1 0.0024 0.0024 0.0001  1 0.0081 0.008 0.000265 

2 0.0025    2 0.0082   

3 0.0023    3 0.0077   

         

1 0.003 0.0032 0.000346  1 0.0086 0.0086 0.0002 

2 0.003    2 0.0088   

3 0.0036    3 0.0084   

         

1 0.0045 0.0044 0.00010  1 0.0112 0.0112 0.00010 

2 0.0044    2 0.0111   

3 0.0043    3 0.0113   
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Batch Equilibrium analysis of multi-component containing Ciprofloxacin and 

Ofloxacin  

         

  

              For 

Ciprofloxacin      

 X1    
 Ceq1 

  

     
    

No.of Expt. X1  Values Mean  X1 Std Dev. 
 

No.of Expt. Ceq1 Values Mean Ceq1 
Std 

Dev. 

         

1 0.0123 0.0125 0.00043589  1 0.1 0.1 0.02 

2 0.0122   
 2 0.08   

3 0.013   
 3 0.12   

    
 

    

1 0.00966 0.00966 0.00002  1 0.075 0.075 0.001 

2 0.00968   
 2 0.076   

3 0.00964   
 3 0.074   

    
 

    

No.of Expt. X1  Values Mean  X1 Std Dev. 
 

No.of Expt. Ceq1 Values Mean Ceq1 
Std 

Dev. 

         

1 0.00681 0.00682 0.00002  1 0.05 0.05 0.005 

2 0.00681   
 2 0.055   

3 0.00684   
 3 0.045   

    
 

    

1 0.00604 0.00604 0.00001  1 0.044 0.044 0.002 

2 0.00603   
 2 0.046   

3 0.00605   
 3 0.042   

    
 

    

1 0.0048 0.0045 0.0003  1 0.0312 0.0312 0.0001 

2 0.0045   
 2 0.0311   

3 0.0042   
 3 0.0313   

    
 

    

1 0.0037 0.0037 0.00020  1 0.026 0.025 0.001 

2 0.0039   
 2 0.024   

3 0.0035    3 0.025   

         
1 0.00321 0.00323 0.00002  1 0.021 0.0213 0.0003 

2 0.00325    2 0.0213   
3 0.00323    3 0.0216   

         
1 0.00222 0.00223 0.00001  1 0.0134 0.0134 0.0001 

2 0.00223    2 0.0133   
3 0.00224    3 0.0135   

         
1 0.00174 0.00174 0.00004  1 0.01 0.01 0.001 

2 0.0017    2 0.009   
3 0.00178    3 0.011   
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1 0.0018 0.0014 0.0004  1 0.009 0.009 0.0002 

2 0.001    2 0.0088   
3 0.0014    3 0.0092   

         

1 
0.00104 0.00104 0.00002  

1 
0.0075 0.0075 

0.0001

0 

2 0.00102    2 0.0076   
3 0.00106    3 0.0074   

         
1 0.0009 0.0007 0.000264575  1 0.0062 0.0063 0.0001 

2 0.0008    2 0.0063   
3 0.0004    3 0.0064   

         
1 0.00039 0.00036 0.00003  1 0.005 0.005 0.001 

2 0.00034    2 0.006   
3 0.00035    3 0.004   

 

 

                   For Ofloxacin     

 X2    
 Ceq2 

  

         

No.  of Expt. X2  Values Mean  X2 Std Dev.  No.of Expt. Ceq2 Values Mean Ceq2 Std Dev. 

         

1 0.0125 0.0125333 0.00006  1 0.09 0.1033333 0.015275 

2 0.0125    2 0.12   
3 0.0126    3 0.1   
 

    
  

  
1 0.0097 0.0097 0.0001  1 0.079 0.075 0.004 

2 0.0098    2 0.071   
3 0.0096    3 0.075   
 

    
  

  
1 0.0067 0.0068 0.00010  1 0.06 0.0499667 0.01005 

2 0.0069    2 0.05   
3 0.0068    3 0.0399   
 

    
  

  
1 0.0056 0.0056 0.0001  1 0.0408 0.0406 0.0002 

2 0.0057    2 0.0406   
3 0.0055    3 0.0404   
 

    
  

  
1 0.005 0.0049667 0.00006  1 0.03437 0.0343667 0.00004 

2 0.0049    2 0.0344   
3 0.005    3 0.03433   
 

    
  

  
1 0.0038 0.0037 0.0001414  1 0.026 0.025 0.001 

2 0.0036    2 0.025   
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3 0.037    3 0.024   

      
 

  
1 0.003 0.0029867 0.00002  1 0.019 0.0193 0.0003 

2 0.00297    2 0.0196   
3 0.00299    3 0.0193   

      
 

  
1 0.0024 0.0025 0.0001  1 0.0156 0.0154 0.0002 

2 0.0025    2 0.0154   
3 0.0026    3 0.0152   

      
 

  
1 0.00174 0.00174 0.00002  1 0.01 0.0116667 0.007638 

2 0.00176    2 0.02   
3 0.00172    3 0.005   

      
 

  
1 0.0012 0.00122 0.00002  1 0.0081 0.00812 0.00002 

2 0.00124    2 0.00814   
3 0.00122    3 0.00812   

      
 

  
1 0.00104 0.00104 0.00002  1 0.0074 0.0075 0.00010 

2 0.00106    2 0.0075   
3 0.00102    3 0.0076   

No.  of Expt. X2  Values Mean  X2 Std Dev.  No.of Expt. Ceq2 Values Mean Ceq2 Std Dev. 

         

1 0.0009 0.0009 0.00001  1 0.0069 0.0069233 0.00007 

2 0.00091    2 0.00687   
3 0.00089    3 0.007   

      
 

  
1 0.00039 0.00036 0.00003  1 0.005 0.0053333 0.000577 

2 0.00036    2 0.006   
3 0.00033    3 0.005   
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