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Abstract 

Water pollution caused by hazardous organic compounds represents a 

serious environmental issues. The emerging environmental contaminants, 

including pharmaceuticals and other organic pollutants, have drawn increasing 

attention, owing to their toxicity, persistence, long-range transport ability and 

bioaccumulation. Nowadays, the development of efficient, economically viable 

and environmentally friendly remediation technologies have been hot topics. Due 

to the high removal efficiency (RE), low cost, simple design, and easy operation 

toward noxious pollutants, the adsorption should be a preferred treatment 

process. Moreover, activated carbons (ACs) have been globally recognized as the 

oldest, widely used and most popular adsorbents in wastewater treatments. From 

economic and environmental viewpoints, there are two challenges about the 

adsorption process with ACs: the regeneration of spent ACs and recovery of 

high-value pollutants instead of only transferring the pollutants from liquid phase 

to adsorbents. With these backgrounds, this doctoral thesis aims at the 

development of highly efficient adsorption/desorption processes and innovative 

protocols for various wastewaters containing polyphenols (PP) and other 

corkwood extracts, phenolic compounds and X-ray contrast agent, as well as 

veterinary antibiotics. Specific processes involving purification/adsorptive removal, 

recovery of adsorbates via desorption, and regeneration of adsorbents were 

designed. This thesis study contains five parts: 

(1) Treatment of industrial cork boiling wastewater containing chemical oxygen 

demand (COD) and PP at high contents. A novel combined method of 

flocculation/adsorption for cork wastewater (CW) purification and the efficient 

regeneration of spent ACs with microwave (MW) heating have been illustrated in 

Fig. A1. Overall effectiveness of flocculation/adsorption process was summarized 

as follows: 100% of UV254 (UV absorbance at 254 nm wavelength values), 98% of 

COD, 100% of PP, 58% of total solid (TS), 93% of total suspended solid (TSS), and 

24% of total dissolved solid (TDS), while the characteristic colour of the CW 

completely disappeared. Additionally, the coconut powdered AC (CPAC) 

regenerated with MW calcination was recycled for five times without appreciable 

decrease in adsorption performance. 
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Fig. A1 CW purification using a cooperative flocculation/adsorption process with 

microwave-regenerated AC 

(2) Adsorptive recovery of Iopamidol (IOP) from aqueous solution. An efficient 

adsorption/desorption process for recovery of high-value of IOP, and 

regeneration of the adsorbent via solvent elution in a semi-continuous flow mode 

have been demonstrated in Fig. A2. In a semi-continuous flow system, IOP was 

well adsorbed on the CPAC-column, hereafter, IOP was efficiently eluted and 

recovered using methanol. Moreover, the loaded-IOP CPAC was efficiently 

regenerated and reused in five adsorption/desorption cycles. 

 

Fig. A2 Adsorptive recovery of IOP from aqueous solution and reuse of ACs in a 

semi-continuous flow system 
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(3) Desorption of phenolic compounds from ACs. As shown in Fig. A3, the 

desorption efficiency (DE) of phenols, including p-nitrophenol, p-chlorophenol, 

p-hydroxybenzoic acid, phenol and hydroquinone, from different ACs with various 

solvents under shaking (SK); as well as ultrasound (US), MW, and flow mode on 

desorption studies, thus we gain a deep insight into the feasibility and mechanism 

of phenols desorption. As a result, the basicity, polarity, and hydrogen bonds of 

solvents synergistically affect the desorption of phenols. The preferred solvents 

(Lewis basic solvents, acetic acid and alcohols) gave highly efficient elution. 

Increasing the alkaline or/and hydrogen bonding interactions, by adding ammonia 

or urea, enhanced the desorption in most solvents. Moreover, although 

sonication and MW-heating slightly improved desorption, complete desorption 

was easily achieved in a flow mode. 

 
Fig. A3 Effects of various factors on the desorption of phenols from ACs 

(4) Modification of ACs using various methods. Wood powdered AC (WPAC) was 

effectively modified by the oxidation with H2O2 under SK, US and MW heating (as 

shown in Fig. A4), as well as MW calcination (MWC), resulting in enhance the 

adsorption performance toward antibiotics. As compared with the oxidation with 

H2O2 under SK, US or MW heating accelerated the oxidation. Moreover, various 

ACs with MW calcination greatly enhanced adsorption efficiency (AE) for 

marbofloxacin (MAR) in aqueous solution. 
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Fig. A4 AE values of MAR from aqueous solution by modified ACs under SK, US and MW 

(5) Adsorptive removal of residual veterinary antibiotics in milk. The MAR from 

spiked-milk was removed in batch and flow systems to meet the maximum 

residue limit (MRL). In a flow mode, 325 mL of 1.0 µg mL-1 MAR-spiked milk was 

efficiently purified through 500 mg granular AC from Merck (MGAC) in a glass 

column. It was found that 0.066 µg mL-1 of MAR residue with 93.4% of RE were 

attained at the end to meet the MRL, as shown in Fig. A5. 

 
Fig. A5 Dependence of RE of MAR on the passed volume of spiked milk in flow mode 

By the purification of CW, recovery of IOP, desorption of phenols, and 

modification of ACs for antibiotics removal; wastewater was efficiently purified; 

simultaneously valuable components such as IOP and phenols, as well as ACs were 

well recovered and reused. More importantly, the mechanisms of 

adsorption/desorption processes were further illustrated. 
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1.1 Adsorption: fundamentals and applications 

1.1.1 Definition of adsorption 

Adsorption is the adhesion of atoms, ions or molecules from a gas, liquid or 

dissolved solid to a surface [1]. Specially, adsorption is a mass transfer process 

which involves the accumulation of substances at the interface of two phases, 

such as gas-solid or liquid-solid interface [2]. Adsorption process differs from 

absorption, adsorption does not actually involve taking in or absorbing of the 

liquid, gas or dissolved solid into the material, actually, it occurs when a gas or 

liquid solute makes a molecular or atomic film on the surface of a solid or liquid 

(Fig. 1.1) [3]. The term adsorption encompasses both processes, while desorption 

is the reverse of it. The substance being adsorbed is the adsorbate and the 

adsorbing material is termed the adsorbent. The properties of adsorbates and 

adsorbents are quite specific and depend upon their constituents [2]. Adsorption 

process is affected by the nature of the adsorbate and adsorbent, the presence of 

other pollutants, and experimental conditions (temperature, pH, concentration of 

pollutants, contact time and particle size of the adsorbent, etc.) [4]. 

 
Fig. 1.1 The difference between absorption and adsorption 

 

1.1.2 Mechanism of adsorption 

Adsorption is a surface phenomenon in which soluble molecules from a 

solution are bonded onto a particular substrate [5]. Depending on the type of 

attractions between adsorbate and adsorbent, adsorption can be classified into 

two types: “physical adsorption,” also called “physisorption,” and “chemical 

sorption,” also called “chemisorption”, as shown in Fig. 1.2a. 

https://en.wikipedia.org/wiki/Adhesion
https://en.wikipedia.org/wiki/Atoms
https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Surface_science


 Chapter 1 Theoretical Part 

3 
 

 
Fig. 1.2 (a) Physical adsorption and chemical adsorption; (b) Multilayer and 

monolayer adsorption 

 

In physical adsorption, the weak forces such as electrostatic interactions and 

Van der Waals forces are involved. The strong chemical bonds like covalent bonds 

are formed between the surface and the adsorbed molecules in chemical 

adsorption. In this case of physisorption, the attraction interactions are weak, thus 

the process is reversible [2]. In contrast to physisorption, substances chemisorbed 

on solid surface are hardly removed and thus chemisorption is an irreversible 

process [3, 6]. Chemical adsorption is slower than physical adsorption and usually 

a monolayer (as shown in Fig. 1.2b: right), is formed on the adsorbent surface 

while physical adsorption occurs quickly and may be monolayer, or multilayer (as 

shown in Fig. 1.2b: left) [5], not all adsorbates are in contact with the surface layer 

of the adsorbent. As physical adsorption takes place, it begins as a monolayer. It 

can then become multilayer, and then, if the pores are close to the size of the 

molecules, more adsorption occurs until the pores are filled with adsorbate. 

Besides, the most important difference between physisorption and chemisorption 

is the magnitude of the enthalpy of adsorption. The change in adsorption enthalpy 

for physisorption is in the range from -20 to 40 kJ mol-1, however, chemisorption 

is generally between -400 and -80 kJ mol-1 [6, 7]. Moreover, physisorption is 

performed at low temperatures, however, chemisorption occurs usually at 

temperatures much higher than the physisorption. The differences between 

physical and chemical adsorption are compared and summarized in Table 1.1 [8]. 
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Table 1.1 Comparison between physical adsorption and chemical adsorption [8] 

Physical adsorption Chemical adsorption Physical adsorption Chemical adsorption 

Electrostatic interactions and Van der Waals 

forces are involved 

Covalent bonds are formed between 

the surface and the 

adsorbed molecules 

Electrostatic interactions and Van der Waals 

forces are involved 

Covalent bonds are formed between 

the surface and the 

adsorbed molecule 

Fast Slow Fast Slow 

Reversible Irreversible Reversible Irreversible 

Not very specific It is specific Not very specific It is specific 

Multilayer/Monolayer Monolayer Multilayer Monolayer 

Activation energy is not required Activation energy is required Activation energy is not required Activation energy is required 

It usually occurs at low temperature and 

decreases when temperature increase 

High temperature is needed It usually occurs at low temperature and 

decreases with increasing temperature 
High temperature is needed 

Adapted with permission from reference 8, Copyright ©  2018 Elsevier Inc. 

 

For a given adsorption process, adsorption isotherm, kinetics and 

thermodynamic parameters studies are very important to evaluate the adsorption 

behaviour and mechanism. An adsorption isotherm presents the amount of solute 

adsorbed per unit weight of adsorbent as a function of the equilibrium 

concentration in the bulk solution at constant temperature [5]. As to a large 

amount of the previous adsorption studies, the adsorption isotherm is the most 

extensively employed method for representing the equilibrium states of an 

adsorption system, and evaluate the capacity of adsorbents for the adsorption of 

particular molecules [6]. It also provides important information regarding the 

magnitude of the enthalpy of adsorption and the relative adsorption ability. In 

particular, nitrogen adsorption-desorption isotherm of adsorbents can 

determinate the surface areas, pore volumes, and pore size distribution/average 

pore diameters of the adsorbent. 

There are six types of adsorption isotherms for gas adsorption on the surface 

of solid adsorbents according to the International Union of Pure and Applied 

Chemistry (IUPAC) classification, as shown in Fig. 1.3 [9]. As shown in Fig. 1.3, Type 

I adsorption isotherm describes the adsorption of gas molecules to the adsorbents 

having micropores such as ACs and the surface of the adsorbent is covered with a 

monolayer of adsorbed molecules. Type II adsorption isotherm describes the 

adsorption of gas molecules to the macroporous adsorbents. Type III adsorption 
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isotherm refers to multilayer adsorption by weak interactions with low energy 

between adsorbed molecules and the adsorbent having macropores. Type IV and 

Type V adsorption isotherms models represent the multilayer adsorption together 

with capillary condensation to the mesoporous adsorbents. Type VI adsorption 

isotherm illustrates the stepwise formation of a multilayer on the surface of 

nonporous adsorbent [9, 10]. 

 
Fig. 1.3 Types of adsorption isotherms, according to the IUPAC classification [9] 

Adapted with permission from reference 9. Copyright ©  1998 Elsevier Science B.V. 

 

Various adsorption isotherm models such as Langmuir, Freundlich, Temkin, 

Dubinin-Radushkevich, Harkins-Jura and Halsey, Redlich-Peterson, and 

Brunauer-Emmett-Teller are used for obtaining detailed information about the 

interactions between the surface of the adsorbents and molecules to be adsorbed 

[5, 6, 9]. Among Langmuir and Freundlich isotherms equations apply equally to 

physisorption as well as to chemisorption [6]. In 1916, Irving Langmuir published a 

new model isotherm for gases adsorbed to solids. It is a semi-empirical isotherm 

derived from a proposed kinetic mechanism [11]. It is based on four assumptions: 

(1) all of the adsorption sites are equivalent, and each site can only accommodate 

one molecule; (2) the surface is energetically homogeneous, and adsorbed 

molecules do not interact; (3) there are no phase transitions; (4) at the maximum 

adsorption, only a monolayer is formed; adsorption only occurs on localized sites 

on the surface, not with other adsorbates [5, 11]. It is noted that monolayer 

adsorption is generally described by Langmuir adsorption isotherm [12-14], but 
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the adsorption isotherms that can be represented by Langmuir adsorption 

isotherm, which are not necessarily monolayer adsorption [15]. In 1909, Herbert 

Freundlich gave an expression representing the isothermal variation of adsorption 

of a quantity of gas adsorbed by unit mass of solid adsorbent with pressure [16]. 

Freundlich equation is of greater significance for chemisorption, although some 

physical adsorption data have also been found to fit this equation [5]. However, 

monolayer or multilayer adsorption is not easy to be figured out by Freundlich 

equation, mainly depending on the coverage, which is related to the 

concentration of solution, temperature and other factors. Based in the adsorption 

thermodynamic equilibrium, Saha and Grappe studies revealed that the 

mechanism of adsorption can be attributed to two distinct phenomena: 

micropores filling for micropores adsorption, and surface layering for adsorption 

into larger pores [10]. 

Adsorption kinetics is the measure of the adsorption capacity with respect to 

time at a constant pressure or concentration and is employed to measure the 

diffusion of adsorbate in the pores [10]. Adsorption kinetics describes the 

adsorption rate, the equilibrium time of adsorption, and effective factors. Besides, 

the adsorption kinetics is the base to determine the performance of fixed-bed or 

any other flow systems [17]. While the adsorption of a compound to the surface 

of the adsorbent, the complete course of adsorption includes mass transfer and 

comprises three steps [17, 18, 19]: (1) transport in the bulk of the solution 

(external diffusion) and diffusion across the liquid film surrounding the sorbent 

particles (film diffusion); (2) diffusion in the liquid contained in the pores and/or 

the sorbate along the pore walls (internal diffusion or intra-particle diffusion); (3) 

adsorption and desorption with the particle and on the external surface or 

between the adsorbate and active sites. 

In order to investigate the mechanism of adsorption and potential rate 

controlling steps such as mass transport and chemical reaction processes, the 

pseudo-first-order, pseudo-second-order kinetics models and Elovich equation 

were applied to study the kinetics of the adsorption process whereas the 

intraparticle diffusion model was further verified to determine the diffusion 

mechanism of the adsorption system [20]. Among pseudo-first-order and 

pseudo-second-order kinetics models follow with these assumption: (1) 

adsorption only occurs at specific binding sites, which are localized on the surface 
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of the adsorbent; (2) adsorption energy does not depend on the formation of a 

layer on the adsorbent surface; (3) the first-order equation or the second-order 

equation governs the rate of the adsorption process; (4) no interaction occurs 

between the adsorbed molecules on the surface of the adsorbent [21]. Weber and 

Morris have proposed intraparticle model to describe the adsorption process. 

Intraparticle diffusion of solute appears to control the rate of uptake, thus the 

rate is partially a function of the pore size distribution of the adsorbent, of the 

molecular size and configuration of the solute, and of the relative electrokinetic 

properties of adsorbate and adsorbent [22]. 

Thermodynamics studies are performed to investigate the temperature 

effect on the adsorption process. Various thermodynamics parameters such as 

enthalpy change (∆H0), Gibbs free energy change (∆G0), and entropy change (∆S0) 

are calculated to predict the nature of adsorption [7]. ∆H0 is used to identify if the 

adsorption process is endothermic or exothermic. While ∆H0 ˃ 0, the adsorption 

process is endothermic; ∆H0 ˂ 0, the adsorption process is exothermic. ∆G0 value 

indicates whether the adsorption process is spontaneous or not. If ∆G0 value is 

negative, the adsorption takes places spontaneously. The positive ∆S0 value 

suggests the organization of the adsorbate at the solid/solution interface becomes 

more random, while the negative ∆S0 value suggests the opposite fact [23]. 

Arrhenius equation has a vast and important application in determining rate of 

chemical reactions and for calculation of energy of activation [20]. Moreover, the 

magnitude of activation energy (Ea) provides that the adsorption type is mainly 

either physisorption or chemisorption. Physisorption usually has lower Ea in the 

range of 5-40 kJ mol−1, whereas higher activation energies (40-800 kJ mol−1) 

suggest chemisorption [24]. 

1.1.3 Adsorption procedure 

In practice, adsorption procedures include static adsorption and dynamic 

adsorption [25, 26]. In static adsorption (batch mode), a certain amount of 

adsorbent is mixed continuously with a specific volume of aqueous solution or 

wastewater until the pollutant in that solution has been decreased to a desired 

level [6]. The adsorbent is then removed and either discarded or regenerated for 

use with another volume of solution. The equilibrium and kinetics data obtained 
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in batch adsorption can provide information for the proper design and 

optimization of fixed-bed columns [25, 28]. 

In dynamic adsorption (flow mode) with a packed column of adsorbent, the 

contaminated fluid is fed continuously through the packed column, which 

ultimately becomes saturated state by loading contaminants (i.e., adsorbate) [27]. 

For the dynamic adsorption, it is vital to determine the breakthrough curve, 

providing the predominant information/technical support for the industrial 

applications [25, 29]. The dynamic adsorption is also a simple operation and 

effective treatment procedure in comparison with its batch-mode analogue. 

Furthermore, the adsorption in a flow system is able to handle large volumes with 

higher removal efficiency in wastewater treatment [25]. These advantages have 

driven us to investigate the adsorption/desorption processes of organic pollutants 

in flow systems. 

1.1.4 Applications of adsorption 

The word "adsorption" was coined in 1881 by German physicist Heinrich 

Kayser (1853–1940) [30]. After development, the adsorption has been present in 

many natural, physical, biological and chemical systems, and it is widely used in 

industrial applications such as heterogeneous catalysts, ACs, capturing and using 

waste heat to provide cold water for air conditioning and other process 

requirements (adsorption chillers), synthetic resins, increasing storage capacity of 

carbide-derived carbons and water purification [31]. Because water pollution is 

one of the most serious issues, the wastewater purification has received 

considerable attention [4, 32, 33]. Various treatment methods, such as 

coagulation [34], flotation [35], precipitation [36], ozonation [37-39], reverse 

osmosis [40], ion exchange [41], adsorption [6, 13-15, 19-25, 27] and advanced 

oxidation processes (AOPs) [27-32], have been employed for the purification of 

wastewaters. However, the shortcomings of the conventional methods, such as 

high operational and maintenance costs, generation of sludge/secondary 

pollutions, and complicated procedures have been found [42]. Comparatively, the 

adsorption process is considered as a better alternative in wastewater treatments, 

owing to its high removal efficiency, no formation of harmful by-products, 

potential of reuse as well as easy operation and scale-up. 
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1.2 Adsorbents: fundamental and applications 

1.2.1 Characteristics and classification of adsorbents 

Adsorbent, a solid substance used to collect solute molecules from a liquid or 

gas, plays a critical role in the adsorption. Usually, a variety of adsorbents are used 

in the various forms like spherical pellets, rods, granules and powder. Adsorbents 

mainly include activated alumina, silica gel, molecular sieve (zeolite), 

carbon-based porous material (ACs), and polymeric adsorbent. Most of 

adsorbents are manufactured such as ACs, but a few adsorbents like zeolites occur 

naturally. In general, adsorbents exhibit high abrasion resistance and thermal 

stability, as well as abundant pore structure, which results in high specific surface 

area and hence high adsorption capacity [6]. In the IUPAC classification, the pores 

on the surface of adsorbents are subdivided into three ranges: micropores (below 

2 nm); mesopores (also known as transitional pores, 2-50 nm), and macropores 

(over 50 nm) [43]. Many adsorbents such as carbon materials [44], silica gels [45] 

and aluminas [46] are amorphous and contain complex networks of 

inter-connected micropores, mesopores and macropores. In contrast, the pores of 

zeolites have precise dimensions [47]. All these adsorbents can be categorized in a 

number of ways. Crini et al. classified them as conventional (zeolites, resins, 

derived from with coals) and non-conventional adsorbents (derived from 

industrial-, agricultural- and forest-waste) [48]. These conventional adsorbents are 

the preferred materials for the removal of contaminants, but the high cost 

restricted their industrial uses. As alternative, non-conventional low-cost 

adsorbents, mainly natural materials, green- or bio-sorbents were extensively 

employed [49-55]. In this study, the selective low-cost commercial porous ACs 

derived from wood, peat, and coconut shells were used. Moreover, various 

adsorption mechanisms of contaminants have been proposed based on the above 

classification of adsorbents, namely physisorption, chemisorption, ion-exchange 

and precipitation [48-50, 56]. 

1.2.2 Applications of adsorbents 

Adsorbents have been extensively applied in various fields, including catalysis, 

separation and purification, biologic processes and medicine, as well as 

wastewater treatments [3]. Among many conventional adsorbents (zeolite, resin, 



 Chapter 1 Theoretical Part 

10 
 

alumina, silica) and new adsorbents such as metal-organic framework (MOF), 

porous polymer and novel biosorbent, all have been largely reported and 

efficiently applied in wastewater treatments by adsorption processes [57-63]. For 

examples, Misaelides reported the application of natural zeolites to the 

environmental remediation, mainly based on their ion-exchange properties [57]. 

Sayari et al. specifically defined that there has been increasing interest in 

developing recyclable inorganic adsorbents, particularly for the efficient removal 

of organic pollutants from aqueous solutions [60]. Khan et al. summarized the 

recent literatures on the adsorptive removal of various hazardous compounds 

from wastewater by pristine or modified MOF materials [62]. Wang et al. 

presented a novel biosorbent efficiently adsorb of nine dyes in wastewaters [63]. 

1.3 Activated carbon: fundamental and applications 

1.3.1 Activated carbon basics 

AC includes a wide range of processed amorphous carbon-based material 

with highly developed porosity and an extended inter-particulate surface area 

[64]. Carbon is the major constituent of AC, it also contains other elements such 

as hydrogen, nitrogen, sulphur, and oxygen. AC is mainly produced from 

carbonaceous materials, such as coal (bituminous, subbituminous, and lignite), as 

well as agriculture and forests wastes (e.g. coconut, almond, hazelnut, wood, 

peat) [63, 65-73], etc. The carbonaceous material is converted to AC under a 

controlled atmosphere and temperature through two basic processes: (1) physical 

activation; (2) chemical activation [74]. The properties of AC prepared depend on 

the nature of the raw material, the activating agent, as well as the reaction 

conditions [6]. According to the shape of AC, AC is usually divided into two 

categories: powdered AC (PAC) and granular AC (GAC). 

In general, physical characteristics of AC such as surface area and porosity 

(including pores size, pore volumes and pore size distribution) as well as chemical 

characteristics represented by pH, functional groups, etc. can affect the 

performance [75]. For example, the higher porosity provides a large surface area, 

which results in exceptional adsorptive properties. Depending on technology of 

production, the specific surface area of AC is in a very wide range from 500 to 

3000 m² g-1 [76]. According to the IUPAC, AC comprises three types of pores: 

https://www.sciencedirect.com/science/article/abs/pii/S0304389412011028#!
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macropores; mesopores; and micropores. Micropores generally contribute to the 

major part of the internal surface area and dominate the adsorption. Macro- and 

meso-pores is the passageway for adsorbates into the micropores of ACs. 

Macropores can be visualized using scanning electron microscopy (SEM), not of 

considerable importance to the adsorption process because their contribution to 

the surface area of the adsorbent is very small [6]. The pore size distribution and 

volume is highly important for the practical application, since the adsorption 

occurs that the pores of ACs are just a little larger than the adsorbate molecules, 

thus it is the pore volume with this size range that determines adsorption capacity 

[64]. The surface structure of AC consists of crystalline, porous and chemical 

structure. According to the crumpled-paper model, the schematic structure of AC 

is shown in Fig. 1.4 [77]. 

 
Fig. 1.4 Schematic structure of AC according to the crumpled-paper model (The 

distorted aromatic carbon sheets are loosely stacked, leading to macro-, meso- and 

micro-pores. The latter may be seen locally as being slit-shaped) [77] 

 

The surface chemistry of AC essentially depends on their heteroatom content, 

mainly on their surface oxygen complex content. They determine the charge of 

the surface, its hydrophobicity, and the electronic density of the graphene layers. 

Moreover, surface functional groups and the delocalized electrons of the carbon 

structure also determine the acidic or basic characters [62]. The acidic character is 

closely related to the oxygen-containing surface groups [62, 78]. Generally, these 

groups are mainly present on the outer surface or edge of the basal plane and 
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contribute toward the chemical nature of the carbon. Thus, the content of oxygen 

on the surface significantly influences the adsorption capability [62]. 

The oxygen-containing surface groups is classified into three classes 

according to their chemical properties: acidic, basic, and neutral. Carboxylic, 

lactone, phenol, carbonyl, pyrones, ketones, chromene and ether groups 

observed on ACs surface are depicted in Fig. 1.5. Basicity of AC can be associated 

with: (1) resonating π-electrons of carbon aromatic rings that attract protons, and 

(2) basic surface functionalities (e.g. nitrogen-containing groups) that are capable 

of binding with protons [62, 79]. The certain oxygen-containing surface 

functionalities like chromene [80], ketone [81], and pyrone [82] also contribute to 

the carbon basicity (Fig. 1.5). 

 
Fig. 1.5 Acidic and basic surface functionalities on a carbon basal plane [79] 

Adapted with permission from reference 79. Copyright ©  2004 Elsevier Ltd. 

 

Possible structures of the nitrogen functionalities include the following: 

amide, imide, lactame, pyrrolic, and pyridinic groups [83], which are depicted in 

Fig. 1.6. However, the basic characteristic of AC arises primarily from 

delocalized-electrons of graphene layers [79]. The π-electrons of these graphene 

layers also act as Lewis base. 
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Fig. 1.6 Types of nitrogen surface functional groups: (a) pyrrole, (b) primary amine, (c) 

secondary amine, (d) pyridine, (e) imine, (f) tertiary amine, (g) nitro, (h) nitroso, (i) 

amide, (j) pyridone, (k) pyridine-N-oxide, (l) quaternary nitrogen [83] 

Adapted with permission from reference 83. Copyright ©  2009 Elsevier Ltd. 

 

AC is used in methane and hydrogen storage [84], air purification [85], 

solvent recovery [86], decaffeination [87], gold purification [88], metal extraction 

[89], water purification [2, 5, 6, 12-15, 19, 20, 22-24, 33], sewage treatment [90], 

air filters in gas masks and respirators [32], as well as many other applications, etc. 

The most important application of AC adsorption is the purification of waste gas 

and wastewaters. AC is often an excellent and versatile adsorbent for treating 

pollutants owing to large surface area, well-developed pore structures and a 

variety of functional groups. More than 800 specific organic and inorganic 

chemical compounds have been identified in water [5]. 

In recent years, a number of adsorbents, such as ACs, silica zeolites and 

porous polymers have been widely employed in the treatment of polluted 

wastewaters with pharmaceuticals and other organic compounds, while ACs are 

one of the oldest and important adsorbents utilized for water and wastewater 

treatment worldwide [91]. The advantages of ACs, such as hydrophobicity, 

low-cost, and ability to regenerate [92], drive us to apply ACs for the purification 

of highly polluted wastewaters containing pharmaceuticals and other organic 

pollutants in this study. 
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1.3.2 Characterization of activated carbon 

The physicochemical properties of ACs play an important role in the 

adsorption process [4, 75]. The surface structure, morphology and porosity 

properties are characterized by SEM, Transmission electron microscope (TEM) and 

N2 adsorption-desorption isotherm. 

The elements content was analysed by Element analyser. X-ray 

photoelectron spectroscopy (XPS) is used to determine the elemental composition 

and chemical states of the carbon surface [83]. Carbon-oxygen surface groups on 

carbons are the most important surface groups, which are analysed using physical, 

chemical, and physiochemical techniques, including desorption, neutralization 

with alkalis, zeta potential, thermometric, and spectroscopic methods. However, 

the precise nature of the chemical groups is not entirely demonstrated [6]. The 

point of zero charge (pHPZC) values are determined by a mass titration method 

proposed by Noh and Schwarz [93]. The thermal stability of surface functional 

groups is characterized by Temperature programmed desorption (TPD) and 

Thermogravimetric analysis (TGA). 

1.3.3 Modification of activated carbon 

The physicochemical properties, such as surface functional groups, pore size 

distribution, pore volume and specific surface area, can be adjusted as needed. 

Therefore, the modification of adsorbents can gain prominence to increase their 

affinity, selectivity and capacity for certain contaminants and facilitate their 

removal in wastewaters [62, 94, 95]. The modification techniques are categorized 

as follows: (1) physical modification (heating); (2) chemical modification (acidic, 

base and impregnation of foreign compounds); (3) biological modification. In 

particle, MW treatment, the oxidation with ozone, hydrogen peroxide, plasma 

treatment, or other advance oxidation technologies have been prevalent 

strategies of modification [95-102]. Oxygen containing functionalities are created 

when the carbon surface is oxidized [103, 104]. Moreover, these oxidation 

treatments of AC affect the surface chemistry and porous structure, therefore, 

increasing or decreasing the adsorption performance for organic compounds. 

MW heating is usually referred to as “dielectric heating”, as it is generated by 

the friction between molecules that is caused by interaction with the 
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electromagnetic field. As we know, AC is a good MW absorber. In recent years, 

the modification of AC by means of MW irradiation have been attracted great 

concern, with very promising results [98, 101, 102]. Compared with conventional 

heating, MW heating has the advantages of rapid temperature rise, uniform 

temperature distribution and saving of energy. Moreover, MW processing systems 

are also relatively compact, portable, maintainable and cost effective [105]. Liu et 

al. [98] and our previous studies [101, 102] indicated that the MW-assisted 

modification of ACs could benefit for adsorption of organic pollutants in solutions. 

In this study, the commercial ACs was modified with oxidation and MW 

treatments to enhance the adsorption capacity toward veterinary antibiotics from 

aqueous solutions. The advantage and disadvantage of these modification 

techniques are compared in Table 1.2 [95]. 

Table 1.2 Advantage and disadvantage of existing modification techniques 
Modification 

category 
Modification 

method 
Advantage Disadvantage 

Physical Heating Increase BET surface area 
and pores volume 

Oxygenated 
functional groups 

decomposition 
Chemical Acidic Increase acidic functional 

groups 
Decrease BET 

surface area and 
pores volume 

Basic Increase the number of basic 
groups and  

more apolar surface 

Reduce acidic 
functional groups 

Impregnation with 
metal / metal salt 

Increase BET surface area 
and pore volume 

High-costs 

Biological Microorganism 
adsorption 

Convert a portion of the 
recalcitrant organics to 

biodegradable compounds 

Hinder diffusion of 
adsorbate species  
due to thick films 

Oxidative Ozone/Hydrogen 
peroxide 

Introduce oxygen-containing 
functional groups 

Reduce BET surface 
area and pore 

volume 
Dielectric 
heating 

MW irradiation Further carbonization 
of AC and change the pore 

structure 

Oxygenated 
functional groups 

decomposition 
 

Note: Brunauer-Emmett-Teller (BET). 
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1.3.4 Adsorption of organic pollutants using activated carbon 

A variety of synthetic organic compounds are widely produced, used and 

discharged in chemical, pharmaceutical, and textile industries [106]. In recent 

years, the occurrence of emerging organic contaminants (e.g. pharmaceuticals, 

personal care products, endocrine disrupting chemicals, phenols, etc.) in the 

aquatic environment has been recognized as a serious problem [107-109]. These 

organic pollutants are compounds of great concern due to their toxicity, 

persistence, long-range transport ability and bioaccumulation [110]. 

The adsorption with ACs has been designated by the U.S. Environmental 

Protection Agency as one of the best available environmental control technologies 

[111], and it is currently the most frequently used technology for removing 

organic pollutants from aqueous industrial sludge, surface waters, drinking water 

and wastewater. The efficient removal of pharmaceuticals and other organic 

pollutants at trace and high concentration levels in wastewater was clearly 

evidenced [110, 112-114]. More importantly, no toxic or pharmacologically active 

products were generated by using AC adsorption [114]. Numerous studies on the 

adsorption of organics (aromatic compounds) in aqueous solutions have been 

published, but the intrinsic mechanisms should be better investigated to maximise 

the process effectiveness. The complex adsorption mechanism of aromatic 

compounds is proposed as follows: (1) Electrostatic and dispersive interactions 

between π electrons of the aromatic ring and π electrons of the graphene planes 

of the ACs surface; (2) Formation of a donor–acceptor complex involving carbonyl 

groups, which act as donors, and the aromatic ring of organic compounds, acting 

as acceptor; (3) Formation of hydrogen bridge bonds [113-117]. It is very 

significant to comprehensive investigation on specific pollutants to deeply 

understand the adsorption mechanism and promote the application of the 

adsorption process. Therefore, the pharmaceuticals including IOP and antibiotics, 

as well as phenols adsorption and desorption processes were studied in this study. 

1.4 Desorption and regeneration of activated carbon 

The desorption is the reverse process of adsorption, i.e., adsorbates are 

released from adsorbent [10], as shown in Fig. 1.1. The traditional adsorption is a 
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nondestructive process involving only a phase change of contaminants (from 

liquid onto adsorbents) [48], resulting in either secondary pollution or high 

post-treatment costs if the contaminants cannot be recovered or/and the 

adsorbents cannot be recycled/reused. From the economy and environmental 

viewpoint, the desorption process and regeneration of adsorbents are critical to 

the application of the adsorption process [49]. Therefore, the adsorption can 

render the wastewater treatment more economical and eco-friendly. 

Since several decades, organic compounds from aqueous solutions and 

wastewaters have been efficiently removed by using ACs [103, 104, 106-110]. In 

recent years, the solvent elution [118, 119] and related aqueous thermal 

desorption [120, 121], ultrasonic desorption [122, 123], as well as 

microwave-assisted desorption [124, 125] have been well applied for the 

regeneration of spent ACs. Although the adsorption of organic compounds onto 

ACs is relatively simple, their desorption still poses a variety of challenges due to 

the high affinity of the compounds to the sorbent surface [126]. Himmelstein et al. 

and Parmele et al. have evaluated the economics of AC regeneration and 

concluded that solvent regeneration can be very competitive with thermal 

methods [118, 120, 126]. Sutlkno et al. stated that AC saturated with phenol has 

been regenerated with acetone extraction followed by low-pressure steaming in 

batch or continuous mode [127]. As compared to pyrolytic method, solvent 

elution requires relatively lower energy consumption and avoids loss of carbon, 

while enables the recovery of adsorbates [120]. 

The reversibility of adsorption process depends on the type of binding bonds, 

such as ionic, covalent bonding, or weak binding forces (Van der Waals’ forces or a 

dipole-dipole interaction), formed between the adsorbent surface and the 

adsorbates [128]. Specifically, the desorption of adsorbates depends on the 

accessibility of the solvent to the micropores, the solubility and the 

adsorbate-carbon surface interactions. The reversible adsorption is attributed to 

adsorption as a result of Van der Waals forces and/or weak charge-transfer 

complexes that occur at the adsorption sites, since the adsorption energy is 

weaker in weaker in physical adsorption [129]. The high energy bonding of 

adsorbates to the specific functional groups on the active sites of carbon result in 

covalent bonding. Depending on the type of surface functional group and 

adsorbates, sufficiently strong bond can form irreversible adsorption. 
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Chemisorption appears to be the most logical explanation for irreversible 

adsorption [130, 131]. Thereby, the investigation on the desorption of organic 

compounds with solvent elution not only illustrates the feasibility of desorption, 

but also conversely demonstrates the adsorption mechanism. 

ACs are effective in removing a large number of organic compounds from 

water and wastewater. However, the regeneration of spent ACs requires 

high-energy consumption and high costs [132]. Several methods, such as 

bio-regeneration [132, 133], thermal regeneration [134], solvent regeneration 

[120], oxidative regeneration [135] and MW irradiation regeneration [136-138], 

have been reported. Recently, the efficiency of applying MW heating technology 

to regenerate industrial waste carbons have been investigated [136-138]. The 

results are very promising due to the rapid heating of the carbons by MW energy. 

In addition, ACs regenerated using MW irradiation are long-lived and permit many 

reuse cycles [138]. For this purpose, the recovery of a high-value of X-ray contrast 

agent and phenols by desorption with elution and regeneration of ACs under MW 

irradiation were explored in this study. 

1.5 Intensification of enabling technique on the adsorption and 

desorption processes 

Ultrasound (US) is defined by the American National Standards Institute as 

"sound at frequencies greater than 20 kHz". Thus, US is the sonic wave ranged 

from about 20 kHz-10 MHz and is subdivided in three main regions: low frequency 

(20-100 kHz), high frequency (100-1000 kHz), and high frequency (1-10 MHz). 

Sonochemistry is the application of US to chemical reactions and processes [139]. 

Usually, the ultrasonic waves of 20-1000 kHz are used in sonochemistry [140]. The 

origin of sonochemistry is acoustic cavitation, which is the formation, growth and 

collapse of microbubbles in a liquid. The cavitation can be produced while the 

local pressure is lower than the vapor pressure of the liquid under sonication 

[141]. The sonication has been extensively used in the following fields: 

wastewater treatment [139, 142-144], food and beverages processing [145-147], 

etc. Under sonication, reaction rates and mass transfer have been significantly 
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enhanced. It offers the potential for shorter reaction cycles with cheaper reagents 

under mild conditions, leading to low-costs and perhaps smaller devices [139]. 

MWs are electromagnetic waves in the frequency range from 300 MHz to 30 

GHz. In general, MW generators usually work at 2450 MHz. The electromagnetic 

energy of MWs is dissipated by substances through three different mechanisms: 

(1) magnetic losses in ferromagnetic materials; (2) ohmic losses in conducting 

materials; (3) electric losses caused by electromagnetic inhomogeneities like 

dipoles and ions [148]. MW-assisted technologies are recognized as a very 

promising technique to intensify chemical processes [125]. MWs have widely used 

in preparation, modification, regeneration of ACs, even for enhancing the 

adsorption and desorption of pollutants in wastewaters [125, 149, 150]. 

1.5.1 Adsorption and desorption under sonication 

US has been proven to be a very useful tool to improve mass transfer process 

and breaking the affinity between adsorbate and adsorbent [151]. The roles of 

sonication on adsorption and desorption behaviours of organic compounds have 

been reported [123, 151, 152]. Hamdaoui et al. indicated that the adsorption of 

p-chlorophenol (PCP) onto GAC under sonication is lower than the adsorption 

under silent conditions; while the desorption is accelerated by increased US 

intensity due to improvement of diffusion in pores [123]. Schueller and Yang 

demonstrated that the improvement of sonication on the mass-transfer 

coefficient and adsorption amounts during the adsorption of phenol onto AC and 

polymeric resin. Meanwhile, the sonication enhanced the surface diffusivity and 

decreased the activation energy for surface diffusion to promote the desorption 

of phenol [152]. Juang et al. proved that the initial rate of adsorption and the final 

amount of desorption are both enhanced by sonication [153]. In this study, the US 

was used to further verify the enhancement of sonication on the desorption 

efficiency of PC with solvents. 

1.5.2 Microwave-assisted adsorption and desorption 

In 1980s, Roussy et al. have experimentally studied the dehydration of 13X 

zeolite with MW heating [154]. They proved that the molecules are directly 

desorbed by MW irradiation. In the few years, there are various reports about 

microwave-assisted extraction (MAE) from biomass [146, 155-159], MAE is a 
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process that removes solutes from a solid matrix into a solvent. Letellier and 

Budzinski presented that MW assisted extraction of organic compounds at 

atmospheric pressure is fast and requires less solvent consumption [159]. Robers 

et al. successfully applied MW irradiation for the regeneration of various 

adsorbents utilized in industry and previously exhausted with different odorous 

compounds. The adsorbents loaded with any of the odorous substances were fully 

regenerated under US with water and MW irradiation [160]. MW-assisted 

desorption strongly depends on the electromagnetic properties of adsorbent and 

solvents. One can subdivide two mechanisms, the MW-selective and the MW 

thermal mechanism [150]. However, a little is known about MW-assisted 

adsorption in aqueous solution and desorption of pharmaceuticals and other 

organic compounds. Thus, MW heating was used to regenerate the spent ACs and 

enhance the desorption of phenols with a variety of solvents in this study. 
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2.1 Activated carbons 

In this study, different types of commercial ACs were comprehensive 

investigated including adsorption, desorption behaviour and properties, as well as 

their regenerations after adsorption. Coconut-derived powdered AC (CPAC) was 

provided by ACEF SPA, Italy. Wood-derived powdered AC (WPAC), peat-derived 

powdered AC (PPAC), peat-derived granular AC (PGAC) and coconut-derived 

granular AC (CGAC) were purchased from Sigma-Aldrich. Besides, commercial 

granular AC (MGAC, Ref. 102514) and powdered AC (MPAC, Ref. 6412806) were 

also used in this study and purchased from Merck, Germany. All ACs were oven 

dried at 110°C for 4 h before use and stored in a vacuum desiccator. 

All ACs used were characterized according to the following methods. 

2.2 Characterization of activated carbons 

In order to investigate the physicochemical characteristics of ACs, the 

following instruments and methods were used. These samples include the pristine 

ACs and ACs after adsorption, desorption, and regeneration at 800°C with 

microwave heating. 

2.2.1 Scanning electron microscope 

Scanning electron microscope (SEM) was used for characterization of the 

surface structure and morphology of ACs. Most of the samples were characterized 

using a ZEISS EVO 50 XVP microscope with a LaB6 source, operating at 15 kV. Some 

samples were characterized with a field emission scanning electron microscopy 

(FESEM) analysis (QUANTA F250). 

2.2.2 Transmission electron microscope 

Transmission electron microscope (TEM) analyses were carried out using a 

side entry Jeol JEM 3010-UHR (300 kV), microscope equipped with a LaB6 filament. 

The samples were deposited onto a copper grid and coated with a lacey carbon 

film for analysis. All digital micrographs were acquired using a (2 k × 2 k)-pixel 
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Gatan US1000 CCD camera with an OXFORD INCA instrument for atomic 

recognition via energy dispersive X-ray spectroscopy (EDS). 

2.2.3 Porosity properties 

The porosity properties were evaluated based on the adsorption/desorption 

isotherms at -196°C by means of an ASAP 2020 instrument (Micromeritics), in 

order to determine the total specific surface area using the 

Brunauer-Emmett-Teller (BET) method [161], mesoporous volume and average 

pore size were calculated using the Barrett-Joyner-Halenda (BJH) model [162], and 

micropores volume was obtained using the Density-Function-Theory (DFT) model 

of the ACs [163]. The samples were either in the form of a powder or granule (ca. 

0.015-0.020 g), outgassed for about 48 hours at 100°C in vacuum (residual 

pressure 10-2 mbar) to completely remove atmospheric contaminants from the 

sample surfaces [164]. 

2.2.4 Diffusion reflectance infrared fourier transform spectroscopy and Fourier 

transform infrared spectroscopy 

Diffusion reflectance infrared fourier transform spectroscopy (DRIFTS) is an 

important tool for the qualitative determination of characteristic functional 

groups. DRIFTS was acquired by using a Nicolet 6700 instrument equipped with a 

ThermoFisher Smart accessory and an MCT detector to give information of the 

surface functional groups, which were collected by averaging 1024 spectra with a 

spectral resolution of 4 cm-1. The samples were measured in powder form in air 

with KBr. And the ratio of sample to KBr (w/w, mg/mg) is 1: 100-1: 200. 

Fourier transform infrared spectroscopy (FTIR) was taken with a PHI5700 

ESCA FTIR system using KBr disks prepared by mixing 0.5% of finely ground carbon 

sample in KBr. Pellet made of pure powder KBr was used as a reference sample for 

background measurements. The spectra were recorded from 4000 to 400 cm-1 at 

a resolution of 4 cm-1. 

2.2.5 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) of carbon samples were obtained 

with a model PHI 5700 ESCA X-ray photoelectron spectrometer. XPS was applied 

to determine the surface complexes on carbons. XPS analysis was conducted using 
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Mg Ka X-ray source (1253.6 eV) under a vacuum pressure of 106 Pa. The wide 

scans were conducted from 0 to 1000 eV with a pass energy of 50 eV. 

High-resolution scans of ACs were performed over the 524–544 eV range for O1s 

with the pass energy of 20 eV. High-resolution scans of ACs were performed over 

the 282-294 eV range for C1s with the pass energy of 40 eV. 

XPS was employed to study the shifts of the binding energy (BE) of the O1s 

and C1s coordination atoms in the pristine samples. A curve-fitting based on the 

Gaussian-Lorentzian function after baseline subtraction using Shirley’s method, 

was applied to the high-resolution spectra of C1s and O1s. Five components are 

considered to compose the C1s spectra with chemical shifts corresponding to: 

284.6 eV (C-C/C-H), 286.0 eV (C-OH/C-O-C), 287.3 eV (C=O), 288.9 eV 

(COOH/COOR) and 290.3 eV (CO3
2-, π-π*). Conversely, the deconvolution of the 

O1s spectra gave rise to four peaks at 531.2 eV (O=C), 532.4 eV (O-C), 533.3 eV 

(R-O-C=O), and 534.3 eV (C-OOH). 

2.2.6 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) highlight that significant weight loss of 

sample before and after treatment. A TGA 400 (Perkin Elmer) was used to 

determine the weight loss of ACs, while thermal analysis was carried out at a 

heating speed of 10°C min-1 from room temperature to 800°C under Argon 5.0 

(99.999%) atmosphere with 80 mL min-1 of flow rate. 

2.2.7 Element analysis 

Elemental analysis of carbon, hydrogen, nitrogen and sulphur was carried out 

using an elementary Analyser (Vario EL cube). The oxygen content was 

determined by difference. 

2.2.8 Point of zero charge 

The point of zero charge (PZC) is the pH at which the net surface charge is 

zero (pHPZC). pH acid-base titration method was conducted with Microprocessor 

pH meter to determine the pHPZC values of ACs.
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Abstract 

Wastewater from cork processing industry presents a high content of organic 

compounds, such as PP, tannins, with low biodegradability and certain toxicity. 

The aim of this work is to develop a novel method, combing 

flocculation/adsorption, to purify cork wastewater (CW). Meanwhile, the spent 

CPAC was regenerated under MW irradiation. The flocculation treatment with 

FeSO4·7H2O/NaOH provided high removal efficiencies (REs): 90% of UV254, 86% of 

COD, 81% of PP, 40% of TS, 62% of TSS, and 18% of TDS. After the flocculation and 

filtration, CPAC was used to further remove residues of TSS, TDS and dissolved 

organics. The effects of CPAC amount, pH value and adsorption time have been 

investigated. It was found that 250 mg is the optimum CPAC amount for the 

treatment of 50 mL sample at pH 3.5 for 10 min. Overall effectiveness of 

flocculation/adsorption process was summarized as follows: 100% of UV254, 98% 

of COD, 100% of PP, 58% of TS, 93% of TSS, and 24% of TDS, while the 

characteristic colour of the CW after flocculation/adsorption completely 

disappeared. Additionally, the CPACs regenerated with MW heating maintained 

their performance and permitted five additional cycles without appreciable 

decrease in REs of UV254, COD and PP. This simple and scalable process could 

represent a promising treatment method for highly polluted industrial 

wastewaters containing organic matter, such as PP, phenolic acids and tannins. 

3.1 Introduction 

Industrial wastewater treatment is a complex problem due to the presence 

of a variety of compounds at high concentrations [165]. Based on our previous 

studies [166], cork boiling wastewater, as an example of the challenge on the 

treatment and reuse of a complex industrial wastewater, was further explored 

[167]. Cork is a natural, renewable and biodegradable material obtained from the 

outer bark of cork oak trees (Quercus suber L.), rich in numerous organic 

compounds (lignin, waxes, PP, etc.) [168], while its potential in the field of 

platform chemicals is still underestimated. Cork oak predominantly grows in 

Mediterranean countries (mainly Portugal and Spain) [169] and has a broad range 

of applications, in particular wine bottle corks. The boiling of cork planks is the 
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main processing step, along with producing a large amount of dark brown CW due 

to the high concentrations of PP, the other corkwood extracts such as phenolic 

acids and tannins [170, 171], as well as sugars and salts [169]. Interestingly, the 

drive toward developing circular economy has meant that wastewaters are 

currently attracting a great deal of attention as potential sources of nutrients and 

low-cost chemical feedstocks [172, 173]. Nevertheless, the sewage and CW highly 

polluted by PP and others should be treated before they are discharged into 

municipal sewers or subsequently reused. Accordingly, low-cost and highly 

effective strategies are of the utmost importance. 

In general, CW displays low biodegradability, certain toxicity and reluctance 

to undergo purification by conventional treatments [170, 173]. Various physical 

and chemical methods such as coagulation/flocculation [174, 175], flotation [175], 

membrane filtration [171, 176], adsorption [177, 178] and AOPs [165, 166, 170, 

171] have so far been used to improve COD removal and/or promote CW 

biodegradability. However, each technique has its own disadvantages such as low 

RE, high cost, generation of hazardous products, potential secondary pollution 

and complex treatments. Thus, it is necessary to develop a simple and more 

efficient combination process. As a pre-treatment process, flocculation is a simple 

and efficient method that removes the aggregates formed between flocculants 

and contaminants, however, lower RE of COD was found in CW treatment 

[179-181]. Adsorption using ACs has been applied both in single and combination 

with other processes to remove harmful organic compounds, such as polycyclic 

aromatic hydrocarbon [136, 103], pharmaceuticals [114, 182], dyes [183] and 

phenols [184], etc., owing to its high efficiency, easy operation, abundant 

developed internal pore structures and large specific surface area. To the best of 

our knowledge, although flocculation/adsorption combination was proven to be 

cheap, simple and highly effective, it has not yet been investigated for use in CW 

treatment [185]. Notably, the regeneration ability of the adsorbents is a key 

feature for the full-scale wastewater treatment (industrial applications). MW 

irradiation has been proposed as a potentially viable technique for regeneration 

of spent carbonaceous materials due to its fast volumetric heating [186]. 

The objective of this study is to evaluate the CW purification efficiency by 

combination of flocculation with adsorption using various ACs. The original CW 

was firstly pretreated by flocculation and filtration, and then the filtrate was 



Chapter 3 Cork Wastewater Purification and Microwave-Regenerated Activated Carbon 

41 
 

subjected to adsorption onto ACs. The effects of AC amount, pH value and 

adsorption time have been studied using a factorial experiment design. Moreover, 

the flocculation alone, adsorption alone, two-stage adsorption and combination of 

flocculation/adsorption methods have been compared. Adsorption on PACs and 

GACs were also studied. MW irradiation has been used to regenerate the 

exhausted carbons after adsorption, in order to reuse the CPAC. The indicators 

used to determine the REs were as follows: UV254, COD, PP, TS, TDS, and TSS. 

Additionally, ACs were characterized by SEM, TEM, porosity properties and TGA. 

3.2 Experimental 

3.2.1 Chemicals 

The used flocculant, ferrous sulfate heptahydrate (FeSO4·7H2O, ≥99.0%) was 

purchased from Riedel-de Haën. Sodium hydroxide (NaOH, 98%) and hydrochloric 

acid (HCl, 36%, w/w) were analytical grade and obtained from Sigma-Aldrich and 

Alfa Aesar, respectively, which were used to adjust the pH of solutions. 

3.2.2 Setup 

The information of experimental setups is listed in Table 3.1. 

Table 3.1 The information of setups used in this study 

Apparatus name Type and Manufacturer Application 

Heating Magnetic 

Stirrer 

AREX VELP Scientifica, Italy Flocculation process 

Liquid Phase Parallel 

Synthesizer 

Heidolph Synthesis 1, Germany Adsorption process 

UV-Visible 

Spectrophotometer 

Cary 60 UV-vis Spectrophotometer, 

USA 

UV254 and PP analysis 

COD test Hanna HI839800 COD Test Tube 

Heater and a Photometer HI 83214 

COD, USA 

Quantify the content 

of organic compounds 

in water 

Advance Microwave 

Synthesis Labstation 

MicroSynth, Pyro, Milestone Srl, Italy Regeneration process 

pH Meter pH 211, HANNA Instruments, USA pH Measurement 

Heating Oven STF-F52, Falc, Italy Drying 
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The main instruments used in this study are shown in Fig. 3.1. 

   

Fig. 3.1 Synthesizer (left); UV-Vis spectrophotometer (middle); MicroSynth (right) 

3.2.3 Methodology 

3.2.3.1 Pre-treatment by flocculation 

The original CW (hereafter denoted as S0) used was provided by CICYTEX, 

Mérida (Spain). The barrel containing S0 was shaken adequately prior to 

flocculation. Based on our previous research [166], 2.0 g of FeSO4·7H2O was added 

to 800 mL of S0. The mixture was then stirred with 500 rpm at 30°C for 30 min 

using a magnetic stirrer. After mixing, the pH value was adjusted to ca. 9.5 by the 

addition of 2N NaOH solution, to attain flocculation. The sample was denoted as 

S1 after pre-treatment by flocculation. 

3.2.3.2 Post-treatment via adsorption on ACs 

The effects of CPAC amount, pH value and adsorption time on the REs of 

UV254 for S1 were studied. The three factors and two levels of orthogonal array 

testing (OAT) were initially implemented. The effects of critical influence factors at 

selected levels were estimated through the OAT. Furthermore, the effects of 

factors at more levels were investigated in detail. In typical runs, 250 mg of CPAC 

was added into 50 mL of S1 and shaken in a Liquid Phase Parallel Synthesizer with 

450 rpm at 30°C for 10 min. The sample obtained after post-treatment via 

adsorption on CPAC was denoted S2. 

3.2.3.3 Microwave regeneration of CPAC 

The regeneration of CPAC was performed in nickel crucibles fixed in the 

chamber of the MicroSynth, working at a frequency of 2.45 GHz and a maximum 

output power of 1500 W. In order to ensure sufficient pyrolysis of adsorbates on 
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the exhausted carbon, the temperature ramped from 25°C to 800°C in 12 min 

under N2 atmosphere with flow rate of 10 NL h-1 and then the temperature 

maintained at 800°C for 3 min. 

3.2.3.4 Analysis of water quality indicators 

The indicators of water quality such as UV254, COD, PP, TS, TDS and TSS were 

used to evaluate the REs. All experiments are duplicated and errors were shown 

by the difference between the higher measured value and the average value. If 

the errors are not visible in Figures, they are smaller than the symbols 

representing the average values. UV254 provides a quick measurement of the 

organic matter (specifically containing aromatic rings or unsaturated carbon 

bonds) in water. PP value is the total phenol contents in water. COD can be used 

to easily quantify the content of organics in water [183]. In this study, the better 

linear correlations between UV254 and COD (R2 = 0.9885), as well as, UV254 and PP 

(R2 = 0.9829) were also established (as shown in Supplementary Data (S), Fig. S3.1). 

Therefore, only UV254 was chosen as an indicator during the optimization of 

adsorption process conditions. Importantly, UV254, PP and COD were detected for 

the critical treatments. 

The UV absorbance of water samples at 254 nm was measured. The 

comparable UV254 values (expressed in cm-1) and its RE were calculated in terms of 

the following equations: 

UV254 = [A/b] × D                       (1) 

%100
UV

'UVUV
(%) 

254

254254



RE

             (2)
 

where A is the absorbency value, b is optical path of the quartz cuvette in cm and 

D is the dilution factor, UV254 is UV254 value before treatment, and UV254’ is UV254 

value after treatment. 

COD was measured in agreement with EPA 410.4 and ISO 15705:2002 

standards. COD reagents and the medium-range EPA dichromate method (25 test 

vials, HI 93754B-25) were used to measure COD in the 0 to 1500 mg L-1 range. PP 

contents were determined using the Folin-Ciocalteu’s reagent, as described by 

Cicco et al. [187]. The absorption of the final mixtures was measured at 725 nm in 
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1 cm cuvettes in the UV-Vis spectrophotometer described above. The REs of COD 

and PP also were calculated referring to equation (2). 

For the TSS measurements, 50 mL of CW sample passed through a 0.45 µm 

filter membrane and the filter residue in the filter was oven dried to constant 

weight at 100 ± 2°C. TSS was then calculated by subtracting the weight of the filter. 

For the TDS measurements, the above filtrate was placed in an evaporating dish 

and then oven dried to constant weight at 100 ± 2°C. Likewise, TDS was calculated 

by subtracting the weight of the evaporating dish. 

CW quality (S0) is expressed with various parameters and listed in Table 3.2. 

Table 3.2 Water quality of S0 

CW 

Parameters 

pH 
UV254 

(cm-1) 

COD 

(mg L-1) 

PP 

(mg L-1) 

TS 

(mg L-1) 

TSS 

(mg L-1) 

TDS 

(mg L-1) 

S0 6.4 35.2 a 2315.0 178.7 2818.0 1400.0 1418.0 

a calculated in terms of the detection of the 50-fold-diluted CW. 

3.3 Results and discussion 

3.3.1 Efficiency of flocculation process 

After flocculation, the mixture of CW and flocculant was then allowed to 

stand overnight at room temperature (Fig. 3.2). Afterward, the supernatant was 

decanted and the sediment was filtered to obtain the filtrate. The filtrate was 

merged with the supernatant to form the secondary sample (S1). 

 
Fig. 3.2 Appearance of the CW after flocculation process 

(Flocculation conditions: 2.0 g of FeSO4·7H2O in 800 mL S0 stirred with 500 rpm at 30°C 

and pH 9.5 (adjust with 2N NaOH) for 30 min, then stand overnight) 
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As seen in Fig. 3.2, a large amount of dark brown sediment of floc appeared 

while the addition of NaOH solution, and then a light yellow supernatant was 

observed after 30 min because of the solid-liquid separation. Minhalma and De 

Pinho indicated that the formation of bigger agglomerates by flocculation leads to 

a higher removal of organic matter, which is reflected in the decreasing values of 

total organic carbon (TOC) and PP in CW [175]. In this study, the UV254 value of CW 

decreased from 35.2 to 3.66 cm-1 after flocculation and the RE reached 90%. 

Meanwhile, the RE values of COD, PP, TS, TSS and TDS were 86%, 81%, 40%, 62% 

and 18%, respectively. Obviously, a certain amount of organic contaminants still 

presented in the supernatant and required further purification. 

3.3.2 Preliminary investigation on the adsorption efficiency 

The effects of pH value, CPAC amount and adsorption time on the RE of UV254 

for the S1 sample were studied in terms of OAT. The results are listed in Table 3.3. 

Table 3.3 Adsorption results of S1 onto CPAC with OAT design 

Experiment 
number 

Parameters 
UV254 value 

(cm-1) 
Visual 
effect pH 

CPAC amount 
(mg) 

Adsorption 
time (min) 

1 3.5 100 4 0.44  

2 3.5 200 8 0.26  

3 9.5 100 8 2.10  

4 9.5 200 4 1.73  

A1 0.35 1.20 1.10   

A2 1.90 0.99 1.20   
R 1.55 0.26  0.085   

Note:A1, A2 is average value under level 1 or level 2, representing the average UV254 

value under level 2 for each factor; R is the range ofA1 andA2, representing the impact 

extent or importance of one factor. 
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As shown in Table 3.3, pH value was verified as the most critical factor as 

compared with CPAC amount and adsorption time in terms of R value. In addition, 

pH 3.5 is significantly beneficial to the adsorption of S1 as compared with pH 9.5. 

Under acidic conditions, dissolved PP compounds such as phenolic acids and 

tannins exist mostly in their unionized forms, causing increase of hydrophobicity 

and enhancing adsorption [188, 189]. Similarly, CPAC amount is the second 

important factor and adsorption time is a less important factor for the adsorption 

in accordance with R value. Furthermore, the color changes after adsorption 

reflects the difference among UV254 values (Table 3.3), indicating the superior 

decolorizing performance of CPAC [175, 185]. 

3.3.3 Influence of variables on the adsorption process 

Of all the possible conditions, only two levels were chosen in the OAT, so the 

effect of factors at more levels was further studied in details. Thus the optimal 

conditions can be precisely achieved. 

3.3.3.1 Effect of adsorption time 

The effect of adsorption time on the RE of S1 onto CPAC is shown in Fig. 3.3. It 

was found that UV254 value decreased from 3.66 to 0.77 cm-1 (79% of RE) after 

only 1 min, and then UV254 value further dropped till 3 min. After 3 min, the 

decrease became very slowly. As depicted in Fig. 3.3, the adsorption equilibrium 

was achieved after 10 min. 
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Fig. 3.3 Effect of adsorption time on S1 adsorption onto CPAC (Adsorption conditions: 100 

mg of CPAC in 50 mL S1 shaken with 450 rpm at 30°C and pH 3.5 for 0-30 min) 



Chapter 3 Cork Wastewater Purification and Microwave-Regenerated Activated Carbon 

47 
 

The adsorption process onto AC in aqueous solutions includes: (1) diffusion 

across the boundary layer surrounding the AC particles; (2) mass transfer across 

the internal surface of the AC particle; (3) adsorption onto a suitable active site at 

longer adsorption times [190]. The adsorption onto CPAC has been shown to be 

very fast in this study. Meanwhile, large amounts of dark coloured components 

were removed by CPAC, leading to significant decrease in UV254 values after 10 

min. Thus 10 min was chosen as the adsorption time for the following studies. 

3.3.3.2 Effect of CPAC amount 

The adsorption process is generally a surface phenomenon, which can be 

significantly affected by surface areas and the number of available active sites in 

relation to the amount or the mass of the adsorbent [191, 192]. The effect of 

CPAC amount on the UV254 value for S1 adsorption was illustrated in in Fig. 3.4. 
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Fig. 3.4 Effect of CPAC amount on S1 adsorption 

(Adsorption conditions: 50-300 mg of CPAC in 50 mL S1 shaken with 450 rpm at 30°C and 

pH 3.5 for 10 min) 

 

The UV254 value clearly decreases as CPAC amount increases because of the 

presence of more active sites that are available for adsorption [193]. As shown in 

Fig. 3.4, the UV254 value using 250 mg CPAC is very close to the lowest value using 

300 mg CPAC. Taking into consideration economical aspects, the optimization of 

adsorbent amount for the design of large-scale equipment is mandatory. 250 mg 

(5 mg mL-1) was thus considered as the optimal CPAC amount for the adsorption 

of S1 and was used in the subsequent experiments. 
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3.3.3.3 Effect of pH value 

According to the findings of the preliminary study reported in Section 3.3.2, 

the pH value is the most factor affecting the performance of adsorption. The 

effect of pH value from 2.0 to 9.5 on adsorption of S1 was further studied in 

details and the results are shown in Fig. 3.5. 
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Fig. 3.5 Effect of pH value on S1 adsorption 

(Adsorption conditions: 100 or 250 mg CPAC in 50 mL S1 shaken with 450 rpm at 30°C and 

pH 2-10 for 10 min) 

 

As shown in Fig. 3.5, the UV254 value increases and the corresponding RE 

decreases as pH value increase from pH 2.0 to 9.5. It was again demonstrated that 

the acidic condition of wastewater is favourable for adsorption [188]. Moreover, 

the UV254 value and RE were very close between at pH 2.0 and pH 3.5. Thus pH 3.5 

was then chosen as the optimal pH value for the subsequent experiments from 

environmental and economical perspectives. 

3.3.4 Direct adsorption of cork wastewater 

The original CW (S0) was directly treated using the adsorption process with 

various amounts of CPAC. The effect of various amounts of CPAC on the UV254 

values of CW is shown in Fig. 3.6. Obviously, the UV254 value decreased gradually 

as the CPAC amount increased. 
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Fig. 3.6 Effect of CPAC amount on S0 adsorption 

(Adsorption conditions: 0-1500 mg of CPAC in 50 mL S0 shaken with 450 rpm at 30°C and 

pH 6.4 for 10 min) 

 

The optimal RE of UV254 value (88%) was achieved in the presence of 1250 

mg of CPAC. This RE value is comparable with the RE (90%) achieved using the 

flocculation process. However, the decolorization effect observed after the direct 

adsorption onto CPAC was not as impressive, as shown in Fig. 3.7. 

 
Fig. 3.7 Comparison of decolorization using a variety of treatments 

(The meanings of abbreviations specified in Table 3.4) 
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3.3.5 Removal efficiency using various methods 

3.3.5.1 Comparison of removal efficiency among various processes 

In order to optimize the treatment process, various processes were examined 

according to the design shown in Table 3.4. 

Table 3.4 Design of various processes based on CPAC adsorption 

Processes Step 1 Step 2 

Floc Flocculation  

CPAC1250 Adsorption with 1250 mg CPAC - 

CPAC1500 Adsorption with 1500 mg CPAC - 

CPAC1250-CPAC250 Adsorption with 1250 mg CPAC Adsorption with 250 mg CPAC 

Floc-CPAC250 Flocculation Adsorption with 250 mg CPAC 

Adsorption Conditions: CPAC in 50 mL S0 or S1 shaken with 450 rpm at 30°C for 10 min. 

The UV254, PP and COD values before and after treatments were measured to 

evaluate the RE values using various processes. The results are shown in Fig. 3.8. 

 
Fig. 3.8 Comparison of RE values obtained from various processes 

(Flocculation conditions: 2.0 g of FeSO4·7H2O in 800 mL S0 stirred with 500 rpm at 30°C 

and pH 9.5 for 30 min; Adsorption conditions: CPAC in 50 mL S0 or S1 shaken with 450 rpm 

at 30°C for 10 min) 



Chapter 3 Cork Wastewater Purification and Microwave-Regenerated Activated Carbon 

51 
 

As seen in Fig. 3.8, the RE values for S0 after simple flocculation and after 

adsorption with 1250 mg and 1500 mg of CPAC are very similar, although 

wastewater colour after the flocculation process is lighter than that observed after 

adsorption with CPAC (Fig. 3.7). Using the identical amount of CPAC (1500 mg), the 

adsorption process for S0 was designed to be two-stage adsorption (1250 mg CPAC 

and then 250 mg CPAC). Obviously, the RE using two-stage adsorption is higher 

than that using one-stage adsorption. In particular, the RE for the combination of 

flocculation and adsorption (Floc/CPAC250) was slightly higher than that of the 

two-stage adsorption (CPAC1250/CPAC250), which is also reflected in the colour 

change shown in Fig. 3.7. This feature suggests that the combined method 

(Floc/CPAC250) provides the best decolorization [189, 194]. In conclusion, the 

single flocculation or adsorption process cannot meet the discharge standards, 

while the highest REs of UV254, PP, COD and significant decolorization were 

achieved by cooperative flocculation/adsorption. Considering the dosage and unit 

price, FeSO4·7H2O is much more convenient than AC in the pre-treatment. The 

combined process, the flocculation as pre-treatment and the adsorption as 

post-treatment is therefore necessary to meet the discharge standards. 

3.3.5.2 Comparing the removal efficiencies among onto various ACs 

Various ACs were used to investigate the effects of ACs nature on the 

adsorption process. For the sake of comparing the physical properties of different 

ACs including CPAC, WPAC, PPAC and CGAAC (Section 2.1), the surface morphology 

was measured by SEM and shown in Figs. 3.9a-3.9d under magnification 2000×. 

Moreover, the RE values onto various ACs are shown in Fig. 3.10. 

As shown in Fig. 3.9a, the particles of pristine CPAC showed a certain degree 

of roughening. In Fig. 3.9b, the particles of WPAC seem sharper while compared 

with CPAC; whereas PPAC surface does not show significantly difference from 

CPAC (Fig. 3.9c). On the other hand, CGAC (Fig. 3.9a) displays a rough and 

compact external surface (Fig. 3.9d) and similar features were observed inside the 

broken granules (Figure are not shown here). In addition, CPAC images from TEM 

under magnification 150000× and 300000× were depicted in Fig. S3.2. A large 

amount of pores on its surface were observed. 
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Fig. 3.9 SEM images of pristine CPAC (a); WPAC (b); PPAC (c); and CGAC (d) 

 
Fig. 3.10 Comparison of RE values onto various ACs 

(Adsorption conditions: 250 mg of CPAC in 50 mL S1 volume shaken with 450 rpm at 30°C 

for 10 min) 

(d) (c) 

(a) (b) 
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As shown in Fig. 3.10, all PACs showed similar REs and higher than that of 

GAC after 10 min of adsorption time. In the previous study, PAC also showed 

higher COD removal than GAC in a cassava alcohol wastewater batch reactor 

experiment [185]. PACs have the rapid adsorption kinetics because of their small 

particle size and low surface area of carbon [195]. In this study, CPAC was the best 

and CGAC was the worst adsorbent because of the significant difference in BET 

surface area (SBET), micropores volume (Vmicro) and mesopores volume (Vmeso), as 

show in Table 3.5. In practical applications, both the RE and cost are important 

factors, and the low-cost PAC should be chosen while wastewater quality can 

meet the discharge standards. 

Table 3.5 Textural properties of ACs 

Samples SBET (m2 g-1) Vmicro (cm3 g-1) Vmeso (cm3 g-1) Pore diameter (Dp, nm) 

CPAC 1951.3 1.76 1.57 3.95 

PPAC 1012.6 0.75 0.61 3.46 

WPAC 1504.5 1.17 0.75 3.28 

CGAC 1014.8 0.45 0.06 1.90 

PGAC 614.0 0.36 0.14 2.47 

5th Reg. CPAC 1810.6 1.76 1.58 4.17 

 

3.3.5.3 Removal efficiency of TS, TSS and TDS 

As shown in Table 3.2, S0 contains high levels of TS, TDS and TSS. The TS can 

be effectively removed by flocculation with FeSO4·7H2O or FeCl3·6H2O [165], and 

the adsorption can further remove such matters [185]. The total RE (TRE) values of 

TS, TDS and TSS using flocculation and adsorption are depicted in Table 3.6. 

Table 3.6 Removal efficiencies of TS, TDS, TSS using flocculation/adsorption 

Sample 
TS 

(mg L-1) 
RE (%) 

TDS 

(mg L-1) 
RE (%) 

TSS 

(mg L-1） 
RE (%) 

S0 2818.0 - 1418.0 - 1400.0 - 

S1 1695.0 40 1161.7 18 533.0 62 

S2 1173.5 31 1073.5 8 100.0 81 

TRE - 58 - 24 - 93 

Flocculation conditions: 2.0 g FeSO4·7H2O in 800 mL S0 shaken with 500 rpm at 30°C and 
pH 9.5 for 30 min; 250 mg CPAC in 50 mL S1 with 450 rpm at 30°C for 10 min. 
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As shown in Table 3.6, the flocculation led to 40% and 62% reduction of TS 

and TSS, respectively, but the decrease of TDS was limited (only 18%). 

Subsequently, the RE values reached 31% and 81% for TS and TSS using CPAC 

adsorption. Thus TREs of the combined process were calculated to be 58% and 

93% for TS and TSS. Notably, the combined adsorption/flocculation process 

provided higher removal of TS and TSS. However, RE of TDS was low for both 

flocculation and adsorption. Lee et al. reported that certain amounts of metal ions 

were observed in wastewater after flocculation using inorganic flocculants [176]. 

As a result, the removal of dissolved matter, such as salts in ionic form, was 

limited by flocculation with FeSO4 and adsorption with CPAC. 

Besides, this speculation was further verified by TGA of both TS and TDS and 

the TGA method is shown in Section S.3.3. The TGA curves of the TS and TDS 

obtained from S0, S1 and S2 are reported in Fig. 3.11. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11 TGA curves of TS (a) and TDS (b) obtained from S0, S1, and S2 

 

As shown in Fig. 3.11, the weight loss of TS and TDS from S0 and S1 was 

evident from 50°C to 800°C. In particular, rapid weight loss occurred between 

100°C and 300°C with a peak at about 250°C. This weight loss can be attributed to 

the decomposition of the carboxylic groups of organic compounds present in the 

samples [196]. A continuous and clear loss, extending from 300°C to 650°C, was 

then observed. The degradation of lignin and other, more complex, aromatic 

structures occurs under such conditions [197]. Significant weight loss was 

observed from 650°C to 800°C. It has been suggested that most organic 

compounds of lignocellulosic origin begin to decompose at temperatures above 
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650°C [137]. Moreover, the weight loss in TDS from S0 was higher than that found 

in TS from S0. This could be explained by assuming that the dissolved matter in CW 

is reasonably small matters, making it easier to thermally decompose it. 

Indeed, S0 showed more significant weight loss than S1, indicating that the 

flocculation process removed a large amount of TS (Fig. 3.11b). In contrast to S2, 

higher weight loss was observed between 650°C and 800°C in S1, indicating that 

there is some TS and TDS after flocculation that the adsorption process can 

remove. Overall, the flocculation as a pre-treatment is to remove a large amount 

of TSS and a little amount of TDS, and the adsorption as post-treatment is to 

further remove the left TSS, TDS, and dissolved organics. Therefore, the combined 

flocculation/adsorption process exhibited a superior performance for CW. 

3.3.6 Regeneration of activated carbon using microwave irradiation 

The adsorption performance of exhausted ACs was recovered at 800°C with 

MW heating due to the thermal decomposition of organic matter on carbons [137, 

198]. Therefore, the temperature was set at 800°C in this study to regenerate the 

spent CPAC via MW heating. Fig. 3.12 depicted the REs of UV254 by adsorption of 

S1 onto CPAC regenerated (reg.) over five cycles with MW. 

 

  

 

 

 

 

 

 

 

 

 

Fig. 3.12 Comparison of removal efficiencies among using the pristine and 

MW-regenerated CPAC (a) UV254; (b) UV254, COD and PP 

(MW-regeneration conditions: 1.5 g of CPAC samples in crucibles heated with 10 NL h-1 N2 

flow at 800°C for 3 min; Adsorption conditions: 250 mg of CPAC in 50 mL S1 shaken with 

450 rpm at 30°C for 10 min) 

(a) (b) 
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As shown in Fig. 3.12a, the REs of UV254 remained stable over the five-cycle 

operation and were still ca. 97% in the last cycle. Similarly, the RE values of COD 

and PP after 1st and 5th regeneration also further confirmed the results (Fig. 3.12b). 

Moreover, these results were further verified by TEM (as shown in Fig. S3.3), and 

BET analysis (Table 3.5 and Fig. 3.13). 

The N2 adsorption-desorption isotherms of the fifth MW-regenerated CPAC 

are quite similar to the original sample, as depicted in Fig. 3.13. Compared with 

the porosity properties of pristine CPAC (Table 3.5), 5th regeneration CPAC sample 

was efficiently recovered, which SBET, Vmicro, Vmeso and Dp are 1810.6 m2 g-1, 1.76 

cm3 g-1, 1.57 cm3 g-1, and 4.17 nm, respectively. The results indicated that the 

porous structure was not appreciably disrupted by MW regeneration. The pore 

size of ACs determines the accessibility of the adsorbate molecule, and total pore 

volume is responsible for the total number of adsorption sites [199]. Thus, the 

adsorption performance of CPAC after the fifth cycles of adsorption and 

MW-regeneration maintained equally due to analogous textural properties [190]. 
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Fig. 3.13 N2 adsorption-desorption isotherms of pristine CPAC and CPAC after five 

MW-regeneration cycles 

Moreover, TGA of CPAC, 1st and 5th regeneration of CPAC samples were 

depicted in Fig. S3.4. The regeneration process recovered properties of spent 

carbons are further confirmed. The TGA results indicate that MW irradiation is an 

efficient and feasible regeneration method. 
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Supplementary Data 

S.3.1 The linear correlations between UV254 and COD, UV254 and PP 

 

 

Fig. S3.1 The linear correlations between UV254 and COD (a); UV254 and PP (b) 

(a) 

(b) 
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S.3.2 Transmission electron microscope images 

(b)10 nm

(a)
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(b)

 
Fig. S3.2 TEM image of pristine CPAC (a); detail of the region in the square (b) 

Instrumental magnification 150000× and 300000×, respectively 
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Fig. S3.3 TEM image of 5th MW-regenerated CPAC (a); detail showing the region in 

the square (b) Instrumental magnification 25000× and 150000×, respectively; EDS 

spectrum and relative abundance of iron (c) 
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S.3.3 Thermogravimetric analysis 

TGA of dried samples of TS and TDS obtained from S0, S1, and S2 was 

conducted using A TGA 4000 thermogravimetric analyzer (Perkin Elmer), so that 

the variation in chemical composition of TS and TDS can be observed from S0, S1, 

S2 through the comparison between thermal behavior of the TS and TDS, 

reflecting the various removal objects with flocculation or adsorption. 30 mg of 

dried TS and TDS samples were used, and the temperature was raised from 50°C 

to 800°C at a heating rate of 10°C min-1 under flowing Argon 5.0 (80 mL min-1). 
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Fig. S3.4 TGA of CPAC samples of pristine, after adsorption of S1, 1st regenerated and 5th 

regenerated 
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Abstract 

In this study, the adsorptive recovery of valuable Iopamidol (IOP) and the 

reuse of the adsorbent AC after elution with alcohol were accomplished. Of the 

adsorbents selected, CPAC displayed the best adsorption performance toward IOP. 

The batch investigation on the adsorption kinetics, isotherm, activation energy, 

and thermodynamics parameters supported the occurrence of physisorption 

process. The adsorption mechanism was determined using the intra-particle 

diffusion model. A Boyd plot revealed that IOP adsorption onto CPAC was mainly 

governed by external mass transport where particle diffusion was the rate limiting 

step. In a semi-continuous flow system, IOP was well adsorbed on the 

CPAC-packed column and IOP was efficiently eluted and recovered using 

methanol. Moreover, the spent CPAC was efficiently regenerated and reused in 

five adsorption/desorption cycles. The characterization of CPAC samples by SEM, 

DRIFTS, and TGA shows that IOP is absorbed onto CPAC. After desorption with 

methanol in the flow system, the surface properties of CPAC were almost fully 

recovered. Thus, it is proposed that π-π interactions, donor-acceptor complex, 

Van der Waals forces and hydrogen bonding interactions govern the adsorption of 

IOP. The polarity of solvents and hydrogen bonding interactions between IOP and 

alcohols influence the desorption process. A lot of benefits, such as simple 

operations and low treatment costs, can be achieved from adsorption/desorption 

processes. 

4.1 Introduction 

Iodinated contrast agents (ICAs) are diagnostic drugs containing iodine that 

are used to visualize blood vessels and organs in medical imaging [200]. ICAs are 

commonly used worldwide in the medical field, which has been reported that the 

annual worldwide consumption is approximately 3500 tons [201, 202]. Normally, 

ICAs exhibit high biochemical stability; and high doses are injected in clinical 

exams [203], which are rapidly excreted with one day, mainly in the 

non-metabolized form [204]. ICAs include: (1) ionic ICA compounds, such as 

Diatrizoate, containing a free carboxylic moiety; (2) non-ionic compounds, 

containing IOP, Iopromide and Iomeprol that are amide derivatives [205]. 
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Non-ionic dimers are favored because of their low osmolality, but it owned 

considerably higher price [206], for example, the average price of IOP is 1791 USD 

g-1 (Sigma-Aldrich, product number 1344702). However, the inertness and 

metabolic stability of ICA mean that it may represent a long-term potential risk for 

organisms [207, 208]. Suitable and economical technologies should be developed 

to effectively treat these compounds to minimize potential risks and meet 

wastewater discharge standards. 

In detail, ICA compounds are highly hydrophilic and display high aqueous 

solubility meaning that they are difficult to eliminate from wastewaters. IOP is 

currently classified as an emerging pollutant, which indicates a new chemical 

pollutant without a regulatory status that impact on the environment and human 

health is still poorly understood [204]. Its basic physicochemical properties are 

shown in Table 4.1. Moreover, it is difficult to completely eliminate ICA by 

conventional treatment processes [204]. IOP concentrations in wastewater have 

been reported from µg to mg scale, with particular high content in industrial 

reaction liquor [201, 209, 210]. IOP has therefore been chosen as the model 

compound in this study, and IOP (99%) was kindly supplied by Bracco Spa, Italy. 

Table 4.1 The properties of IOP [210] 

CAS 

number 

Chemical 

structure 

Solubility 

(mg dm-3) 
log Kow pKa 

Molecular dimensions 

(nm×nm×nm) 

60166-93-0 

 

>200000 -2.42 10.7 
1.5 (length)×1.5 

(width)×0.6 (thickness) 

Adapted with permission from reference 210, Copyright ©  2014 Elsevier B.V. 

 

A range of technologies, such as ultrasound [205], adsorption [204, 211], 

biological [212], ozonation [205], electrochemical [213], and hybrid technologies 

[205, 208], have been investigated for removing ICAs from wastewaters. From an 

economic viewpoint, the adsorption is a practical and simple method as compared 

with biodegradable and AOPs. In previous studies [204, 211, 213], ACs adsorption 

has been utilized for the removal of the lower concentration of IOP and efficiently 

achieved the decontamination of IOP-polluted wastewater. However, the purpose 

of traditional adsorption processes is to move pollutants from the wastewater 
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onto the adsorbents [214]. Therefore, the recovery of valuable substances and 

adsorbent regeneration are both important in wastewater treatment [215]. 

The present work reports the adsorptive removal of IOP from aqueous 

solutions by CPAC and the desorption of IOP using various organic solvents. The 

adsorption kinetics, isotherm, thermodynamics properties and adsorption 

mechanism have also been studied in batch mode. Moreover, the AE of PACs and 

GAC, as well as the DE with solvents have been compared. Adsorption/desorption 

cycles were carried out up to five times. The CPAC samples were characterized 

before and after adsorption/desorption using FESEM, DRIFTS, porosity properties 

(BET analysis), XPS, and TGA. The pristine and recovered IOP were both identified 

by NMR and examined using DRIFTS. Our procedure can get rid of secondary 

pollution and cut post-treatment costs thanks to the compensation from highly 

valuable compounds recovery. 

4.2 Methodology 

4.2.1 Adsorption/desorption in batch mode 

The adsorption of IOP in batch mode was performed in 50 mL glass tubes 

that were shaken with 450 rpm at 25°C. CPAC was mixed with 10-50 mL IOP 

solutions for adsorption kinetics and isotherm studies. Initial IOP concentrations 

ranged from 1 to 10 mM (corresponding to 777-7771 mg L-1), and those solutions 

were absorbed onto CPAC (2-4 g L-1). Each experiment was duplicated under 

identical conditions. After shaking, CPAC was filtered and the IOP concentration in 

the filtrates was analysed by UV-Vis at 242 nm. The adsorption amount (qt, mg g-1), 

which is termed as the adsorption capacity (qe, mg g-1) at the equilibrium state, 

was calculated by equation (3), and the AE was calculated by equation (4): 

M

VCC
qt




)( t0
                   (3) 

%100(%)
0

0





C

CC
AE

t
              (4) 

where C0 and Ct (mg L-1) are the initial concentrations and concentration at given 

time, respectively; V (mL) is the solution volume and M (g) is the mass of dried 

CPAC used. 
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IOP-loaded CPAC was prepared according to follows: 1.5 g of CPAC was 

added to 100 mL of a 10 mM IOP solution and the mixture was stirred at 450 rpm 

at 25°C for 60 min. After adsorption, the IOP-loaded CPAC was filtered and oven 

dried at 65°C. For desorption in batch mode, methanol (MeOH 99.9%, 

Sigma-Aldrich), ethanol (EtOH, 96.0-97.2%, Sigma-Aldrich), and acetonitrile (ACN, 

99.9%, Sigma-Aldrich) were chosen as eluents to recover IOP loaded CPAC 

according to follows: 2.5-80 mg of dried IOP-loaded CPAC were mixed with 2-10 

mL of solvent and shaken with 450 rpm at 25°C for 10 min. After desorption, the 

filtrates were analysed by UV-Vis spectrophotometer. Each adsorption/desorption 

experiment was performed and duplicated. Error bars are calculated based on 2 

replicates. If error bars not visible in Figures, they are smaller than the symbols 

representing the average data values. 

4.2.2 Adsorption/desorption in semi-continuous flow mode 

The adsorption of aqueous IOP was performed in semi-continuous flow mode 

using a glass column (15 × 0.62 cm I.D.) that was packed with 0.75 g of CPAC, 

which corresponded to a 5 cm bed height and 1.5 cm3 of volume. A specified 

amount, 10 mM of IOP solution was passed through the CPAC column at a 0.75 mL 

min−1 flow rate with the help of vacuum pump (VP 18R vacuum pump, Lab Tech, 

USA). The IOP solution from the outlet was collected using either 5 or 10 mL of 

interval volume. Fig. 4.1 shows the schematic of the semi-continuous flow setup 

for the adsorption/desorption of IOP solution. 

 
Fig. 4.1 Scheme of semi-continuous flow setup for adsorption/desorption 
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The amount of IOP loaded was calculated by integrating the IOP adsorbed vs. 

the throughput volume (equation (5): 





i

0

i)(
  loaded-IOP

V ti

M

dVCC
q                        (5) 

where qIOP-loaded (mg g-1) is the IOP amount loaded onto CPAC, Vi is the effluent 

volume, Ci and Ct (mg L-1) are the initial and effluent concentrations, respectively, 

and M (mg) is the amount of CPAC in the column. 

Regarding to IOP desorption, MeOH or EtOH was added to the IOP-loaded 

columns from the top, and the eluent was then allowed to flow out at a rate of 1.0 

mL min-1 with the help of a vacuum pump. The eluent was collected using 2.5 or 

5.0 mL of interval volume and analysed after dilution with deionized water. The 

efficiency of IOP desorption was calculated as equation (6): 

%100 %100(%)
loaded-IOP

d

loaded-IOP

V

0
dd

e



q

dVC

q

q
DE   (6) 

where DE (%) is the efficiency of IOP desorption, qe (mg g-1) is the amount of IOP 

desorbed, qIOP-loaded (mg g-1) is the IOP amount absorbed onto the CPAC in the 

column, Cd (mg L-1) is the IOP concentration in the eluent and Vd is the volume of 

eluent (mL). 

4.3 Results and discussion 

4.3.1 Iopamidol adsorption in batch mode 

Adsorption kinetics and equilibrium isotherms were studied, and 

thermodynamics parameters were calculated in order to gain a deeper insight into 

the adsorption process. On one hand, adsorption kinetics describes the adsorption 

rate, the equilibrium time of adsorption, and effective factors [20]. On the other 

hand, the adsorption isotherm is basically important to describe how adsorbates 

interact with adsorbents until that the adsorption process reached an equilibrium 

state [216]. In adsorption process, thermodynamics parameters are the actual 

indicators for practical applications [217]. 
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4.3.1.1 Adsorption kinetics 

Adsorption kinetics was recorded at 25°C, 40°C and 55°C. Adsorption kinetics 

fitted to pseudo-second-order kinetics curves, and the pseudo-second-order 

kinetics plots are presented in Figs. 4.2a and 4.2b, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 (a) Adsorption kinetics fitting to pseudo second-order kinetics curves; (b) 

Pseudo second-order kinetics plots for IOP adsorption onto CPAC 

(Adsorption conditions: 20 mg of CPAC in 10 mL of 1 mM IOP solution shaken with 450 

rpm at 25°C, 40°C and 55°C for 1-60 min) 

 

As shown in Fig. 4.2a, qt of CPAC for IOP increases with time and reaches 

equilibrium after 10 min. It indicates that the adsorption of IOP takes place in a 

short time. Analogously, qt slightly decreases with increasing temperature, which 

suggests that IOP adsorption onto CPAC is an exothermic process, as the 

(b) 

0 5 10 15 20 25 30 35 40 45 50 55 60 65
0

50

100

150

200

250

300

350

400

t (min)

q
t 

(m
g
 g

-1
)

 

 

 25 °C 

 40 °C 

 55 °C 

(a) 



Chapter 4 Adsorptive Recovery of Iopamidol and Reuse of Activated Carbon 

70 
 

interactions between the active sites of the adsorbent and the adsorbates are 

weakened at higher temperatures [218]. 

The following pseudo-first-order and pseudo-second-order kinetics models, 

as well as the Elovich equation were used to evaluate the adsorption kinetics: 

Pseudo-first-order: ln (qe - qt)= -k1t+lnqe     (7) 

Pseudo-second-order: 
e

2
e2t

1

q

t

qkq

t
          (8) 

Elovich equation: t
b

ab
b

q ln)
1

()(ln )
1

(t     (9) 

The adsorption kinetics parameters of IOP onto CPAC are listed in Table 4.2. 

Table 4.2 Adsorption kinetics parameters of IOP onto CPAC 

Temperature Parameters 

  Pseudo-first-order 

 qe, exp (mg g-1) qe, cal (mg g-1) kl (min-1) R2 

25°C 354.8 24.96 0.0352 0.7691 

40°C 344.9 31.38 0.0248 0.7798 

55°C 336.7 36.05 0.0159 0.6009 

 

 

 

qe, exp (mg g-1) 

Pseudo-second-order 

qe, cal (mg g-1) k2 (g mg-1 min-1) R2 

25°C 354.8 354.6 0.00870 0.9999 

40°C 344.9 346.0 0.00930 0.9999 

55°C 336.7 337.8 0.0125 1.0000 

 
 

qe, exp (mg g-1) 

Elovich equation 

a (mg g-1min-1) b (g mg-1) R2 

25°C 354.8 1.90×1014 0.09670 0.9238 

40°C 344.9 7.16×1014 0.1033 0.9694 

55°C 336.7 1.81×1015 0.1082 0.9321 

Note: qe, exp is the equilibrium adsorption capacity of IOP adsorption onto CPAC 

(experimental data); qe, cal is the equilibrium adsorption capacity of IOP adsorption onto 

CPAC calculated from pseudo first and second order models. k1 and k2 is the rate constant 

of first-order and second-order model, respectively. a is the initial sorption rate and b is 

related to the extent of surface coverage and activation energy for chemisorption. 
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As illustrated in Table 4.2, it was observed that the pseudo-second-order 

model gave a considerably better fitting comparison with the two other models at 

all temperatures. Moreover, experimental and calculated qe values were found to 

be in good agreement. Similar kinetics have also been reported for the adsorption 

of IOP onto AC in the previous study [204]. Moreover, the pseudo-second-order 

rate constants k2 increased with increases in temperature from 25°C to 55°C (Fig. 

4.2b and Table 4.2). It proposes that the adsorption of IOP onto CPAC follows a 

physisorption mechanism [219]. 

4.3.1.2 Adsorption equilibrium 

When optimizing the design of an adsorption system, it is important to 

establish the most appropriate correlations for the equilibrium curves [220]. The 

adsorption isotherm experimental data collected at different IOP concentrations 

and various temperatures were fitted with Langmuir, Freundlich, Temkin, and 

Elovich models. These equations are listed as follows: 

Langmuir isotherm: 
LKq

C
qq

C

m

e

me

e 11
      (10) 

Freundlich isotherm: FKCq lnln
n

1
ln ee     (11) 

Temkin isotherm: qe = BTlnKT + BTlnCe      (12) 

Elovich isotherm: 
m

e
m

e

e
-ln

ln

q

q
qK

C

q
E     (13) 

where qm (mg g-1) is the maximum amount of IOP per unit weight onto CPAC to 

form a complete monolayer on the surface, and KL (L mg-1) is Langmuir constant 

related to the affinity of the binding sites; KF (mg g -1 (L mg-1)1/n) is Freundlich 

constant related to sorption capacity and n is sorption intensity of the adsorbent; 

BT (J mol-1) is the Temkin constant related to heat of sorption and KT (L g-1) is the 

equilibrium binding constant corresponding to the maximum binding energy. KE (L 

g-1) is the Elovich equilibrium constant. 
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The equilibrium adsorption isotherms and the fitted Langmuir adsorption 

isotherm for IOP onto CPAC at various temperatures are separately depicted in 

Figs. 4.3a and 4.3b. 
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Fig. 4.3 (a) Equilibrium adsorption isotherms fitting to Langmuir curves; (b) Langmuir 

isotherm plots for IOP adsorption onto CPAC 

(Adsorption conditions: 40 mg of CPAC in 10 mL of 1-10 mM IOP solutions shaken with 450 

rpm at 25°C, 40°C and 55°C for 10 min) 

 

As shown in Fig. 4.3a, qe exhibits a steep increase with increasing initial 

concentration of IOP in the range of low concentrations, and then increases 

slightly, showing the almost horizontal plateaus in the high IOP concentration 

range. The L-type curves belong to the type I of adsorption isotherm (Fig. 1.3), 

suggesting that the adsorption of IOP onto CPAC is monolayer [9, 213], as 

(a) 

(b) 
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mentioned in Section 1.1.2. Moreover, the slight decrease of qe with increasing 

temperature suggests an exothermic process. 

All the correlation coefficient (R2 values) and the constants obtained for the 

isotherms models are summarized in Table 4.3. The highest values of R2 > 0.99 

was found when fitting the Langmuir model (Table 4.3 and Fig. 4.3b). The 

monolayer qe of CPAC toward IOP, as calculated from the Langmuir isotherms, 

were 813.0, 806.5 and 783.7 mg g-1 at 25°C, 40°C and 55°C, respectively. As seen 

from Table 4.3 and Fig. 4.3a, the qe values predicted from the Langmuir model 

agreed well with the experimental values. It demonstrates that Langmuir model is 

the most suitable for a description of the sorption equilibrium of IOP onto CPAC. 

Table 4.3 Isotherm model parameters for the adsorption of IOP onto CPAC 

Model Parameters 
Temperature 

25°C 40°C 55°C 

Langmuir 

isotherm 

qm (mg g-1) 813.0 806.5 783.7 

KL(L mg-1) 0.0065 0.0057 0.0052 

RL 0.01941-0.1656 0.02207-0.1842 0.02354-0.1942 

R2 0.9984 0.9976 0.9972 

Freundlich 

isotherm 

KF (mg g -1 (L mg-1)1/n) 111.2 106.5 105.2 

n 4.011 4.023 4.045 

R2 0.9549 0.9624 0.9644 

Temkin 

isotherm 

BT (J mol-1) 111.16 109.44 106.14 

KT (L g-1) 0.3473 0.3283 0.3207 

R2 0.9957 0.9968 0.9916 

Elovich 

isotherm 

qm (mg g-1) 149.3 147.1 142.9 

KE (L g-1) 0.3288 0.3157 0.2950 

R2 0.9868 0.9922 0.9863 

 

The Langmuir constant KL represents the interaction extent between IOP and 

the CPAC surface. The lower KL values, 0.0052-0.0065 L mg-1 in Table 4.3, indicate 

that the interaction between IOP and CPAC surface is very weak. 
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The separation factor (RL) indicates the affinity between adsorbate and 

adsorbent. The calculated RL value describes the isotherm type: unfavorable 

(RL>1), linear (RL=1), favorable (0<RL<1), or irreversible (RL= 0). As shown in Table 

4.3, the calculated RL values are between 0 and 1 for the various initial 

concentrations, which demonstrates that the adsorption of IOP onto CPAC is 

favored. However, the RL values decreased as the initial concentration increased 

from 1.0 to 10.0 mM, as seen in Fig. 4.4, indicating that the adsorption was more 

favorable at higher concentrations. 

 
Fig. 4.4 Effect of IOP initial concentration on separation factor RL 

(Experimental conditions: 1-10 mM, corresponding 777-7771 mg L-1) 

 

4.3.1.3 Adsorption thermodynamics 

According to the laws of thermodynamics, entropy change is the driving force 

in an isolated system in which energy cannot be gained or lost [221]. The 

following parameters characterize the adsorption thermodynamics: ΔH0, ΔS0, ΔG0, 

and Ea [216, 221-223], by the following equations (14)-(17): 

RT

H

R

S
Kc
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                   (14) 

ΔG0 = −RT lnKc                      (15) 
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RT

E
Ak

a

2 lnln                    (16) 

in which Kc is the thermodynamic equilibrium constant without units, T is the 

absolute temperature in kelvins, and R is the gas constant with a value of 8.314 

J·mol-1 K-1; k2 is the rate constant of the pseudo second-order model (g mg-1 min-1), 

A is the Arrhenius factor. 

The calculated parameters for the adsorption of IOP onto CPAC are listed in 

Table 4.4. 

Table 4.4 Thermodynamics parameters for IOP adsorption onto CPAC 

T (°C) 
ΔG0 ΔH0 ΔS0 Ea 

(kJ mol-1) (kJ mol-1) (J mol-1·K-1) (kJ mol-1) 

25 -2.18 

-5.37 -10.7 9.63 40 -1.99 

55 -1.86 

Adsorption Conditions: 20 mg CPAC in 5 mM, 10 mL IOP volume shaken with 450 rpm at 

25°C, 40°C, and 55°C for 10 min. 

The negative ΔG0 values at temperatures of 25 °C-55 °C indicate that the 

process is feasible, that adsorption occurs spontaneously and that IOP has a high 

preference for CPAC (Table 4.4). Meanwhile, ΔG0 values were found to decrease 

with increasing temperature. The negative ΔH0 suggests that adsorption is 

exothermic. This is also supported by the fact that IOP adsorption onto CPAC 

decreased with increasing temperature (Fig. 4.2a and Fig. 4.3a). Moreover, herein 

ΔH0 value is less than 40 kJ mol-1, implying that IOP adsorption is mainly a 

physisorption process [224]. The adsorption type (physical or chemical) can also 

be demonstrated by the magnitude of Ea [24]. In this study, the low value of Ea 

(9.63 kJ mol-1) indicates that IOP adsorption onto CPAC is a rapid and reversible 

physical process. 

4.3.2 Comparison with various activated carbons 

Different types of ACs, such as CPAC, WPAC, PPAC, and PGAC, were used to 

probe their adsorption performance toward IOP solutions. The adsorption 
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capacity (qt) and AE values of CPAC, WPAC, PPAC and PGAC from 1 to 1440 min 

are shown in Fig. 4.5. 
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Fig. 4.5 AE and qt obtained using different ACs for IOP adsorption 

(Adsorption conditions: 1.5 g of ACs in 100 mL of 10 mM IOP solutions stirred with 

450 rpm at 25°C for 0-1440 min) 

 

As shown in Fig. 4.5, CPAC showed the best adsorption performance under 

the same experimental conditions. The superior adsorption performance of CPAC 

is related to the textural properties (Table 3.5). The linear correlations between qe 

and SBET, Vmicro, Vmeso were analysed in Section S.4.1, respectively. As seen in Fig. 

S4.1, qe values of IOP onto CPAC, WPAC, PPAC, and PGAC show a certain 

correlation with SBET (R2=0.9253), and qe value increases as the increasing SBET, 

Vmicro, Vmeso. Moreover, the AE increased rapidly with the first minutes of the 

adsorption process for all AC materials, and the equilibrium was achieved in 10 

min for all PACs (CPAC, WPAC and PPAC), whereas 8 h was required to reach the 

equilibrium for PGAC. This clearly demonstrates that diffusion into powder 

particles is much faster than in granules [225]. 

So far, only few studies about the removal of IOP by ACs were reported [204, 

210, 211, 226, 227]. In Table 4.5, commercial and preparation of ACs for IOP 

removal were compared. It can be seen that CPAC demonstrates a larger 

monolayer adsorption capacity of 813.0 mg g-1 (Table 4.3). 
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Table 4.5 Comparison of adsorption capacities among various ACs for IOP 

Adsorbent Adsorption condition 

Monolayer 

adsorption 

capacity  

(mg g-1) 

commercial material CP supplied by Quimitejo, 

Portugal 
6 mg CP, VP, S2 or S3 

in 9 and 30 mL 20-150 

mg L-1 IOP solutions 

stirred with 700 rpm 

for 24 h at 30°C 

135.5 [204] 

commercial material VP supplied by Quimitejo, 

Portugal 
147.0 [204] 

sisal-derived activated carbon by KOH activation 

(sisal : KOH of 1:1, S2 and 1 : 0.5, S3) 

105.3 and 

112.4 [204] 

industrial pretreated cork activated carbon by 

steam (S) and KOH (H) activation at 800°C (S800 

and H800) 

6 mg S800 or H800 in 

9 mL, 12 mg L-1 IOP 

solution stirred with 

700 rpm for 24 h at 

30°C 

136.9 and 

174.4 [210] 

commercial material NS supplied by Norit, 

Salmon & Cia, Portugal 

6 mg NS, SC800 or 

SH800 in 9 mL, 80 mg 

L-1 IOP solution stirred 

with 700 rpm for 24 h 

at 30°C 

472 [211] 

sucrose-derived (S) activated carbon by K2CO3 (C) 

and KOH (H) activation of hydrochar at 800°C 

(SC800 and SH800) 

150.9 and 

1049.6 [211] 

commercial material CPAC supplied ACEF S.P.A., 

Italy 

40 mg of CPAC in 10 

mL of 1-10 mM IOP 

solutions shaken with 

450 rpm at 25°C, 40°C 

for 10 min 

813.0 in this study 

 

4.3.3 Desorption of Iopamidol in batch mode 

The huge amount of spent ACs obtained after adsorption could cause 

secondary pollution without its regeneration. Due to high hydrophilicity of IOP, 

alcohol was selected to be eluent. As with EtOH, MeOH is relatively easier to be 

recycled with considerable less energy. In order to optimize the DE, the effect of 

the ratio of the mass of IOP-loaded CPAC and MeOH volume (RMV) was 

investigated in batch mode, and the results are shown in Fig. 4.6. 
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Fig. 4.6. DE values of IOP in MeOH as a function of RMV 

(Desorption conditions: 2.5-80 mg of IOP-loaded CPAC (496.1 mg IOP/g CPAC) in 2 mL 

MeOH shaken with 450 rpm at 25°C for 10 min) 

 

As shown in Fig. 4.6, the DE values of IOP in MeOH progressively decreased 

with increasing RMV. While RMV is 1.25, the highest DE value of IOP can reach 

88.3%. It indicates that MeOH is good eluent for IOP desorption and higher 

amounts of MeOH lead to higher IOP desorption. Besides, the effect of IOP 

content on CPAC (qIOP-loaded) significantly on DE values was shown in Fig. 4.7. All 

other things being equal, DE decreases with increasing IOP content on CPAC, as 

shown in Fig. 4.7. An acceptable correlation coefficient is obtained (R2= 0.9497) 

when qIOP-loaded is plotted vs. DE. Therefore, the amount of solvent and IOP content 

on carbon are both important for desorption. 

For economic and environmental, higher amounts of solvent used for 

desorption is not beneficial. In order to enhance the DE value, the multistep 

desorption was performed at an RMV of 5.0. As a result, the second step 

enhanced DE by about 20%. The results also are the basis of the desorption in the 

flow mode. It would be confirmed by the complete desorption with fewer amount 

solvents in a flow system. 
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Fig. 4.7. Correlation plot of qIOP-loaded and DE values 

(Adsorption conditions: 40 mg of CPAC in 10 mL of 1-10 mM IOP solutions shaken with 450 

rpm at 25°C for 10 min; Desorption conditions: 40 mg of IOP-loaded CPAC (18.9-781.4 mg 

IOP/g CPAC) in 8 mL MeOH shaken with 450 rpm at 25°C for 10 min) 

4.3.4 Adsorption/desorption of Iopamidol in semi-continuous flow mode 

Fig. 4.8 shows the breakthrough curves of five consecutive cycles of IOP 

adsorption/desorption process onto CPAC. 

 
Fig. 4.8. The breakthrough curves of adsorption/desorption process of IOP on CPAC for 

five cycles (Adsorption conditions: 5×100 mL of 10 mM IOP solution passed through the 

column at 0.75 mL min-1 flow rate (Periodical sampling: 10 mL aliquots); Desorption 

conditions: 40 mL MeOH eluted the column at 1 mL min-1 of flow rate (Periodical sampling: 

5 or 10 mL aliquots) 
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The amount of IOP absorbed was approximately 776.9 mg g-1 in each cycle 

and the total RE reached 100% as 75.0 mL of IOP solution passed through the 

CPAC column. It is in coincidence with the breakthrough point at Ct/C0= 0.05 [216]. 

When 100.0 mL of IOP solution was passed through the column, CPAC was able to 

retain a maximum adsorption capacity of 864.7 mg g-1, while Ct/C0 reached 

0.93-0.99 in five cycles. The elution of 100 mL of 10.0 mM IOP solution in 0.75 g of 

CPAC in the column indicated that the adsorption reaches a saturation state. In 

addition, the whole adsorption/desorption process can be repeated for five cycles. 

qe is higher in flow mode than that (496.1 mg g-1) in batch mode (as shown in Fig. 

4.5) and the previous studies (Table 4.5). In the case of desorption with MeOH, 

the DE in flow mode is superior compared to batch treatments. In each cycle, the 

desorption amount of IOP was close to CPAC-loaded IOP. It further demonstrates 

that IOP loaded by the monolayer adsorption can be easily eluted with MeOH to 

attain simultaneous regeneration of CPAC and recovery of IOP. Furthermore, the 

NMR and DRIFT spectroscopy for recovered IOP and pristine IOP are identical, 

which indicates that the compound is not modified during the 

adsorption/desorption processes (see Fig. S4.2 and Fig. S4.3). 

4.3.5 Comparison of characterization among pristine, spent and regenerated 

activated carbons 

4.3.5.1 Morphology and textural properties 

FESEM images clearly show the morphologic changes occurred at the surface 

of the adsorbent before and after adsorption [188, 228], as well as before and 

after desorption. The FESEM images of pristine, IOP-loaded and regenerated 

CPACs with MeOH elution in batch and flow modes are given in Fig. 4.9. 
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(a) (b)

(c) (d)

 

Fig. 4.9 FESEM images of pristine CPAC (a); IOP-loaded CAPC (b); CPAC after desorption 

in batch (c) and flow mode (d) (Instrumental magnification 80000×) 

 

As shown in Fig. 4.9a, the surface morphology of pristine CPAC appears to be 

rough and quite uniformly grainy, with a wider distribution of pores. After 

adsorption, the CPAC surface became smooth, the grains appeared to be poorly 

defined and intra-particle porosity was significantly lower (Fig. 4.9b). Upon 

desorption in batch mode, the CPAC surface seems to be relatively bumpy and 

grains partially reappeared (Fig. 4.9c). These features indicate that IOP was not 

completely recovered, and that a fraction of the loaded molecules remained 

adsorbed on the CPAC surface. A comparison with Fig. 4.9a shows that, after 

desorption in the flow mode, the surface of the regenerated CPAC became similar 

to that of the pristine sample, as numerous grains and intra-particle porosity were 

restored, as shown in Fig. 4.9d. 

The textural properties of AC determine their performance in removing 

organic compounds from the liquid phase [204]. The larger micropores and 

mesopores volume of ACs causes the high AE of IOP [213]. BET surface areas and 
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the porosity of the IOP-loaded CPAC and CPAC samples after desorption in batch 

and flow modes, are compared in Table 4.6. Data for the pristine CPAC sample are 

also reported for the sake of comparison. 

Table 4.6 Textural properties of CPAC samples 

*“in-flow” CPAC samples were collected after five cycles of adsorption/desorption. 

 

The data in Table 4.6 indicates that the BET surface area and pore volume for 

IOP-loaded CPAC samples significantly decreased, compared to pristine CPAC 

material [167]. Furthermore, the mesoporous diameter of IOP-loaded samples is 

shifted toward larger pores because micropores are more easily occupied by IOP. 

IOP is a voluminous molecule (Table 4.1), and its dimensions mainly allow it to 

access CPAC pores with an average diameter of at least 3.95 nm [167]. 

Importantly, the textural properties of CPAC were almost recovered by desorption 

in flow mode, compared to the pristine CPAC. 

4.3.5.2 Nature of surface functional groups 

Oxygen-containing functional groups, including hydroxyl, carboxyl, carbonyl 

and lactone groups usually exist on the surface of ACs [136, 230]. These groups 

can be identified by the DRIFTS. The DRIFT spectra of pristine, IOP-loaded and 

regenerated CPAC in batch and flow mode are compared in Fig. S4.4. For the sake 

of clarity, the absorption bands of surface functional groups assigned in the DRIFT 

spectra are listed in Table 4.7. Additionally, the nature of these functional groups 

of pristine CPAC was further confirmed by high-resolution XPS spectra, as shown 

in Fig. S4.5. 

 

 

Samples 
SBET  

(m2 g-1) 

Vmicro  

(cm3 g-1) 

Vmeso  

(cm3 g-1) 

DP  

(nm) 

Pristine CPAC 1952 1.76 1.57 3.95 

IOP-loaded CAPC in batch 313 0.41 0.45 5.89 

CPAC after desorption in batch 1392 1.20 0.97 3.63 

IOP-loaded CPAC in flow* 211 0.20 0.20 5.23 

CPAC after desorption in flow* 1659 1.50 1.30 3.90 
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Table 4.7 Functional groups on CPAC samples, according to DRIFT spectra 

Wavenumber 

(cm-1) 

Functional 

groups 

CPAC IOP-loaded 

CPAC 

CPAC eluted 

in batch 

CPAC 

eluted in 

flow 

3565 ν(O-H) √ - √ √ 

3300 ν(O-H)/ν(N-H) - √ - - 

3060/2940/2870 ν(C-H) √ √ √ √ 

2369/2317 ν(C-N)  √ - - 

1700 -COOH/-COOR, 

ν(C=O) 

√ - √ √ 

1600 -COOR, ν(C-O), 

ν(C=C) 

√ - √ √ 

1050 ν(C-O) - √ - - 

880/817/760 out-of-plane 

bending ν(C-H) 

√ √ √ √ 

Note: √ (present); - (not present). 
 

 

As seen in Fig. S4.4 and Table 4.7, both the intensity and shape of absorption 

at 1600, 1700 cm-1 of the stretching of C=O belonging to different functional 

groups change upon IOP adsorption, which indicates that these groups are 

strongly perturbed by IOP interaction. At the same time, new bands were 

detected in IOP-loaded CPAC, at 1050, 2317, 2369, 3300 cm-1, and these were 

assigned to the C-O, C-N and O-H/N-H stretching modes of the IOP molecule, 

respectively. The observation is consistent of the study by Bellich et al, confirming 

that IOP was effectively adsorbed onto CPAC [231]. On the basis of this study, we 

can propose that the C=O of different functional groups on the CPAC surface are 

the sites that interact with the IOP molecule. The spectra of CPAC samples after 

desorption in both batch and flow modes have similar overall profiles to those of 

pristine CPAC, while the three CPAC forms bear identical functional groups. 

Moreover, TGA measurements of pristine, IOP-loaded and regenerated 

CPACs were carried out, as shown in Fig. S4.6. 42.2% of weight loss of IOP-loaded 

CPAC indicates that IOP was efficiently adsorbed onto CPAC. In contrast, 25.2 % 

and 20.6 % of weight losses of CPAC samples after desorption in batch and flow 

mode were observed, respectively. Such weight losses are comparable to that of 
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pristine CPAC. It indicates that IOP loaded onto CPAC was eluted with MeOH in 

batch and flow modes. 

4.3.6 Adsorption and desorption mechanisms of Iopamidol 

4.3.6.1 Adsorption mechanism 

As the above kinetic models were not able to identify the diffusion 

mechanism, intra-particle diffusion model is based on the theory proposed by 

Weber and Morris [229], which was applied using equation (17): 

qt = Kidt1/2 + Ci                       (17) 

where Kid (mg g-1 min-1/2) is the intra-particle diffusion rate constant, and the value 

of the intercept Ci gives an indication of the boundary layer thickness. 

The curve-fitting plots obtained for the intra-particle diffusion model are 

reported in Fig. 4.10. 

 
Fig. 4.10 Intra-particle diffusion equation fit of the adsorption kinetics 

 

As shown in Fig. 4.10, the curves were not linear over the whole time range 

at 25°C, 40°C and 55°C and the plots did not pass through the origin, suggesting 

that some other mechanisms along with intra-particle diffusion are also involved. 

The first stage is the fastest, which describes IOP diffusion in the solution to the 

external CPAC surface [232]. The second region corresponds to a gradual 

adsorption stage that is governed by the intra-particle diffusion of IOP molecules 



Chapter 4 Adsorptive Recovery of Iopamidol and Reuse of Activated Carbon 

85 
 

into the larger micropores and mesopores [233, 234]. The third region represents 

the final equilibrium at which intra-particle diffusion starts to slow down [216]. 

The curve trend may therefore be explained by external/film diffusion, which 

gives rise to the first portion, and by internal/intra-particle diffusion, which is 

responsible for the two further linear portion [233, 235]. 

The Boyd model was used to further examine whether IOP adsorption onto 

CPAC is controlled by external diffusion or internal diffusion. The Boyd model 

follows equation (18):  

Bt = -0.4977–ln (1-F)= -0.4977–ln (1-qt/q0)   (18) 

where Bt is a mathematical function of F, and F represents the fraction of solute 

adsorbed at any time (t). 

Boyd plots for adsorption of IOP onto CPAC at 25°C, 40°C, and 55°C are 

shown in Fig. 4.11. 

 
Fig. 4.11 Boyd plots for adsorption of IOP onto CPAC at 25°C, 40°C and 55°C 

 

Particle diffusion determines the adsorption rate when the role of external 

transport is more important than that of internal transport [236]. It was observed 

that the linear lines do not pass through the origin and that the points were a little 

scattered (Fig. 4.11), which demonstrates that IOP adsorption onto CPAC was 

mainly governed by external mass transport where particle diffusion was the rate 

limiting step [237]. 
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Adsorption kinetics studies confirm that the faster initial adsorption rate is 

due to the CPAC mesoporous network, which favors the diffusion of the molecule 

toward defined adsorption sites. Moreover, the Langmuir model suggests that 

monolayer adsorption was formed at the external surface of the AC material. The 

IOP molecule was mainly absorbed onto the exterior surface and into the large 

micropores and mesopores of CPAC. The Boyd model confirmed that IOP 

adsorption onto CPAC was mainly governed by external mass transport, for which 

particle diffusion was the rate-limiting step. Considering IOP structure, the 

graphene-like structures and other functional groups on CPAC surface, the 

different following interactions have been proposed: (1) dispersive interactions 

between π electrons of the aromatic ring and π electrons of the graphene planes 

of the carbon surface; (2) donor-acceptor complex involving the IOP molecule and 

carbon surface functional groups; (3) Van der Waals forces that occur between 

polar groups on IOP and polar surfaces of CPAC; (4) hydrogen bonding interactions 

between the IOP molecule and carbon surface functional groups. Therefore, IOP 

adsorption is governed by non-electrostatic interactions, such as donor-acceptor 

interactions between the surface carbonyl groups (electron donors) and the 

aromatic rings of IOP (electron acceptor) and hydrogen bonds interactions 

between the O-H, N-H of IOP molecule and the C=O on the carbon surface. 

4.3.6.2 Desorption mechanism 

The solubility of the compounds in the solvent and their affinity to AC 

surfaces are important factors in determining the DE values [238]. Owing to the 

high polarity and hydrophilicity, thus the polar solvents were chosen to elute IOP 

from CPAC. DE values of IOP that were obtained using MeOH, EtOH, and ACN in 

batch modes are presented in Fig. 4.12. 

As shown in Fig. 4.12, DE values obtained with MeOH and EtOH were higher 

than that with ACN. The dielectric constant indicates polarity of solvents. The 

dielectric constant values of EtOH, MeOH, and ACN are 24.6, 32.7, 37.5 at 20°C 

[239], respectively, it is fact that ACN has higher polarity. Obviously, lower polarity 

among polar solvents is favorable for eluting IOP. In addition, other interactions, 

such as hydrogen bonds, also influence the DE except for the polarity. Solubility of 

solvents in various solvents was studied in terms of Hansen solubility parameters 

[239, 240], which are defined as: 
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δt = δd + δp + δh………………………………..(19) 

Where δt is the total solubility parameter (unit MPa0.5), and the subscripts d, p, h 

refer to the dispersive, polar contributions and the contribution arising from 

hydrogen-bond interactions between adsorbents and solvents, respectively. 
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Fig.4. 12 Desorption of IOP with MeOH, EtOH, and ACN in batch modes 

(Desorption conditions: 10 mg of IOP-loaded CPAC (496.1 mg IOP/g CPAC) in 4 mL MeOH, 

EtOH, and ACN; the mixture was shaken for 10 min at 450 rpm at 25°C) 

 

The hydrogen bonding solubility parameters (δh, unit MPa0.5) of MeOH, EtOH, 

and ACN in sequences are 22.3, 19.4, 6.1 [239, 240]. Thus MeOH and EtOH can 

form stronger hydrogen bonds with IOP, thus enhancing the DE values. Therefore, 

MeOH and EtOH are both suitable solvents for eluting IOP from CPAC. Therefore, 

it is concluded that the polarity of solvents and hydrogen bonding interactions 

between IOP and alcohols influence the desorption process. 
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Supplementary Data 

S.4.1 The linear correlations between adsorption capacity and 

specific surface area, micropore and mesopore volumes 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. S4.1 The linear correlations between (a) SBET and qe of IOP adsorbed on ACs; (b) 

Vmicro and qe of IOP adsorbed on ACs; (c) vmeso and qe of IOP adsorbed on ACs 

 

 

 

 

(a) (b) 

(c) 
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S.4.2 Comparison of the NMR and DRIFT spectroscopy of the pristine 

Iopamidol (IOP) and the recovered IOP 

 

 

Fig. S4.2 NMR for the pristine IOP (a) and recovered IOP (b) 

(a) 

(b) 
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Fig. S4.3 DRIFT spectra of the pristine IOP and the recovered IOP 

S.4.3 DIRFT spectra of pristine, spent and regenerated activated 

carbons 

 
Fig. S4.4 DRIFT spectra (a) Pristine CPAC; (b) IOP-loaded CPAC; (c) CPAC after desorption 

in batch mode; (d) CPAC after desorption in flow mode 
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S.4.4 XPS spectra of coconut powder activated carbon 

 

 

 

 

 

 

 

   

 
 
 

Fig. S4.5 High-resolution XPS spectra of C1s (a); O1s (b) 

S.4.5TGA analysis of pristine, spent and regenerated activated 

carbons 

In general, the pyrolysis products of IOP under 50°C to 800°C include carbon 

monoxide (CO), carbon dioxide (CO2), hydrogen iodide (HX), nitrogen oxides (NOx), 

other pyrolysis products typical of burning organic material. 
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Fig. S4.6 TGA curves of pristine, spent and regenerated activated carbons 
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Abstract 

The desorption efficiency (DE) of phenols, including p-nitrophenol, 

p-chlorophenol, p-hydroxybenzoic acid, phenol and hydroquinone, from various 

ACs has been investigated with a variety of solvents to gain insight into the 

feasibility and mechanism of phenols desorption. US, MW and flow mode have 

been used to facilitate phenols desorption. Typically, 100 mg phenols-loaded ACs 

in 10 mL solvent was shaken with 450 rpm at 25°C for 60 min and then the 

phenols concentration in the filtrates was analyzed by UV/Vis spectrophotometer. 

It was found that basicity, polarity and hydrogen bonding of solvents synergistically 

affected phenols desorption. The preferred solvents (Lewis basic solvents, acetic 

acid and alcohols) gave highly efficient elution. Increasing the alkaline or/and 

hydrogen bonding interactions, by adding ammonia or urea, enhanced the 

desorption in most solvents. Moreover, although US and MW heating slightly 

improved desorption, complete desorption was easily achieved in flow mode. It is 

demonstrated herein that phenols adsorption on the ACs is a reversible physical 

process, therefore, proving the feasibility of phenols desorption with proper 

solvents. Comparisons of DRIFT spectra and the porosity properties of pristine, 

loaded and eluted ACs were also performed to verify the results. It can therefore 

be stated that our procedure can be used to dispose of secondary pollution while 

cutting post-treatment costs thanks to the recovery of valuable compounds and 

ACs recycling. 

5.1 Introduction 

Phenolic compounds have been extensively produced and used the world 

over, resulting in a large amount of phenolic discharge and their widespread 

occurrence in the environment. While they are typical organic pollutants, phenols 

have also attracted specific attention due to their high hydrophilicity, toxicity and 

persistence [184, 241-243]. Moreover, phenols have been frequently used as 

model compounds for the development of wastewater-treatment technology. A 

wide variety of technologies, such as membrane separation [244], solvent 

extraction [245], adsorption [108, 152, 246-248], biodegradation [249], AOPs [152, 

250, 251] have been applied to remove phenols from wastewaters. Of all the 
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methods, adsorption appears to be the most suitable process as it can provide 

high removal efficiency, furnishes no harmful by-products, can potentially reuse 

adsorbents, and is an easy-to-operate and scalable process. Activated carbons (ACs) 

have been commonly used as adsorbents for the removal of organic pollutants 

(phenols, aromatics, pharmaceuticals and pesticides, etc.) from highly polluted 

wastewaters [136, 191, 252], because of their well-developed porous structure, 

which is made up of hydrophobic graphene layers and hydrophilic surface 

functional groups [253]. A variety of ACs that are derived from renewable biomass, 

such as coconut shells, wood sawdust and peat, have increasingly attracted 

interest from the wastewater-treatment field in recent decades [48-50, 184]. 

In general, classical adsorption processes are only focused on moving 

pollutants from the wastewater onto the adsorbents, meaning that the 

post-treatment of pollutant-loaded adsorbents must be considered and performed 

[248, 254]. Otherwise, secondary pollution becomes extremely problematic. The 

feasibility of adsorption processes, overall, depends on treatment efficiency and 

costs, in fact, both adsorbent regeneration and adsorbate recovery are critical to 

success [255]. Although the adsorptive removal of phenols onto ACs is easily 

achieved [108, 152, 246-248], the desorption of phenols is still an attractive 

challenge. As already mentioned in Section 1.1.2 and Section 1.4, physical 

adsorption, involving Van der Waals forces and/or weak charge-transfer complexes 

in adsorption sites, is reversible [243]. Irreversible adsorption can be caused by: (1) 

chemisorption, i.e., the bonding of an adsorbate with specific functional groups 

onto the active sites of ACs; (2) the oxidative polymerization of phenols onto the 

carbon surface via oxidative coupling reactions [243, 256]. As mentioned in 

Section 1.4, various desorption techniques including solvent elution, related 

aqueous thermal, MW-assisted and US desorption [118-125] have been applied for 

the regeneration of spent carbons. Compared to the pyrolytic method, solvent 

elution requires relatively lower energy consumption and avoids the loss of 

carbons, while enabling adsorbate recovery [118, 129, 126]. In theory, the 

desorption of adsorbates depends on the accessibility of the solvent to the 

micropores, solubility and adsorbate-carbon surface interactions [243]. 

This study aims to achieve high DE and gain a better understanding of the 

desorption mechanism involved. Phenols were eluted from ACs with various 

solvents under SK, US and MW. Moreover, the effects of different ACs, AC mass 
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and a variety of phenols have been investigated. A comparative analysis of the 

relationship between the adsorption and desorption efficiencies of p-nitrophenol 

(PNP), p-chlorophenol (PCP), p-hydroxybenzoic acid (PHBA), phenol (PH) and 

hydroquinone (HQ) has been performed. The adsorption/desorption process of 

PNP in semi-continuous flow has also been studied to demonstrate the feasibility 

of the desorption, which was also verified by a comparison of DRIFT spectroscopy 

and porosity properties in the pristine, loaded and eluted ACs. 

5.2 Experiment section 

5.2.1 Chemicals 

In this study, the physicochemical properties of phenols, PNP (99%, Alfa 

Aesar), PCP (98%, Merck), PHBA (98%, Merck), PH (99%, Sigma Aldrich) and HQ 

(99%, Sigma Aldrich), are listed in Table 5.1. 

Table 5.1 Physicochemical properties of phenols 

Note: Data referred from Pubchem (https://pubchem.ncbi.nlm.nih.gov/). 

Parameters PNP PCP PHBA PH HQ 

Chemical structure OH

N
+

O
–

O  

OH

Cl  

OH

OOH  

OH

 

OH

OH  

Formula weight (FW, g mol-1) 139.1 128.6 138.1 94.11 110.1 

Density (ρ, g cm-3) 1.490 1.224 1.460 1.071 1.330 

Melting point (°C) 113.8 42.7 214.5 40.9 172.3 

Boiling point (°C) 279 220 nd 181.8 287 

UV, λmax (nm) 400 280 246.7 270 288.5 

Octanol/water partition coefficient 

(log KOW) 

1.91 2.39 1.58 1.46 0.59 

Water solubility at 25°C (WS, g L-1) 15.6 24.0 5.0 83.0 72.0 

Dissociation constants (pKa) 7.15 9.41 4.54 9.99 10.85 

Dipole moment (μ, D) 5.05 2.15 2.73 1.61 1.40 

Polarity/polarizability (α, Å³) 13.74 13.09 15.81 11.15 10.75 

https://pubchem.ncbi.nlm.nih.gov/


Chapter 5 Feasibility and Mechanism of Desorption of Phenols from Activated Carbons 

100 
 

Sodium hydroxide (NaOH, 98.0%) and urea (99.5%) were obtained from Alfa 

Aesar, and ammonia solution (NH3 (aq), 30.0%) was provided by Carlo Erba. Other 

organic solvents, ethylene glycol (EG, 98.0%), ethanol (EtOH, 96.0-97.2%), 

methanol (MeOH, 99.9%), n-butanol (n-BuOH, 99.5%), n-propanol (n-PrOH, 99.0%), 

acetic acid (HOAc, 99.0%), methyl ethyl ketone (MEK, 99.0%), dimethyl ketone 

(DMK, 99.0%), acetonitrile (ACN, 99.9%), gamma-valerolactone (GVL, 98.0%), 

N,N-dimethylformamide (DMF, 99.8%), tetrahydrofuran (THF, 99.9%), 

dimethylsulfoxide (DMSO, 99.9%) and diethyl ether (Et2O, 99.0%), were purchased 

from Sigma Aldrich. All chemicals were used as received. 

5.2.2 Set up 

The information of experimental setups (Heating magnetic stirrer for stirring 

desorption; Liquid phase parallel synthesizer for shaking adsorption and 

desorption) used in this part referred to Table 3.1 and Fig. 3.1. In particular, Single 

reaction chamber microwave synthesis system (SynthWave, Milestone Srl, Italy) 

and Ultrasonic bath (Sonic digital MG BASIC, Weber Ultrasonics AG, Germany) 

were used for desorption process and the setup images are attached in Fig. 5.1. 

 

 

Fig. 5.1 Setups images: Single reaction chamber microwave synthesis system (left, 2.45 

GHz, 1500 W); Ultrasonic bath (right, 40-120 kHz, 200 W) 

 

5.2.3 Adsorption of phenols in batch mode 

To prepare sufficiently phenol-loaded ACs for desorption studies, 3.5 g of the 

dried ACs was added to 500 mL of aqueous solutions containing 1 g L-1 selected 

phenolic compound, and then the mixture was stirred at 450 rpm, using a 

magnetic stirrer (AREX VELP Scientifica, Italy), at 25°C for 60 min. Subsequently, 

the loaded ACs were filtered and oven-dried at 103°C for 24 h. The phenol 

concentration in the aqueous solutions was analysed using a UV-Vis 
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spectrophotometer. The amount of phenols loaded qe (mg g-1) and AE (%) are 

calculated as equations (3) and (4). 

5.2.4 Desorption of phenols in batch mode 

To understand the influence of the critical factors on the desorption of 

phenols, typical runs were performed. 100 mg ACs loaded with a phenolic 

compound were immersed in 10 mL of various solvents and then shaken in a 

Liquid Phase Parallel Synthesizer (Heidolph Synthesis 1, Italy) at 450 rpm and 25°C 

for 60 min. In this study, the effect of numerous solvents, ACs and phenolic 

compounds on DE was investigated. Moreover, the effects of the 

AC-mass-to-EtOH-volume ratio (RMV, 25-500 mg 10 mL-1), US and MW heating 

were also investigated. US was performed under the following conditions: 

frequency, 40-120 kHz; power, 100-180 W; sonication time, 1-60 min in an 

ultrasonic bath (Sonic digital MG BASIC, Weber Ultrasonics AG, Germany). MW 

heating was conducted at 25°C-55°C in a single reaction chamber microwave 

synthesis system (SynthWave, Milestone Srl, Italy). DE values of phenols are 

calculated as equation (20): 

%100(%) 





ea

dd

qM

VC
DE                (20) 

where Cd is the phenols concentration after desorption (mg L-1), Vd is the volume 

of solvent (mL), Ma is the mass of phenols-loaded ACs (mg), qe is the amount of 

phenols loaded on ACs (mg phenols/g ACs). 

5.2.5 Adsorption/desorption of p-nitrophenol in flow mode 

0.35 g CPAC was packed into a glass column (15 × 0.62 cm I.D.), corresponding 

to a 2 cm bed height and a 0.7 cm3 volume. A scheme of the flow device for the 

adsorption/desorption processes has been depicted in Fig. 4.1. A 1 g L-1 PNP 

solution passed through the CPAC-column at a flowrate of 0.75 mL min-1 with a 

vacuum pump. The PNP solution from the outlet was periodically collected in 

either 5 or 10 mL aliquots. After adsorption, the loaded CPAC-column was eluted 

with EtOH at a flowrate of 1 mL min-1 and the eluents were periodically collected 

in either 2.5 or 5 mL aliquots. The PNP concentration in the aqueous solutions was 

analysed using a UV-Vis spectrometer. All experiments are duplicated and errors 
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were shown by the difference between the higher measured value and the 

average value. If the errors are not visible in Figures, they are smaller than the 

symbols representing the average values. 

5.3 Results and discussion 

5.3.1 Adsorption of phenols on activated carbons 

Both of ACs physiochemical characteristics and phenols properties could 

affect the adsorption performance. Thus, the pHPZC values and FTIR spectra of ACs 

were analysed and depicted in Section S2 and S3. Table 5.2 lists qe of various ACs 

and AE values of PNP. Table 5.3 lists qe of WPAC and AE values of various phenols. 

Table 5.2 Adsorption performances of PNP onto ACs 

Adsorption performance CPAC WPAC PPAC PGAC CGAC 

qe (mg PNP/g ACs) 142.0 141.3 140.8 125.1 138.5 

AE (%) 99.4% 98.9% 98.6% 87.6% 97.0% 

 
Table 5.3 Adsorption performances of phenols onto WPAC 

Adsorption performance PNP PCP PHBA PH HQ 

qe (mg phenols/gWPAC) 141.3 130.2 135.4 128.9 96.4 

AE (%) 98.9% 91.1% 99.9% 90.2% 67.5% 

 
As listed in Table 5.2, most ACs exhibited efficient adsorption performance 

toward PNP, except for PGAC. The results were verified by the porosity properties 

of the ACs (see in Table 3.5), as shown in the Supporting Information. The poor 

adsorption performance of PGAC is attributed to the low BET surface area and 

pore volumes. 

Except for HQ, most model phenols were efficiently adsorbed onto WPAC, as 

shown in Table 5.3. The qe values of WPAC for various phenols run in the following 

order: PNP > PHBA > PCP > PH > HQ. The functional groups -NO2, -COOH and -Cl in 

PNP, PHBA and PCP are electron-withdrawing groups, and thus reduce the overall 

electron density in the π-system of the ring [108]. As a result, the interactions of 

PNP, PHBA, PCP and the functional groups on the ACs are enhanced, promoting 

the adsorption. However, hydroxyl (-OH) is an electron donor group, that can 
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augment the electron density of the aromatic rings of PH and HQ, thereby 

reducing adsorption [108, 256]. 

5.3.2 Desorption in batch mode 

5.3.2.1 Effect of solvents on the desorption of PNP 

The physicochemical properties of the solvents, such as acidity and basicity, 

polarity, hydrogen bonding, etc., considerably affect phenols desorption [120]. A 

variety of aqueous and non-aqueous solvents were used to explore the DE of PNP 

from CPAC in this study. The results were compared and are illustrated in Fig. 5.2. 

 
Fig. 5.2 DE values of PNP with various solvents 

(Desorption conditions: 100 mg of PNP-loaded CPAC (142.0 mg PNP/g CPAC) immersed in 

10 mL of solvents and shaken with 450 rpm at 25°C for 60 min) 

 
As shown in Fig. 5.2, DE values of 36.4% and 60.1% were obtained with 3% 

NaOH (aq) and 3% NH3 (aq), and were generally attributed to acid-base 
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neutralization in basic aqueous solutions. Phenolic salts that formed in the basic 

solutions may have facilitated the desorption of PNP from ACs [248, 256]. It was 

previously reported that DE values of 24.8% and 36.0% for PNP from ACs had been 

achieved via elution with 0.1 M and 0.3 M NaOH, respectively [257, 258]. In this 

study, the DE value of PNP was much higher by elution with 3% NH3 (aq) than that 

with 3% NaOH (aq). It indicates that the hydrogen bonds formed between 

ammonia with hydroxyl- and nitro- moieties of PNP enhances the desorption. 

To verify the role of hydrogen bonding, the aqueous urea solution was used 

to elute PNP from CPAC, as urea exhibits strong hydrogen-bonding interactions in 

aqueous solution. However, a DE of only 1.2% was achieved with 3% urea (aq) 

under neutral conditions, indicating that the hydrogen-bonding interactions 

between adsorbates and eluents do not work alone and are not the dominant 

factor in elution. However, the role of hydrogen bonds in desorption has regularly 

been proven using co-solvents, as discussed below. For instance, the DE value of 

PNP from CPAC increased from 36.4%, with 3% NaOH, to 46.1%, with 3% urea in 

3% NaOH. 

Higher DE values for PNP were observed in non-aqueous solvents than in 

basic aqueous solutions. The DE values of PNP with the various solvents are 

ordered as follows: 3% urea (aq) < 3% NaOH (aq) < 3% NH3 (aq) < EG < ACN < 

MeOH < Et2O < EtOH < n-BuOH < n-PrOH < GVL < HOAc < DMK < DMF < MEK < THF 

< DMSO. In non-aqueous solvents, Lewis base solvents exhibit better elution 

efficiency than acid and neutral solvents, while the hydrogen bonding interactions 

of alcohols and HOAc facilitate desorption [237, 259]. 

Moreover, the DE values with several co-solvents were compared and are 

depicted in Fig. 5.2. Except for 0.4% urea in HOAc, most co-solvents displayed 

higher DE values than the single solvents. For example, the DE value of PNP 

increased from 66.5%, with ACN, to 77.4%, with 0.4% urea in ACN. The DE value of 

PNP increased from 73.0%, with EtOH, to 87.9%, with 3% NH3 (aq) in EtOH. This 

indicates that the basicity, polarity and hydrogen bonds of co-solvents 

synergistically enhance the desorption of PNP. However, DE values decreased from 

76.7%, with HOAc, to 44.3%, with 0.4% urea in HOAc. The interaction between 

HOAc and urea probably diminishes the desorption. The desorption mechanism is 

discussed in details in the Section 5.3.3. 



Chapter 5 Feasibility and Mechanism of Desorption of Phenols from Activated Carbons 

105 
 

5.3.2.2 Effect of AC mass on PNP desorption 

As mentioned above, EtOH has been demonstrated to be a superior solvent 

for the desorption of PNP from ACs, which is consistent with a previous study 

[261]. Furthermore, the effect of ACs mass (25-500 mg) in 10 mL EtOH, i.e., the 

ratio of loaded-PNP CPAC mass to EtOH volume (RMV), on PNP desorption was 

examined. The results are shown in Fig. 5.3. 

 

Fig. 5.3 Effect of mass of PNP-loaded CPAC with EtOH 

(Desorption conditions: 25-500 mg of PNP-loaded CPAC (142.0 mg PNP/g CPAC) immersed 

in 10 mL of EtOH and shaken with 450 rpm at 25°C for 60 min) 

 

As shown in Fig. 5.3, the efficient desorption of PNP from CPAC was achieved 

with EtOH. Also, the DE decreased polynomially as the mass of PNP-loaded CPAC 

increased in 10 mL of EtOH, indicating that lower amounts of PNP-loaded CPAC 

favor the desorption of PNP in a certain volume of EtOH. The dissolved 

concentration of PNP in the filtrates increased linearly with the mass of 

PNP-loaded CPAC. A cross-point between the above two curves was observed at 

30 mg mL-1 of RMV (300 mg PNP-loaded CPAC with 10 mL EtOH), demonstrating 

that an RMV of over 30 mg mL-1 made the desorption difficult. 

In the best case, 99.8% DE was achieved with 25 mg of PNP-loaded CPAC in 10 

mL EtOH. Obviously, the complete desorption of phenols can be accomplished 
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with EtOH via successive cycles of elution in a flow system. The porosity properties 

of the recovered and pristine CPACs were compared to confirm the recovery 

efficiency. As a result, the SBET surface area values of the recovered and pristine 

CPACs were determined to be 1794.7 and 1951.3 m2 g-1, the Vmicro 1.60 and 1.76 

cm3 g-1, the Vmeso 1.36 and 1.57 cm3 g-1, and the Dp 3.94 and 3.95 nm, respectively. 

5.3.2.3 PNP Desorption from various ACs 

The loading amounts of PNP onto one gram of the various ACs used were in 

the range of 125.1-142.0 mg, as listed in Table 5.2. 100 mg of PNP-loaded ACs was 

shaken in 10 mL of the selected solvents, including 3% NH3 (aq), EtOH, HOAc and a 

co-solvent (3% NH3 (aq) in EtOH). The results are shown in Fig. 5.4. 

 
Fig. 5.4 Comparison of desorption of PNP among various loaded ACs 

(Adsorption conditions: 3.5 g of ACs in 500 mL, 1 g L-1 of PNP stirred with 450 rpm at 25°C 

for 60 min; Desorption conditions: 100 mg PNP-loaded ACs in 10 mL various solvents 

shaken with 450 rpm at 25°C for 60 min) 

 

With acidic CPAC and WPAC (Section S2) in Supplementary Data, on the one 

hand, the higher AE values for PNP were observed (Table 5.2), while on the other, 

much higher DE values for PNP were also found with all the selected solvents, 

especially with the basic co-solvent (3% NH3 (aq) in EtOH), as shown in Figure 3. In 

general, the porosity and surface chemical properties of ACs dominate the 

adsorption/desorption efficiencies. In Table 3.5, for example, the average pore 
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diameters of CPAC (3.95 nm), WPAC (3.28 nm) and PPAC (3.46 nm) are higher than 

those of PGAC (2.47 nm) and CGAC (1.90 nm), allowing the adsorbate and solvent 

easy access to the pores [184, 243]. 

The special surface chemistry of basic PPAC (Section S2), i.e., the 

adsorbate-carbon surface interactions, results in the lower DE value. The existence 

of pyrone- and chromene-type structures have been suggested to account for the 

basic nature of the carbon surface [80, 261, 262], which is likely the key factor in 

promoting irreversible adsorption [263]. More abundant basic groups exist on the 

surface of basic PPAC, PGAC, and CGAC (Section S2), resulting in the lower DE 

values. The hypothesis was further proven by the fact that HOAc is a more efficient 

eluent than EtOH for basic PPAC, PGAC, and CGAC (Figure 5.4). Therefore, it is 

recommended that acidic ACs (CPAC and WPAC) are used as the adsorbents so 

that phenols can be easily loaded and eluted. 

5.3.2.4 Desorption of various phenols 

To distinguish the desorption behavior of various phenols, the DE values of 

PNP, PCP, PHBA, PH, and HQ from WPACs with EtOH were determined under SK 

and US conditions. The results were compared to those of standing (ST) conditions 

and are shown in Fig. 5.5. 

 

Fig. 5.5 DE values of various phenols from loaded WPAC 

(Desorption conditions: 100 mg phenols-loaded WPAC (96.4-141.3 mg phenols/g WPAC) 

immersed in 10 mL EtOH and stood or shaken with 450 rpm at 25°C for 15 min; US with 10 

mL EtOH for 15 min at 40 kHz, 100 W and 25°C) 
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As depicted in Fig. 5.5, the various phenols presented different DE values due 

to the effect of their substituted groups in combination with the desorption modes 

(ST, SK and US). The values are arranged in order of decreasing DE values: PNP > 

PCP > PHBA > PH > HQ. It has been reported that it is relatively difficult to desorb 

phenols that contain electron-donating groups (PH and HQ) from ACs with EtOH 

[259]. By contrast, phenols with electron-withdrawing groups (PNP, PCP and PHBA) 

achieved higher DE values. 

Except for the desorption of HQ, SK can dramatically enhance the desorption 

of phenols, compared to desorption under ST conditions; the DE value increased 

by 6.9% to 31.0% with the various phenols. This indicates that the mass transfer of 

phenols between the adsorbents and solvents plays a critical role in the elution of 

phenols. It therefore stands to reason that sonication was used to further improve 

the DE of phenols with EtOH. However, the DE values of all phenols were only 

increased slightly by sonication (0.2-1.4% in Fig. 5.5). Although sonication has 

frequently been reported to significantly improve the surface diffusivity of 

adsorbates, decrease overall activation energy and accelerate desorption[122, 

152], it cannot affect the equilibrium concentration of phenols during desorption. 

Even at the desorption time of 1 min, the DE value of PNP increased only by 1.8%, 

compared to SK, when US was used. This implies that the equilibrium state of 

adsorption/desorption was reached in a very short time in EtOH under SK. 

5.3.2.5 Effects of sonication and microwave heating 

US and MW have been widely used as common enabling technologies to 

intensify desorption processes [122, 125, 152]. Sonication is not only a facile 

means to improve DE, but also to clean adsorbent surfaces [122, 152]. 

MW-assisted chemistry is based on the efficient dielectric heating of materials, 

which promotes the migration of desorbed molecules from the pores of the 

adsorbents [125]. Moreover, the mechanical structure of adsorbents can be 

maintained during MW heating. In this study, the desorption of PNP with various 

solvents was further studied under US and MW heating and the results are shown 

in Fig. 5.6 and Fig. 5.7. 
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Fig. 5.6 Effects of sonication on DE of PNP 

(Desorption conditions: 100 mg PNP-loaded CPAC (142.0 mg phenols/g CPAC) immersed in 

10 mL selected solvents and shaken with 450 rpm at 25°C for 60 min; Sonication with US 

(40 kHz and 100 W) at 25°C for 15 min) 

 

 
Fig. 5.7 Effects of MW heating on DE of PNP 

 (Desorption conditions: 100 mg PNP-loaded CPAC (142.0 mg phenols/g CPAC) immersed 

in 10 mL solvents and shaken with 450 rpm at 25°C for 60 min; heating with MW (2.5 GHz 

and maximal power 1500 W for 15 min) 
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Fig. 5.6 presents the DE values of PNP in various solvents under SK and US. 

The DE values increased slightly under sonication in all solvents, compared with 

the SK mode. Similarly to the desorption of various phenols with EtOH, sonication 

enhanced the desorption of phenols very slightly (Figure 5.5). As for the effect of 

MW heating, Fig. 5.7 shows that the DE values of PNP with different solvents were 

marginally increased between 25°C and 55°C when using MW heating. Overall, the 

equilibrium state of adsorption/desorption with proper eluents can be achieved in 

a short time using SK, meaning that additional assistance, such as US and MW 

heating, is not necessary. 

5.3.3 Desorption mechanism 

Solvents are classified into three categories: polar protic solvents (PPS); polar 

aprotic solvents (PAS) and non-polar solvents (NPS). In general, PPS has high 

dielectric constants and high polarity. The polarity of the PPS stems from the bond 

dipole of the O-H bond. NH3 (aq), alcohols (MeOH, EtOH, n-PrOH, n-buOH), HOAc, 

and EG in this study all are PPS. PAS lacks an acidic hydrogen, consequently, they 

are not hydrogen bond donors. These solvents generally have intermediate 

dielectric constants and polarity. In the present study, DMK, ACN, MEK, GVL, DMF, 

THF, and DMSO in this study belong to PAS; Only Et2O is an NPS. 

In order to illustrate the desorption mechanism, the correlation between the 

properties of PNP and DE values in different solvents was evaluated (see Fig. 5.8 

and Fig 5.9). The dependence of AE and DE values of phenols on their properties 

are reported in Table 5.4. 

5.3.3.1 Effect of dielectric constant of PPS 

Generally, the dielectric constant of the solvent roughly indicates the polarity 

of that solvent [264]. The lower DE values of PNP with 3% NH3 (aq) or EG are 

shown in Fig. 5.1. These values are probably caused by the high polarity of 3% NH3 

(aq) and the high viscosity of EG. Except for 3% NH3 (aq) and EG, a linear 

correction between the dielectric constants of PPS and the DE values of PNP was 

well established, as shown in Fig. 5.8. Obviously, lower dielectric constants, favor 

the desorption of PNP. Additionally, hydrogen bonding interactions support the 

desorption of PPS phenols [184]. 

https://en.wikipedia.org/wiki/Dielectric_constant
https://en.wikipedia.org/wiki/Chemical_polarity
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Fig. 5.8 Dependence of DE values of PNP on dielectric constant of PPS 

(Desorption conditions: 100 mg of PNP loaded CPAC (142.0 mg PNP/g CPAC) immersed 

with 10 mL of PPS and shaken with 450 rpm at 25°C for 60 min) 

 

5.3.3.2 Effect of donor number of PAS 

Both anions and aprotic solvents act as Lewis bases [265], and donor number 

is a quantitative measure of Lewis basicity [266]. Fig. 5.9 illustrates the correlation 

between the donor number and DE values of PAS. 

 
Fig. 5.9 Dependence of DE values of PNP on donor number of PAS 

(Desorption conditions: 100 mg of PNP loaded CPAC (142.0 mg PNP/g CPAC) immersed 

with 10 mL of PAS and shaken with 450 rpm at 25°C for 60 min) 
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As seen in Fig. 5.9, the DE values of PNP increase with the donor number 

values of PAS. Obviously, Lewis base solvents act as electron-donating solvents and 

therefore give higher PNP desorption. The polarity of Lewis base solvents probably 

plays a minor role, similar to the role of basic solvents in the desorption of phenols 

[258]. 

5.3.3.3 Effect of phenols properties on adsorption and desorption 

The main physicochemical parameters of phenols such as log Kow, α, pKa, 

WS, μ, FW have been considered as effective factors and listed in Table 5.1. The 

dependence of phenols AE by WPAC and DE with EtOH on the physicochemical 

parameters of phenols are compared and summarized in Table 5.4. 

Table 5.4 The dependence of AE and DE values of phenols on their properties 

AE vs Parameters R2 DE vs Parameters R2 

AE=15.11log Kow+60.54 0.8314 DE=36.14log Kow-6.849 0.8682 

AE=5.720α+9.5445 0.7841 DE=12.22α-112.2 0.7414 

AE=7.268µ+64.15 0.6674 DE=16.518µ+1.456 0.7139 

AE=-3.090pKa+110.3 0.5212 DE=-6.868pKa+102.5 0.6067 

AE=-3.090WS+93.83 0.2371 DE=-0.4247WS+67.03 0.3531 

AE=0.2534FW+55.86 0.1401 DE=-0.7212FW-35.40 0.2389 

 

As listed in Table 5.4, a variety of properties of phenols synergistically affect 

AE and DE values, not only one factor. The lower R2 values demonstrate the above 

statement. Two relatively important factors, log Kow and α of phenols, as the 

polarity parameters, play critical roles for both adsorption and desorption through 

comparison of regression coefficients R2. Thus, the relationship between the AE 

values of phenols onto WPAC and their DE values with EtOH were established and 

is shown in Fig. 5.10. 

As shown in Figure 5.10, a superior correlation between AE and DE values 

was obtained at a high regression coefficient of R2 (0.9688). Moreover, the DE 

values increase with their AE values, indicating that the phenols adsorption is 

easier, the elution with ethanol will be easier; both the adsorption and desorption 

of phenols are similarly dominated by physicochemical properties. 



Chapter 5 Feasibility and Mechanism of Desorption of Phenols from Activated Carbons 

113 
 

 
Fig. 5.10 The relationship between AE and DE values of phenols 

(Adsorption conditions: 3.5 g WPAC in 500 mL, 1000 mg L-1 of PNP stirred for 60 min at 

450 rpm; Desorption conditions: 100 mg phenols loaded WPAC immersed in 10 mL EtOH 

with SK for 60 min at 450 rpm) 

 

5.3.3.4 Comparison of DRIFT Spectra among Pristine, Loaded and Eluted ACs. 

The adsorption and desorption mechanisms of phenols can be further 

explained by DRIFT spectra analysis of pristine, various phenols-loaded and eluted 

WPAC. The DRIFTS spectra of WPAC samples are compared and showed in Fig. 

5.11. 

As show in Fig. 5.11a-5.11e, oxygen functional groups such as phenolic (-OH), 

carbonyl groups (-C=O-), carboxylic acid (-COOH), ethanoate (-COOR), and ether 

(-C-O-C-) are observed in pristine WPAC sample. A broad absorption peak at 3430 

cm-1 corresponds to overlap of O-H and N-H peaks [267]. The carboxylic acid band 

at 1700 cm-1 was found and attributed to the C=O vibration [268]. The absorption 

from 1230-1250 cm-1 is the C-O bond in an ethanoate [269]. In addition, the 

absorption in 3068 cm-1 is due to methyl stretching vibrations (C-H) [270]. 

Moreover, the absorption around 1600 cm−1 is ascribed to the overlap of the 

polyaromatic C=C stretching bands of the highly conjugated carbonyl and/or 

quinone groups [271]. The peak generated at 500 cm-1 is due to out plane bending 

O-H, C-C [272]. 
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Fig. 5.11 Comparison of DRIFT spectra among WPAC samples after adsorption and 

desorption of various phenols 

 

Moreover, the absorption bands of the various phenols that were loaded 

onto WPAC are listed in Table 5.5. The peaks that occurred in the phenols-loaded 

WPACs disappear after desorption with EtOH (Fig. 5.11). It is worth noting that the 

(c) 

(a) (b) 

(d) 

(e) 
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band at 3430 cm-1 on WPAC shifts to the right after the adsorption of phenols, 

except for HQ [273], and that the peak shifts back to 3430 cm-1 after the 

desorption of phenols with EtOH (Fig. 5.11), indicating efficient phenol 

adsorption/desorption. 

Table 5.5Adsorption bands of various phenols on WPAC 

Adsorbates Adsorption bands Assignments References 

PNP in Fig. 5.11a 1508 cm-1 N=O stretching [273] 

1330 cm-1 symmetric stretching of -NO2 in 

benzene ring 

[274] 

1100/620 cm-1 

 

750 cm-1 

H-bonded -O-H stretch of the 

phenolic group 

mono-substituted rings 

[275] 

PCP in Fig. 5.11b 820 cm-1 -OH stretch [276] 

1088 cm-1 C-Cl bond [277] 

PHBA Fig. 5.11c 1700 cm-1 –COOH [278] 

PH in Fig. 5.11d 820/ 690, 750 cm-1 -OH stretch/mono-substituted 

rings 

[274] 

HQ in Fig. 5.11e 887 / 820 cm-1 C-C / O-H stretching vibration [276] 

 

5.3.4 Adsorption/desorption in flow mode 

The adsorption/desorption of PNP was carried out in semi-continuous flow 

mode with CPAC, according to Fig. 4.1 [279]. The breakthrough curves of the three 

consecutive cycles of adsorption/desorption are depicted in Fig. 5.12. 

Based on the breakthrough curves in Fig. 5.12, the qe was approximately 

320.8 mg g-1 in each cycle and the total AE reached 100% as 115 mL of PNP 

solution passed through the CPAC-column. By contrast, the qe of PNP only reached 

142.0 mg g-1 in batch mode (Table 5.3), as expected the flow mode provided better 

adsorption performance than the batch mode. Furthermore, the loaded CPAC was 

completely regenerated using 30 mL of EtOH and the adsorption/desorption 

process was efficiently recycled three times in flow mode. The additional 

advantage of the flow mode is that it greatly minimizes the consumption of 

solvents and remarkably reduces overall costs [259]. 
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Fig. 5.12 Breakthrough curves of adsorption/desorption of PNP via CPAC-packed column 

for three cycles 

(Adsorption conditions: 3 × 100 mL of 1 g L-1 PNP solution passed through the column at 
0.75 mL min-1 flow rate (Periodical sampling: 10 or 20 mL aliquots); Desorption conditions: 
30 mL of EtOH eluted the column at 1 mL min-1 flow rate (Periodical sampling: 2.5 or 5 mL 

aliquots)) 
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Supplementary Data 

S.5.1 Porosity properties of activate carbons 

As listed in Table 3.5, the higher SBET, larger Vmicro and Vmeso of PACs (CPAC, 

WPAC and PPAC), as well as Dp were observed than that of CGAC and PGAC. Thus, 

these textural properties lead to the different adsorption performance for 

aqueous p-nitrophenol (PNP) solutions, as shown in Table 5.2. Moreover, the 

selected WPAC sample also presented the efficient adsorption performance for 

phenols except for hydroquinone (HQ), as listed in Table 5.3. Additionally, the pore 

structures and Dp of ACs also could affect the desorption of phenols including PNP, 

p-chlorophenol (PCP), p-hydroxybenzoic acid (PHBA), phenol (PH) and HQ. 

S.5.2 The pHPZC values of activate carbons 

The pHPZC values of CPAC, WPAC, PPAC, PGAC and CGAC were measured to be 

5.8, 4.9, 7.9, 10, and 8.2, respectively, which suggests the acidic type (L) carbons of 

CPAC and WPAC, as well as basic type (H) carbons of PPAC, PGAC and CGAC [263]. 

The chemistry properties of ACs will affect the adsorption and desorption 

efficiencies. 

S.5.3 Fourier transform infrared spectra of activate carbons 

As we depicted in Section 1.3.1, the existence of surface oxygen containing 

functional groups such as carboxyl, lactone, phenol, carboxylic anhydride has been 

postulated as constituting the source of surface acidity [62, 78]. Whereas the basic 

properties of ACs is associated with the presence of oxygen containing groups, i.e., 

pyrone, chromene and carbonyl structures, at the edge of carbon crystallite; and 

oxygen free Lewis basic site on the graphene layers [62, 79, 80]. 

As shown in Fig. S5.1, FTIR reveals the same functional groups of O-H, C-O, 

C=C, C-C, C-H on CPAC, WPAC, PPAC, PGAC and CGAC from spectrometer analysis. 

A broad absorption peak at 3430 cm-1 corresponding to overlapping of O-H peak 

[254]. Twin peaks at about 2920 and 2850 cm-1 are found because of symmetrical 
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and asymmetrical stretching of aliphatic C-H [280]. The 2360 cm-1 band is due to 

atmospheric CO2 [281]. 1585-1640 cm-1 is attributed to C=O stretching of double 

bonds in cyclic and acyclic compounds [280]. The bands at 1080 cm-1 is assigned to 

C–OH stretching of phenolic [282]. The broad band in the domain of 870–750 cm-1 

was attributed to off-plane vibrations of C–H bonds in aromatic systems [283]. The 

surface chemistry of carbons has been indicated to have a significant effect on the 

uptake of small molecules of organic compounds [284]. 
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Fig. S5.1 FTIR analysis of original carbons used in this study 
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Abstract 

In general, the modification of adsorbent increases its affinity, selectivity and 

capacity for certain contaminants. Especially, the adsorption mechanism can be 

further explained by surface modification. WPAC was then effectively modified by 

the oxidation with H2O2 under SK, US or MW heating to enhance the adsorption 

performance toward marbofloxacin (MAR) as an antibiotic model. The results 

showed that the oxidation enhanced the adsorption performance. As compared 

with oxidation using SK, US or MW heating significantly accelerated the oxidation. 

Moreover, the modified samples under MW heating exhibited the highest 

adsorption performance. 

Moreover, various type of ACs including CPAC, WPAC, PPAC, PGAC and CGAC 

with MW calcination modification all greatly enhanced adsorption performance 

for MAR. The results indicate that the physicochemical properties of ACs were 

modified under appropriate oxidation or MW calcination. Therefore, the 

consumption of adsorbents and treatment costs can be significantly reduced to 

reach the similar adsorption performance. 

6.1 Introduction 

Antibiotics have been widely used for several decades in both human and 

animals for treatment of microbial infections, and also as feed additives for 

promotion of the growth of livestock animals [285-288]. Antibiotics of global 

production may move to the environment after usage and as residues in sewage 

[286, 288, 289]. A serious problem was evidenced in veterinary, in particular in 

cows, where the milk from treated animals is polluted by antibiotics [290, 291]. 

Although the amount of these pharmaceuticals in the environment is low, its 

continuous input over recent years may be a long-term potential risk in aquatic 

environment [292] and in general for the growth of the antibiotic resistance 

phenomenon. 

Adsorption is considered a very effective method for the removal of various 

antibiotics in the range of concentration from a few to several hundred µg mL-1 in 

aqueous solutions or wastewaters [288, 293-295]. It is well known that the surface 
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physiochemical properties of carbon materials significantly affect the adsorption 

performance [98, 296]. Recently, much attention has been paid in the modification 

of ACs to improve its affinity toward pollutants [98]. Carbon-oxygen surface groups 

are the most important surface groups which influence the surface characteristics 

or physicochemical properties such as the wettability, polarity, acidity, and 

chemical reactivity [6]. A variety of functional groups interact with the adsorbents 

[93, 297-299] and affect the adsorptive performance of activated carbons [98, 

300-303]. As compared with pristine ACs, the changes in the surface 

oxygen-containing groups have been observed by oxidation such as HNO3 and 

H2O2 [100, 304, 305], and MW calcination [98, 136]. 

Different types of veterinary antibiotics including MAR, sulfamonomethoxine 

(SMMX), ceftiofur hydrochloride (CEF), oxytetracycline (OXY), and 

dihydrostreptomycin sulphate (DS) all have been detected in water or wastewater 

[306]. MAR is a synthetic, broad-spectrum bactericidal fluoroquinolone antibiotic 

and used for infections of the respiratory system and mammary glands, as well as 

with urinary tract infections. SMMX is a long-acting sulfonamide antibiotic and 

frequently used for prevention or treatment of diseases. CEF is a β-lactam 

antimicrobial and occasionally used for the intramammary treatment of mastitis. 

OXY is a tetracycline antibiotic and used for treatment of infections which caused 

by a variety of Gram positive and G. negative microorganisms. DS is a 

semisynthetic aminoglycoside antibiotic and used in the treatment of tuberculosis. 

The physicochemical properties of MAR, SMMX, CEF, OXY and DS are compared 

and listed in Table 6.1. 

The modification of ACs aims to further verify the effect of the 

MW-calcination and oxidation with H2O2 under SK, US, and MW heating on the qe 

of ACs and REs of antibiotics in aqueous solutions. To achieve this goal, the 

adsorption of selected antibiotics (MAR, SMMX, CER, OXY and DS) on the pristine 

WPAC are respectively studied to compare their REs so that an antibiotic can 

reasonably selected to be the model compound (MAR). Importantly, various 

commercial ACs including CPAC, WPAC, PPAC, PGAC, and CGAC were modified 

under MW calcination for the adsorption removal of MAR. 
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Table 6.1 The physicochemical properties of selected veterinary antibiotics 

Antibiotics 
Molecular 
Formula 

Molecular 
Weight  
(g mol-1) 

Structure 
Solubility 
(mg mL-1) 

pKa logKow 

MAR C
17

H
19

FN
4
O

4
 362.4  < 1 5.38 0.51 

SMMX C
11

H
12

N
4
O

3
S 280.31  10 6.33 0.7 

CEF C
19

H18ClN
4
O

7
S

3
 560  0.105 2.83 1.22 

OXY C
22

H
24

N
2
O

9
 460.4  6.9 3.27 -4.5 

DS C
21

H
43

N
7
O

16
S 681.7  50 12.11 -7.3 

 

6.2 Experimental 

6.2.1 Chemicals 

Antibiotics MAR (Marbocyl 10%, Vetoquinol), SMMX (Daimeton 40, IZO Srl), 

CER (Ceva Santé Animale), OXY (Oxtra MV 10, Huvepharma) and DS (Association 

of Procaine Penicillin and Dihydroestreptomycin in a ratio of 1:1.25, Repen, 
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Fatro) were used in this study. H2O2 (35%, w/w), NaOH (98%), HCl (36%, w/w) 

were all analytical grade are purchased from Alfa Aesar. 1% HCl and 1% NaOH 

solutions are used for pH adjustment. Deionized water (conductivity ≤ 2.0 μS cm−1) 

was used to prepare all solutions and purification. 

6.2.2 Set up 

The information of experimental setups (Liquid phase parallel synthesizer for 

adsorption and modification; MicroSynth and SynthWave for modification) used in 

this part are referred to Table 3.1 and Fig. 5.1. Moreover, an ultrasonic horn 

reactor (Hainertec, HNG-20500-SP, Suzhou, China) was used for modification and 

the image of this setup is shown in Fig. 6.1. 

 

Fig. 6.1 Ultrasonic horn reactor for modification (20 kHz, 0-500 W) 

6.2.3 Oxidation of wood powder activated carbon with H2O2 

Aiming to verify the effects of oxygen-containing groups, WPAC was oxidized 

with H2O2 under SK, US and MW heating. After oxidation the mixtures were 

washed with 1% NaOH to neutral pH. In all runs, the obtained WPAC samples after 

filtration were oven dried at 110°C overnight. The specific modification methods 

are described below: 

(1) Modification with SK 

Firstly, the effect of H2O2 concentration and oxidation time was investigated 

in oxidation process. 0.5 g of WPAC (hereafter noted as C) was oxidized with H2O2 

(12% or 35%, 15 mL) and shaken with 450 rpm at 25°C for 4 h or 24 h. The 

oxidization process was designated as O, thus the oxidized samples with various 



Chapter 6 Modification of Activated Carbons for Adsorption of Antibiotics from Aqueous Solutions 

128 
 

concentrations of H2O2 and reaction time under SK were labelled as CO12%, 4h-SK, 

CO12%, 24h-SK, CO35%, 4h-SK, and CO35%, 24h-SK, respectively. 

(2) Modification with US 

An ultrasonic horn (20 kHz) was applied for the US treatment. 0.5 g of WPAC 

was added in 15 mL of 12% H2O2 and the mixture was sonicated at 250 W (25°C) 

for 0.5 and 1 h. The oxidized samples under US were noted as CO12%, 0.5h-US and 

CO12%, 1h-US. 

(3) Modification under MW heating 

A SynthWave (2.45 GHz) was applied for the MW treatment. 0.5 g of WPAC 

was added in 15 mL of 12% H2O2 and then the mixtures were processed by MW 

heating at 90°C for 0.25 and 0.5 h. These oxidized samples under MW heating 

were listed as CO12%, 0.25h-MW and CO12%, 0.5h-MW. 

6.2.4 Modification under microwave calcination 

ACs was calcined with MW-heating to convert surface oxygen-containing 

groups for observing the variation of adsorption performance toward antibiotics. 

(1) MW calcination 

A high-temperature MicroSynth (2.45 GHz) was applied for the treatment. 1 g 

of AC was put in Nickel crucibles, which was continuously filled with N2 (16 NL h-1 

of flow rate). After 30 min of gas flow, the temperature was ramped from 25°C to 

500°C or 600°C with 12 min, and then maintained at 500°C for 3 min, 8 min, 15 

min, or 600°C for 3 min at N2 atmosphere. The MW calcination was indicated as 

MWC, thus the samples modified with MW calcination were noted as C500°C, 

3min-MWC, C500°C, 8min-MWC, C500°C, 15min-MWC, and C600°C, 3min-MWC. 

(2) Combination of MW calcination/H2O2 oxidation 

0.5 g of WPAC obtained under the above MW calcination (MicroSynth) was 

added in 15 mL of 12% H2O2 and the mixture was processed by MW heating 

(SynthWave) at 90°C for 15 min. The combined modification method was 

designated as MWC/H2O2. 
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6.2.5 Adsorption of antibiotics onto activated carbons 

In typical runs, 10 mg of the pristine or modified ACs were added in 50 mL of 

approximately 50 mg L-1 antibiotics solutions, and then the mixture was shaken 

with 450 rpm at 25°C for 4 h. 

After adsorption, all the samples were filtered and dried at 110°C for 4 h. The 

residual concentration of antibiotics in the aqueous filtrate was determined by a 

UV–vis spectrometer. The qe and AE expressing adsorption performance of ACs 

were calculated according to equations (3) and (4). All experiments are duplicated 

and errors were shown by the difference between the higher measured value and 

the average value. If the errors are not visible in Figures, they are smaller than the 

symbols representing the average values. 

6.3 Results and discussion 

6.3.1 Adsorption efficiencies of different antibiotics on pristine wood powder 

activated carbon 

The AE values of MAR, SMMX, CEF, OXY and DS on 5-50 mg of WPAC in 

aqueous solutions were studied. The results are compared and shown in Fig. 6.2. 

 
Fig. 6.2 Effect of WPAC amount on AE values of various antibiotics 

(Adsorption conditions: 5-50 mg of pristine WPAC in approximately 50 mL, 50 mg L-1MAR, 

SMMX, CEF, OXY and DS aqueous solutions, shaken with 450 rpm at 25°C for 4 h) 
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As depicted in Fig. 6.2, the AE values of MAR, SMMX, CEF, OXY and DS 

increased from 36% to 99%; from 38% to 98%; from 41% to 98%; from 39% to 97%; 

from 37% to 95%, respectively, as WPAC amounts increased from 5 to 50 mg. It 

indicated larger amount of WPAC efficiently absorbed MAR from aqueous solution. 

The results coincide with the statement that the adsorption performance is 

significantly affected by surface area, the number of available active sites and 

surface functional groups [307]. 

In this study, the modification of ACs by various methods was performed to 

improve their adsorption performance helping to better understand the features 

of adsorption mechanism, while the consumption of ACs can be reduced. 

6.3.2 Effect of oxidation by H2O2 on wood powder activated carbon modification 

and adsorption 

The effects of H2O2 concentration and oxidation time, were investigated to 

verify the enhancement of the oxidation modification on performance of WPAC 

toward MAR, and the results are shown in Fig. 6.3. 

 
Fig. 6.3 Effect of oxidation by H2O2 with SK on adsorption performance to MAR 

(Modification conditions: 0.5 g of WPAC in 15 mL of 12% or 35% H2O2 shaken with 450 

rpm at 25°C for 4 h or 24 h; Adsorption conditions: 10 mg of ACs in 50 mL of 50 mg L-1 

MAR solution shaken with 450 rpm at 25°C for 4 h) 

 

As shown in Fig. 6.3, as with the pristine WPAC, the oxidation process 

enhanced the adsorption performance of qe and AE values toward MAR. In details, 
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compared to CO12%, 4h-SK, the higher qe and AE values of MAR onto CO35%, 4h-SK 

were observed, since the increasing H2O2 concentration promoted the surface 

oxidation of WPAC in 4 h. While comparing these two samples of CO12%, 24h-SK and 

CO35%, 24h-SK, the similar adsorption performance to MAR were observed, because 

the reaction time of 24 h is long enough for the surface oxidation by H2O2 even at 

low concentration. It suggests that the different degrees of oxidation with H2O2 

could introduce the oxygen surface complexes. Meanwhile, the oxidation affects 

the physicochemical properties of ACs [308]. The sample modified with 12% H2O2 

for 24 h presented higher adsorption performance than the sample obtained in 4 h, 

indicating that the efficient oxidation with low concentration H2O2 requires longer 

time. However, the samples oxidized in 4 h or 24 h of oxidation time with high 

concentration H2O2 (35%) exhibited the similar adsorption performance, 

suggesting that the efficient oxidation with high concentration H2O2 is achieved in 

a shorter time. 

6.3.3 Effect of sonication on wood powder activated carbon modification and 

adsorption 

Sonication often enhances chemical reactivity [309]. In this study, WPAC was 

oxidized with H2O2 under US of 0.5 and 1 h and the adsorption performance of 

modified ACs toward MAR is depicted in Fig. 6.4. 

 
Fig. 6.4 Effect of oxidation time with US on adsorption performance of modified ACs 

(Modification conditions: 0.5 g of WPAC in 15 mL of 12% H2O2 sonicated with 250 W at 

25°C for 0.5 and 1 h) 
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WPAC modified with oxidation under US exhibited more efficient adsorption 

performance toward MAR when compared with CO12%, 4h-SK. As shown in Fig. 6.4, 

sonication remarkably accelerates the oxidation of surface groups and shortens 

oxidation time. In addition, the adsorption performance of the modified WPAC 

was improved as the sonication time extended. 

6.3.4 Effect of microwave heating on wood powder activated carbon 

modification and adsorption 

MW heating has been proven to enhance various types of oxidation 

processes [310]. In this study, the effects of oxidation time (0.25 and 0.5 h) with 

MW heating on the adsorption performance of WPAC toward MAR were 

investigated and the results are shown in Fig. 6.5. 

 
Fig. 6.5 Effect of oxidation time with MW heating on adsorption performance 

(Modification conditions: 0.5 g of WPAC in 15 mL of 12% H2O2 processed with MW heating 

at 90°C for 0.25 and 0.5 h) 

 

As shown in Fig. 6.5, the significant higher qe and AE values on the oxidized 

sample were achieved at 90°C for 0.25 or 0.5 h MW heating, compared with the 

oxidized samples with SK at 25°C for 4 h. It revealed that the reaction temperature 

obviously affects the oxidation rate, while the time of MW heating very slightly 

influence the adsorption performance of modified WPAC. It indicates that MW 

heating exhibited very high efficiency toward the surface oxidation of ACs, which is 
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consistent with our previous studies [136]. MW irradiation can significantly affect 

the physical and chemistry properties of carbons. 

6.3.5 Comparison of adsorption performance among activated carbons modified 

by shaking, sonication and microwave 

WPAC was oxidized with H2O2 under SK, US and MW to compare the role of 

various enabling technologies. The modification conditions are summarized in 

Table 6.2. The results are compared and shown in Fig. 6.6. 

Table 6.2 Modification conditions for oxidation of AC with H2O2 under SK, US and MW 

Oxidation methods Conditions 

C 10 g of WPAC oven dried at 110°C overnight 

C/SK with H2O or H2O2 15 mg of WPAC in 15 mL H2O or H2O2shaken with 450 rpm at 

25°C for 24 h, 1% NaOH washed to neutral, oven dried at 

110°C overnight 

C/US with H2O or H2O2 15 mg of WPAC in 15 mL of 12% H2O or H2O2 sonicated with 

20 kHz at 25°C for 1 h, 1% NaOH washed to neutral, oven 

dried at 110°C overnight 

C/MW with H2O or H2O2 15 mg of WPAC in 15 mL of 12% H2O or H2O2 heated at 25°C 

for 0.5 h, 1% NaOH washed to neutral, oven dried at 110°C 

overnight 

 
Fig. 6.6 Comparison of adsorption efficiencies of MAR among WPAC oxidized with H2O2 

under various enabling technologies 

(Modification conditions: 0.5 g of WPAC in 15 mL of 12% H2O2 stirred with SK with 450 

rpm for 24 h, sonicated at 25°C for 1 h, and heated with MW at 90°C for 0.25 h) 
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Washing with deionized water can remove ash and some soluble substances 

present in the carbon [311]. Thus, AE values of MAR onto WPACs washed with 

deionized water using SK, US and MW increase to the extent, as shown in Fig. 6.6. 

Comparison with washing samples, oxidized samples presented more efficient 

adsorption performance toward MAR. The highest AE values were achieved with 

the samples processed with MW heating. 

6.3.6 Effect of microwave calcination on wood powder activated carbon 

modification and adsorption 

MW irradiation is a viable technology for the modification of ACs due to the 

direct absorption toward MW [312]. In this study, WPAC was calcined at 500°C and 

600°C for 3-15 min with MW and the results are shown in Fig. 6.7. 

 
Fig. 6.7 Effect of MW calcination on adsorption performance 

(Modification conditions: 1 g of WPAC in crucibles heated under MW at 500°C for 3, 8 and 

15 min, or at 600°C for 3 min with 10 NL h-1 N2 flow rate; Adsorption conditions: 10 mg of 

WPAC in 50 mL of 50 mg L-1 MAR solution shaken with 450 rpm at 25°C for 4 h) 

 

As depicted in Fig. 6.7, the qe and AE values of MAR remarkably increased by 

the modification of WPAC using MW calcination, as compared to 70.5% of AE value 

and 190.3 mg g-1 of qe value onto the pristine WPAC. The adsorption performance 

of WPACs modified at 500°C was improved progressively with the calcination time. 

The AE values onto C500°C, 15min-MWC, and C600°C, 3min-MWC both reached to ca. 
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89%, indicating that time and temperature both are critical to modify the surface 

functional groups, surface area and pore volumes, which is consistent with 

previous studies [100, 136]. 

6.3.7 Effect of combination of microwave calcination and oxidation with H2O2 on 

wood powder activated carbon modified and adsorption 

Oxygen-containing groups play an important role in the adsorption process. 

The functional groups can be decomposed or converted into the form of CO or CO2 

under MW calcination [94]. In order verify possibility of further modification after 

MW calcination and change oxygen-containing groups, WPAC was modified with 

MW calcination followed by oxidation with H2O2. The results are shown in Fig. 6.8. 

 
Fig. 6.8 Effect of combined MW calcination and oxidation with H2O2 on adsorption 

performance 

(Modification conditions: 1 g of WPAC in crucibles heated under MW at 500°C for 3 min, 8 

min, 15 min, and at 600°C for 3 min with 10 NL h-1 N2 flow rate; or 0.5 g of WPAC obtained 

after MWC treatment, added in 15 mL of 12% H2O2 and the mixture heated under MW at 

90°C for 15 min) 

 

As we seen in Fig. 6.8, the AE value (84.8%) of MAR onto WPAC modified with 

MWC/H2O2 at 500°C for 3 min is higher than that (76.6%) onto the sample 

modified with MWC at 500°C for 3 min. While the samples were calcined at 500°C 

for 8 min, 15 min and 600°C for 3 min followed by oxidation, the AE values slightly 
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increased. Furthermore, the AE values are very close onto WPACs modified by 

MWC and MWC/H2O2 at 500°C for 8-15 min and 600°C for 3 min. It indicates that 

once the oxygen-containing groups were completely decomposed, the surface of 

ACs cannot be further modified by oxidation. 

6.3.8 Effect of microwave calcination on various activated carbon modification 

and adsorption 

In order to verify the adaptation of MW calcination, different commercial ACs 

were modified with MW calcination at 600°C for 3 min. The AE values of MAR onto 

samples modified by MW calcination are shown in Fig. 6.9. 

 
Fig. 6.9 Adsorption efficiencies of MAR onto various ACs modified by MW calcination 

(Modification conditions: 1 g of WPAC in crucibles heated under MW at 600°C for 3 min 

with 10 NL h-1 N2 flow rate; Adsorption conditions: 10 mg of ACs in 50 mL of 50 mg L-1 

MAR solution shaken with 450 rpm at 25°C for 4 h) 

 

As shown in Fig. 6.9, various ACs after MW calcination presented much 

higher AE values for MAR compared with pristine ACs. It indicates that the 

oxygen-functional groups were decomposed under MW calcination, but the 

physical properties were improved. Among the granular PGAC and CGAC samples 

with MW calcination exhibited greatly enhancement of AE values from 19.3% to 

35.0% and 31.4% to 50.0%, respectively. Thus, MW calcination was an appropriate 

method for both modification of PACs and GACs to improve their performance. 
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Abstract 

The present study aims to remove the residual veterinary antibiotic-MAR 

from milk with ACs in batch and flow systems to meet the MRL. Different types 

(granule and powder) and amounts of ACs were studied. In batch mode, 50 mg of 

commercial MGAC with 1083 m2 g-1 of SBET exhibited the superior adsorption 

performance for 20 mL of 1.0 µg mL-1 MAR-spiked milk. 93.7% of RE and 0.063 µg 

mL-1 of MAR residue were achieved. In flow mode, 325 mL of 1.0 µg mL-1 

MAR-spiked milk was efficiently purified through 500 mg of MGAC in a glass 

column (1 cm I.D.) and 93.4% of RE and 0.066 µg mL-1 of MAR residue were 

attained at the end. The flow process can handle 1.6 times higher in qe than that 

in batch mode. In summary, MAR can be efficiently, economically and 

conveniently removed using ACs adsorption from milk, despite the presence of 

competition adsorption of impurities. The adsorption with flow mode paves the 

way for the removal of residual antibiotics in milk. 

7.1 Introduction 

Antibiotics are extensively used in dairy cattle for the treatment of diseases 

involving bacterial infections, particularly mastitis. Mastitis is the most prevalent 

disease in cattle and most of the veterinary treatment of dairy cattle involves 

intramammary infusion of antibiotics to control mastitis [313]. The inappropriate 

and prohibited veterinary drugs used by negligence or fraud lead to the presence 

of antibiotics residues in milk, especially at an early stage of lactation [313, 314]. In 

order to reduce milk resource waste and environmental risk, antibiotics-polluted 

milk must be collected and treated to obtain qualified or antibiotic-free milk. Thus 

the purified milk can be reused to feed calves. As mentioned in Section 6.1, MAR is 

a new fluoroquinolone antibiotic and the maximal MAR concentration in milk after 

the first administration was observed to be 1.024 µg mL-1 [315], which greatly 

exceeds 0.075 µg mL-1 of MRL regulated by European Union Council Regulation 

2377/90 [316]. 

The adsorptive removal of antibiotics from wastewaters [294, 295, 317] and 

detection of residual antibiotics in milk [288] have been well studied. Adsorption 

with ACs is considered as an effective and low-cost method for removal of 
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antibiotics from a few to several hundred µg ml-1 in water or wastewater [294, 295, 

318]. However, little is known about the adsorptive removal of residual antibiotics 

in milk by using ACs. In our previous study, the adsorption of IOP in aqueous 

solutions via ACs in flow mode was much more effective treatment process in 

comparison with batch mode [284]. 

Several methods were reported for the detection of antibiotics in milk 

samples. The most popular method is HPLC hyphenated with different detection 

systems, e.g. UV, FD, MS, MS/MS [288, 318-325]. In the present study, HPLC with 

UV detector was chosen to analyze antibiotics in milk samples before and after 

adsorption [326]. The aims of this study is to remove the residual MAR from milk 

with ACs in batch and flow systems to meet the MRLs. 

7.2 Experimental 

7.2.1 Milk samples 

Raw milk was purchased from the local markets (Leichter Genuss, Netto, 

Regensburg, Germany). The milk was stored at 4°C until use. At room temperature, 

100 µL of 100 mg mL-1 MAR stock solution was put into 100 mL of Mill-Q water to 

give 100 µg mL-1 MAR aqueous solution, which was then diluted into 1.0 µg mL-1 

with commercial milk. 

7.2.2 Adsorption process in batch and flow mode 

In batch mode, 50-1000 mg of MGAC and MPAC were put in 20 mL of 1.0 μg 

mL-1 MAR-spiked milk and stirred with 700 rpm at 25°C for 4 h. 

In flow mode, 0.5 g of MGAC was filled in a glass column (23 × 1.0 cm I.D.), 

which corresponded to a 1 cm bed height. The MAR-spiked milk (1 µg mL-1) passed 

through the MGAC column at 0.5 mL min-1 of flow rate. Aliquots (25 or 50 mL 

interval) of the processed milk were periodically collected at the outlet. 

All experiments are duplicated and errors were shown by the difference 

between the higher measured value and the average value. If the errors are not 

visible in Figures, they are smaller than the symbols representing the average 

values. The RE value in batch is calculated as equation (4) and the cumulative 
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loaded amount in flow is calculated as equation (5). 

7.2.3 Analytical methods 

Milk or antibiotic-spiked milk samples were mixed with acetonitrile (1:1, v/v) 

and then centrifuged with 14000 rpm for 30 min to remove protein before 

HPLC/UV analysis. The procedures of milk sample pretreatment for HPLC/UV 

analysis are depicted in Fig. 7.1. The HPLC was performed using a Waters HPLC 

system comprising two Waters 515 HPLC samples, a Water 717 plus auto-sampler, 

a Waters 2487 UV/VIS-Detector, and the Water Empower 3 software. The column 

used was a KnauerEurospher C18-Column (100 Å, 250 × 4.6 mm). The mobile 

phases were the mixture of 0.1% of trifluoroacetic acid (TFA, 70%) and acetonitrile 

(ACN, 30%), which was delivered at a flow rate of 0.8 mL min-1. 50.0 or 150.0 µL of 

samples was injected and the column was maintained at the room temperature 

with 60 min detection time. 

 

Fig. 7.1 Scheme of HPLC/UV analytical procedures for milk samples 

7.3 Results and discussion 

7.3.1 Recovery studies 

100 µg mL-1 of MAR stock solution was prepared with Mill-Q water and then 

stored at 4°C in the dark. The working solutions of 0.001 to 1 µg mL-1 MAR were 



Chapter 7 Adsorption Removal of Veterinary Antibiotics from Milk using Activated Carbon 

144 
 

obtained by diluting the stock solution before use. The calibration curve was 

drawn according to the peak areas (A) vs concentration of MAR (C). As a result, 

the equation of MAR calibration curve is shown as: A=333333C+477, R2=0.9997. 

The recovery efficiency of pretreatment for the MAR-spiked milk was calculated 

by the ratio of measurement concentration and spiked concentration after 

deproteinization. The recovery efficiencies of MAR at various concentration in 

spiked milk are average of three replicates and listed in Table 7.1. As we seen in 

Table 7.1, the sample pretreatment exhibited good recovery efficiency and 

repeatability from RSD values. 

Table 7.1 Recovery efficiencies of deproteinization for MAR-spiked milk 

MAR-spiked milk after deproteinization 

(µg mL-1) 

Recovery 

efficiency (%) 

Relative standard 

deviation (RSD, %) 

1.0 98.7 1.0 

0.5 99.8 2.2 

0.25 96.9 4.3 

0.05 88.9 5.0 

 

7.3.2 Adsorption of marbofloxacin with spiked milk by batch mode 

In order to reduce the consumption of ACs, the effect of different MGAC 

dosages on RE was examined and the results are illustrated in Fig. 7.2. 

 
Fig. 7.2 Adsorption of MAR with spiked milk on MGAC 

(Adsorption conditions: 50-1000 mg of MGAC in 20 mL of 1.0 μg mL-1 MAR-spiked milk 

and stirred with 700 rpm at 25°C for 4 h) 
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As shown in Fig. 7.2, RE values increased for MAR-spiked samples with the 

increased amount of MGAC. 93.7%, 95.5%, 98.4%, 99.3% and 100% of REs were 

achieved with 50, 100, 250, 500 and 1000 mg of MGAC, respectively, and the 

corresponding residual concentrations were 0.063, 0.045, 0.016, 0.007, and 0.000 

µg mL-1, respectively. Obviously, 50 mg MGAC is sufficient for the purification of 

20 mL of 1.0 μg mL-1 MAR-spiked milk. With other commercial MPAC, 96.8% and 

99.1 % of REs were obtained using 100 mg and 250 mg of AC amount, respectively, 

which corresponds to 0.032 and 0.009 µg mL-1 of residual concentrations. All of 

purified samples after adsorption via MGAC and MPAC met the MRL in milk [316]. 

7.3.3 Adsorption of marbofloxacin with spiked milk by flow system 

Adsorption with flow mode is able to handle large volume with high RE. Flow 

mode can provide useful technical support for future industrial applications [284]. 

The REs of MAR with cumulative volume of MAR-spiked milk is shown in Fig. 7.3. 

 
Fig. 7.3 Dependence of RE of MAR on the passed volume of spiked milk in flow mode 

(Adsorption conditions: 325 mL of 1 µg mL-1 MAR-spiked milk passed through a 0.5 g 

MGAC package column at 0.5 mL min-1 (Periodical sampling: 25 or 50 mL aliquots)) 

 

As shown in Fig. 7.3, 325 mL of MAR-spiked milk was efficiently purified 

through the MGAC column and RE can reach to 93.4% at the end, corresponding 

to 0.066 µg mL-1 of residual concentration, which meets the MRL of MAR in milk. 

The load of MAR from the spiked milk onto MGAC was calculated to be 648 

MAR/g MGAC. In summary, the purification capacity in the flow mode is 1.6 times 

higher than that with the batch mode. 
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The serious environmental problems caused by pharmaceuticals and other 

organic pollutants, require the development of efficient and economic 

technologies for industrial wastewater treatment. Thus, the potential application 

of specific ACs as adsorbents in highly polluted wastewaters was investigated in 

this study. The related compounds include COD, PP at high concentration in 

industrial CW, IOP and phenols in aqueous solutions, antibiotics in aqueous 

solution and milk. Meanwhile, the regeneration and reuse of adsorbent, as well as 

the recovery of adsorbates were investigated. Moreover, the ACs were modified 

to improve their adsorption performance. On the basis of above studies, the 

mechanisms of adsorption/desorption were illustrated. 

The industrial CW was efficiently purified by using the hybrid method of 

flocculation and adsorption. As pre-treatment, a large fraction of organic matter, 

such as UV254, COD, PP, TS, TDS and TSS, was removed by using flocculation. The 

residual organic matters were further removed by adsorption with ACs. As a result, 

the cooperative flocculation/adsorption has been demonstrated to be an effective 

and economical method. In order to reduce the consumption of adsorbent and 

disposal of used adsorbent, the spent ACs were regenerated with MW calcination. 

The regenerated ACs were robust and permitted five recycles equally. Predictably, 

this simple and scalable process could afford a promising treatment method for 

other industrial wastewaters containing high concentration organic matter, such 

as food processing, brewing and farming industries, etc. 

The wastewater containing pharmaceuticals at high concentration should be 

treated to reduce the discharge of pollutants, simultaneously recovery of 

high-value pharmaceuticals. In this study, IOP, as model ICAs, was efficiently 

recovered using simple adsorption/desorption process. In traditional concept, the 

desorption of adsorbates from ACs is often troublesome. To meet this challenge, 

hydrophilic IOP loaded onto the ACs was efficiently eluted using either methanol 

or ethanol and the regenerated ACs by elution were reused for five cycles in a 

flow mode. Given the benefits of the adsorption/desorption processes, such as 

simple operations and low-costs, the results of this research could be extended to 

the extraction of other high-value substances such as contrast agents, drugs and 

bioactive ingredients. 
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Phenols are considered priority organic pollutants and often used as model 

compound for the technology development of wastewater treatment. The 

adsorptive removal of phenols on ACs is easily achieved, however, the desorption 

of phenols is still an attractive challenge. The efficient desorption of phenols from 

ACs with preferable solvents (Lewis basic solvents, acetic acid, and alcohols) and 

most co-solvents with 0.4% urea (aq) or 3% NH3 (aq) was achieved, and the flow 

mode provided complete desorption and regeneration of ACs. The results 

indicates the basicity, polarity, and hydrogen bonds synergistically affect phenols 

desorption. It also demonstrated that phenols adsorption is a reversible physical 

process, clearly showing the feasibility of phenols desorption with proper solvents. 

This result was also verified by comparison of DRIFT spectra and porosity 

properties among pristine, loaded and eluted ACs. Overall, our procedure paves 

the way to eliminate secondary pollution, recover valuable compounds, reuse ACs, 

as well as reduce the treatment costs. These achievements could open new 

applications of adsorption/desorption of organic pollutants from industrial 

wastewaters. 

In order to enhance the adsorption performance toward antibiotics such as 

MAR, WPAC were modified by using MW calcination and oxidation with H2O2 

under SK, US and MW heating. After the oxidation under SK, AE of MAR onto 

WPAC increased from 70.5% to 88.3%. US or MW heating accelerated the 

oxidation, but slightly rise AE values into 89.3% and 92.5%, respectively. As 

compared to the oxidation, AE of MAR onto modified WPAC reached 89.2% using 

MW calcination at 600°C for 3 min. Moreover, various ACs were modified with 

same MW calcination, resulting in greatly enhanced adsorption performance 

toward MAR. It concludes that the physicochemical properties of ACs 

collaboratively affect the adsorption performance. Accordingly, the content of 

oxygen-functional groups, BET, etc. among the pristine and modified ACs should 

be compared in future, while the improved adsorption performance of ACs should 

be verified by the adsorption of other antibiotics or organic contaminants. From 

an economic view, the higher performance of modified ACs can reduce the 

consumption of adsorbents and the treatment cost. 

The adsorptive removal of organic pollutants can not only be applied in 

wastewater treatment, but also extended to the purification of polluted milk. In 

the present study, 93.7% of RE for 20 mL of 1 µg mL-1 MAR-spiked milk onto 50 mg 
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MGAC was achieved in batch mode, although the competitive adsorption of 

impurities existed in milk. The resulting residual concentration was 0.063 µg mL-1, 

which meets the MRL of MAR in food. MPAC exhibited a comparable adsorption 

performance. By using a flow mode, 325 mL of 1 µg mL-1 MAR-spiked milk was 

efficiently purified via 500 mg MGAC column. 93.4% of RE was achieved and the 

corresponding residual concentration was 0.066 µg mL-1. Thus the flow mode with 

MGAC showed higher capacity (648 µg MAR/g MGAC) as compared to the batch 

mode (375 µg MAR/g MGAC). Moreover, in the adsorption process, the 

composition and nutritional properties of the milk could not be affected. It is the 

outstanding benefits of the adsorption process: (1) Despite of the presence of 

competition adsorption of impurities in milk, ACs still exhibited the superior 

adsorption performance for MAR; (2) The composition and nutritional properties 

of the milk after the adsorption could be remained. Other antibiotics in 

polluted-milk could be removed using the above method in future. 

To completely implement the adsorption/desorption processes in the future, 

the following investigations are proposed: 

(1) Characterization of modified ACs to verify the mechanism of enhanced 

performance; 

(2) The competitive adsorption treatment the industrial wastewaters of containing 

different pollutants; 

(3) Preparation and application of novel porous carbonaceous materials using 

enabling technologies; 

(4) Comparison with other porous materials for developing more superior 

adsorbents. 
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