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ARTICLE INFO ABSTRACT

Keywords: We present a method using the material in the form of cross-linked p-cyclodextrin (CD) showing

Pharmaceuticals high efficiency in the simultaneous removal of hazardous pollutants from sewage, such as

i}cllape-n‘lemory polymers diclofenac (DIC), ibuprofen (IBU), ketoprofen (KETO), naproxen (NAPR), salicylic acid (SALI) and
sorption

tramadol (TRAM). The material is stable and particularly easy to regenerate. The sorbent prob-
ably remembers the shape of the contaminants, which increases its sorption capacity after the
second use. The kinetics of the KETO adsorption process from one-, two- and three-component
solutions are well described by the pseudo-second-order model. The maximum polymer capac-
ity was 162.60 mg g~ '. The interactions of KETO with CD were investigated, indicating that the
main sorption mechanism is based on supramolecular interaction and uptake by a polymer
network. The material is not sensitive to low pH and high salinity, so it can be used for the
treatment of DIC, IBU, and KETO post-production wastewaters.

Sewage

1. Introduction

Pharmaceutical industry wastewaters are high variability of composition due to the wide spectrum of manufactured drugs [1,2].
Moreover, the wastewater streams generated during production are characterized by relatively high concentrations of pharmaco-
logically active substances (API) [3]. Often, they have a very low or high pH. Usually, before entering the activated sludge chambers,
their composition is averaged by mixing in a homogenizer and pH correction in a neutralizer [4]. At this stage, many pharmaceuticals
precipitate out and become less bioavailable [5]. This phenomenon can be counteracted by subjecting the post-production streams to
preliminary treatment. The most commonly used are Advanced Oxidation Processes (AOP) [6-10], membrane [11-14], and
adsorption methods [15-17]. In the first case, mineralization is very rarely achieved. Typically, the drug is converted into other
derivatives that may be less environmentally friendly than the native substance [18,19]. The use of appropriate membranes seems to
be a better resolution. Disregarding the high cost, the contaminants are obtained in a form that is easier to dispose of due to the
significantly reduced volume [20,21]. Adsorption produces give a similar effect with much less investment. In the pharmaceutical
industry, activated carbon (AC) is most often used, both in the product purification stage and in the removal of impurities from waste
streams [22-33]. The most important advantages of AC include a large specific surface area and the ability to bind both organic and
inorganic compounds. The disadvantages include separation and regeneration problems, especially when using AC in powder form,
and final disposal [34]. Waste AC usually undergoes combustion [35]. This process is difficult to carry out due to the lack of volatile
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components and therefore a supply of steam and oxygen is required, thus creating the conditions for gasification [36]. The described
procedure is far from green technology and requires the implementation of new ones. A solution that is currently very popular is
organic adsorbents derived from renewable raw materials [37-39]. This group includes both dried and shredded plant waste [40,41]
as well as cellulose [42-44], chitosan [45-48], and cyclodextrins (CD) [49-51]. The latter is quite soluble and requires appropriate
modification. The selection of appropriate cross-linking agents enables the synthesis of an adsorbent tailored to the size of a single or a
group of pollutants [52-54]. The basis of sorption is supramolecular interactions produced by van der Waals forces, hydrogen bonds,
and molecular fit of guest (pollutant molecule) to host (CD) [53,55]. CDs are cyclic compounds composed of 6, 7, or 8 glucose units
linked by a-1,4-acetal bonds [56,57]. The torus is hydrophobic on the inside and hydrophilic on the outside [58]. The hydrophobic
parts of the organic compounds are contained inside the torus or, if the structure of the polymer allows it, also in the resulting network.
Usually, the materials are durable, regeneration is simple [59-61], and the spent polymer can potentially be broken down during
composting, for example [62,63].

This paper presents the possibility of removing ketoprofen directly from post-production wastewater streams. Subsequent ex-
periments show that the composition of wastewater has a significant impact on the efficiency of drug removal. This research can help
manage streams going to the homogenizer in industrial wastewater treatment plants. The presented material may also find application
in the treatment of municipal wastewater from non-steroidal anti-inflammatory drugs (NSAID) and painkillers.

2. Materials and methods
2.1. Reagents and techniques

Hexamethylene diisocyanate (1,6-HMDI > 99%), f-cyclodextrin (8-CD > 97%), pyridine (anhydrous >99.8), diclofenac (DIC),
ibuprofen (IBU), ketoprofen (KETO), naproxen (NAPR), paracetamol (PARA), salicylic acid (SALI), tramadol (TRAM) (drugs meet USP
testing specifications) were delivered by Sigma-Aldrich. Acetonitrile (HPLC-grade), methanol (CH30OH > 99.8%), sodium and calcium
chlorides (NaCl >99.8%, CaCl; > 99.8%), as well commercial humic acids contain 50% of humic acids and 50% fulvic acids (HA, 90%
dry matter) were purchased from Chempur and Agraplant, respectively. All chemicals were used without their further purification.
Water purified by Hydrolab-system was used to prepare the stock solutions (HLP-SPRING, temp. 22 °C, k= 2.70 puS). The characteristic
of effluents from the local municipal sewage treatment plant is presented in the supplementary material (SM, Table S2).

The final form of the adsorbent was obtained after drying material in a moisture analyzer (MA50/1.R, Radwag) and grinding in a
ball mill (Pulverisette 7 classic line, Fritsch, GmbH). Fourier transform infrared (FT-IR) spectra were performed on a Thermo Nicolet
i$10, using the KBr pellet method. The spectral resolution was 4 cm ™! and the scanning range was from 400 to 4000 cm ™. The specific
surface area was estimated by the Brunauer-Emmett-Teller (BET) method [64] and pore size distribution (PSD) was measured using the
classical Barrett-Joyner-Halenda (BJH) model [65] and the Harkins and Jura t-Plot method [66,67]. The surface charge properties of
the adsorbents were investigated by Zeta potential measurements, which were conducted at a different equilibrium pH using a
Nano-ZS Zetasizer (Malvern Instruments Inc. UK). Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was
performed on p-CD-HDMI using a Mettler-Toledo TGA/DSC thermogravimetric analyzer. Samples were heated from 0 °C to 1000 °C at
the rate of 10 °C/min under the air atmosphere (flow rate: 10 ml min™'). The surface morphology p-CD-HMDI was studied using
scanning electron microscopy (SEM) on a Quanta FEG 250 scanning electron microscope operating at 10 kV. The elemental FLASH
2000 analyzer operating in the dynamic separation technique was used to measure the content of carbon, hydrogen, and nitrogen. The
oxygen content analysis was performed by the device in the pyrolysis mode.

2.2. Synthesis of p-CD-HDMI

To a flask containing 150 ml of dry pyridine at 80 °C, 10 g of CD and 5.93 g of 1,6-HMDI were added simultaneously over 2 h with
vigorous stirring. Reactions were continued for an additional 8 h. After cooling to room temperature, 300 ml of acetone was poured
into the reaction mixture to precipitate the product. The precipitate was filtered and air-dried. Unreacted cyclodextrin and residual
pyridine were removed during liquid/solid extraction with water and hydrochloric acid, respectively. The precipitate was filtered and
washed with distilled water until the pH of the filtrate was neutral, and then the precipitate was allowed to dry at room temperature.
The product was placed in a moisture analyzer and dried at 120 °C until solid. The product thus dried was ground and stored in a
desiccator. The final reaction yield was 11.15 g [68].

2.3. Methods

To determine the adsorption mechanism, the interactions between (-CD and API were analyzed through proton nuclear magnetic
resonance. 'H NMR spectra were recorded in DO on a Bruker Advance III HD 400 MHz spectrometer at 25 °C.

The concentrations of API were determined by ultraviolet spectra, detected by high-pressure liquid chromatography (HPLC Agilent
Technologies 1200 Series, USA). The analytical method for DIC, IBU, KETO, and NAPR was obtained from the reported literature
[69-74]. The samples were injected at a volume of 1 pL each time. The flow rate of a mobile phase (using acetonitrile: acetate buffer pH
3.2, ratio 60: 40) through the C-18 column (Zorbax Eclipse PAH, 4.6 x 100 mm, 3.5 pm, Agilent Technologies) was set at 1.0 ml min ™.
The concentration was measured by the UV detector at the wavelength of 220.8 (ref. 360 + 100) nm. TRAM, SALI and PARA were
separated on the column XDB C18 Eclipse (4.6 x 150 mm, 5 pm, Agilent Technologies, using mixture of deionize water (A): 0.05% TFA
in acetonitrile (B) as a mobile phase, with flow rate 1.2 ml min~ ! in gradient: 0 min - 85% (A) to 11 min - 40% (A), and back to the


http://mostwiedzy.pl

A\ MOST

A. Skwierawska et al. Water Resources and Industry 28 (2022) 100186

initial conditions (12-17 min - 0% (A)). The samples were injected at a volume of 40 pL. The concentration of analytes was measured
by the UV detector at the wavelength of 200.8 (ref. 360 + 100) nm. All experiments were carried out in triplicate (n = 3) and, the
maximum standard error was 2.1%. API removal efficiency (RME) was determined by Eq. (1),

Cy— C,

0

RME (%) =

x 100 (€9)]

where the RME (%) was the efficiency of API removal, Cy (mg L’l) and C; (mg L’l) were the initial concentration and concentration at
time t of API in the sample.

2.4. Adsorption procedure

The experiments were performed at room temperature on a digital vortex mixer (OHAUS VXHDDG) at 700 rpm. After shaking, the
adsorbent was separated from the solution by filtration (Whatman Grade 540 filter paper) and the concentration of the filtrate (c.) was
determined. The influence of the adsorbent quantity was initially investigated. For this purpose, §-CD-HMDI in an amount of 1-100 mg
was added to 5 ml of KETO solution in plastic Falcon tubes (7 ml). Then, the influence of electrolytes and humic acids, as well as pH 2 to
10 (corrected with NaOH or HCl), was investigated using a previously selected dose of the adsorbent. Each time, three sets of ex-
periments were carried out at the KETO (20 mg L™}, the contact time of 60 min).

2.5. Kinetic, equilibrium studies, and thermodynamic analysis

Kinetic and equilibrium experiments were performed under optimal experimental conditions. In the first one, the KETO (20 mg
L) solution was used, and in the second - KETO (1-100 mg L™1). The adsorption equilibrium and kinetics data were analyzed using
the models presented in Tables S4 and S6. The tables also show the relevant mathematical relations of these models, the parameters to
be valued, and the dependable references. The reliability of the results was considered based on the analysis of variance (Anova test).

2.6. Real wastewater treatment

2.6.1. API’s post-production effluents

Many methods for synthesizing ketoprofen can be found in the literature [75-80]. However, not all of them are suitable for in-
dustrial purposes, which explains the continued use of the syntheses described in patents from the past century [75,81,82]. Fig. 1
shows two examples of the reactions carried out under industrial conditions.

Their common feature is usually an alkaline hydrolysis step carried out in an organic solvent environment, which is then distilled.
The resulting drug is in the form of a salt from which it is released. The resulting solution of the drug in the solvent is washed repeatedly
with water and solutions of different pH. The combination of these streams produces saline and usually acidic wastewater. A similar
situation is observed during the production of diclofenac [83]. The exception is the ibuprofen system, which is considered to be
waste-free [84]. The information in the literature has become a determinant of the composition of model post-production leachates
(EP) whichlwere prepared by dissolving DIC, IBU, and KETO (0.4 mmol L™1) in a hydrochloric acid solution of sodium chloride (pH=2;
763 mg L™ ).

2.6.2. Wastewaters

Model wastewater was obtained by dissolving individual APIs (0.4 mmol L™ in treated municipal wastewater (MW), the
description of MW is shown in Table S1. The resulting mixtures can successfully mimic the feedstock for the next treatment step based
on adsorption.

o CH, o CH;
O O COOH  hydrolysis O O CN
i el
b) CH, o) CH,

N co coor [O] COOH
—_— B —
ROH hydrolysis

Fig. 1. Industrial methods of ketoprofen synthesis.
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Fig. 2. a) Effect of adsorbent mass on removal efficiency, (Cp.cp.umpr =0.2-20 g L% Co=20 mg L7} t = 60 min, temp. 25 °C); b) Effect of
adsorbent mass on adsorption capacity, (Cs.cp-umpr = 0.2-20 g L% Co=20 mg L%, t = 60 min, temp. 25 °C); c) Effect of the time on removal
efficiency, (Cg.cp-uvpr = 0.2-20 g L% Co=20 mg L%, t = 60 min, temp. 25 °C) d) Effect of time on adsorption capacity (q), (Cp.cp-ampr = 2 LY
Co =20 mg L%, t = 0-60 min, temp. 25 °C); e) Effect of KETO initial concentration on removal efficiency, (Cg.cp-uvpr = 0.2 g L% Co=10-100 mg
L', t = 60 min, temp. 25 °C); f) Effect of pH = 2-10 value on KETO removal efficiency, (Cp.cp-umpr = 2 g L5 Co= 20 mg L', t = 60 min, temp.
25 °C); g) API Effect of salt and fulvic and humic acids (F&H) on API removal efficiency, (Cg.cp-umvpr = 2 8 L Co =20 mg L7}, t = 60 min, temp.
25 °C, Gyac1 = 25.42-703.00 mg LY, Ccaciz = 27.75-832.50 mg L1, Cperr = 10100 mg L~ %; h) Comparison of the removal efficiency of KETO using
a new and sequentially regenerated adsorbent, (Cg.cp.uvpr = 2 & L% Cy=20 mg L%, t = 60 min, temp. 25 °C). The symbols C. and q. denote
Equilibrium concentrations of KETO in solution and adsorbent, while Cy and Cy.cp.uvpr represent initial concentrations of KETO and adsorbent.

<

2.6.3. Multicomponent wastewaters (mix)

Ternary blends were prepared by mixing equal volumes of the respective DIC, IBU, and KETO solutions in MW. Seven-component
effluents were obtained analogously by mixing all the solutions of the drugs under study.

The aforementioned model effluents (50 ml) were poured into Falcon-type plastic tubes containing 50 mg each of p-CD-HMDI. The
vials were sealed tightly, and the mixtures were shaken in a digital vortex mixer at 700 rpm for 1 h at 25 °C. The supernatant was then
collected and filtered. The concentration at adsorption equilibrium of each was measured by HPLC.

2.7. Regeneration

100 mg of p-CD-HMDI was added to 50 ml of KETO solution initial (20 mg L™1). The mixture was shaken in a digital vortex mixer at
700 rpm (25 °C, 1 h). After 1 h, the solution was decanted from the surface of the precipitate and in its place, 20 ml of methanol was
added, soaking for 15 min. The procedure was repeated in distilled water. The adsorption-desorption experiment was performed five
times.

3. Result and discussion

The synthesized material is characterized by a high degree of cross-linking. The basic sorbent unit consists of three $-CD molecules.
In a single -CD, a total of 21 primary hydroxyl groups are available, 16 of which are substituted. Significantly, only 14 are embedded
in urethane bonds and two in allophanate bonds. The resulting material is amphiphilic having both rigid and flexible elements
(Fig. S13) so it can easily adapt to the structure of the adsorbed drug. The BET surface area of B-CD-HMDI is 7.31 m? g 1. The average
pore size is 16.8 nm and the total pore volume is 3.08 ml g~ '. The average particle size of p-CD-HMDI varieties is from 270 to 600 um,
valued by SEM (Fig. S2). The particles have a divergent porous structure. The material is thermally stable at temperatures below
250 °C, after which decomposition follows. The final weight loss is observed at 333 °C (61.82%). The Zeta potential (£) of f-CD-HMDI
in the pH range from 2 to 11 is 0 for pH = 2.53, and above this value, it is constantly negative. The material does not permanently retain
water and does not tend to swell. More information on the sugar adsorbent can be found in the publication [68].

3.1. Adsorption experiments

The adsorption studies were carried out conventionally, examining the influence of individual parameters on the course of the
process. The obtained results are discussed in subsequent subsections.

3.1.1. Effect of adsorbent mass

It can be considered that overall, an increase in the mass of the sorbent (0.2-20 g L™1) is accompanied by an increase in the degree
of removal of API from the solution, which is certainly typical. Nevertheless, in the case of KETO, it reaches minimums and maximums,
which indicate probably the formation of new equilibria (Fig. 2a). A significant excess of API in the solution compared to the initial
amount of p-CD-HMDI causes a rapid equilibrium state where the g, limits of 65.42 mg g~ ! (Fig. 2b). Therefore, to be able to
investigate the kinetics of the sorption process, no minimum amount of material, but 10 mg was used in the next stage. The pH of the
API solutions (20 mg L_l) was not corrected.

3.1.2. Effect of contact time

The adsorption processes are required to run efficiently in a relatively short time to reduce the cost of the unit operation. The time in
which the maximum removal of the desired component from solution was achieved depends on the kinetics of the process, which is
predominantly influenced by the physicochemical properties of the adsorbent and adsorbate. In the KETO question, the required state
was achieved in between 5 min and 24 h, depending on the material used [85-87]. Two compartments can be distinguished in the
analyzed system. The first one, lasting 30 min, is dynamic, then it slows down significantly. The result is a 40.62% removal of KETO in
60 min (Fig. 2c¢).

3.1.3. Effect of API initial concentration

The initial concentration is the driving force needed to overcome the resistance to mass transfer between the aqueous and solid
phases. At the first moment of contact, p-CD-HMDI has the largest number of centers capable of interacting with the components of the
liquid phase, which usually results in a high adsorption efficiency observed at the lowest concentration of 1 mg L™!. A higher
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concentration may create an additional barrier to overcome in the form of already accumulated KETO particles, or API transfer from
solution to solid. Hence, the involvement of deeper structures is partial, and consequently, the ineffectiveness of API removal is
observed. The concentration of 20 mg L™! was selected for further research (Fig. 2e).

3.1.4. Effect of pH

KETO contains a pH-sensitive carboxyl group. In a solution with pH = 3, the degree of API removal is the highest and amounts to
almost 61% (Fig. 2f), then it gradually decreases with increasing pH, assuming the lowest value for pH = 6 (RME = 17.55%), after
which, when exceeded, there is an almost two-fold increase to pH = 9. The electrokinetic potential of the various dispersed phases
depends largely on the concentration of hydrogen ions. In the case of the tested material, the electrokinetic potential is zero at pH =
2.53, this value corresponds to the highest degree of KETO removal (Fig. S3). This is an area close to the complete disappearance of
anticoagulant electrostatic repulsion. Considering that the final pH of the effluent from KETO production is acidic and the drug content
is at the level of several dozen mg, the resulting material can potentially be used to remove the drug from this stream before it is sent to
the on-site sewage treatment plant [81]. However, to restore normal adsorption conditions, the pH of the KETO solutions was not
adjusted in further tests and was 4.21.

3.1.5. Effect of salts, humic and fulvic acids

The salts present in the wastewater can significantly affect the sorption of drugs. In the case of KETO, both sodium and calcium
chloride increase the removal efficiency of the drug by several percent. Even high salinity mustn’t adversely affect the sorption process,
which means that f-CD-HMDI can potentially be used during the treatment of neutralized post-production wastewater. The presence of
humic and fulvic acids is typical for surface waters and may be of great importance when removing KETO from the natural envi-
ronment. These compounds have little effect on the value of the RME parameter in the range of low concentrations, the effect increases
with increasing concentration, resulting in a reduction in the degree of KETO removal by 5% (Fig. 2g).

W APIin water @ API in sewage . i s - o
 API in EP ® Mix in water = Mix in EP B Mix in sewage
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Fig. 3. a) The removal efficiency of single API from water and municipal wastewater; b) Removal of drugs from three-component mixtures in water,
post-production effluent (EP), and municipal wastewater; ¢) Removal of drugs from seven-component mixtures in water and municipal sewage. In
all cases Capy = 0.3 mmol L1, Cp_cp-nmpr =1.25¢ L~! contact time 60 min, temp. 25 °C; d) Equilibrium adsorption isotherm of KETO (Cy = 0.001—
0.1 gL’l, Cp_cp-umpr =0.2¢ L’l, contact time 60 min, temp. 25 °C).
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3.1.6. Regeneration

The presented material contains elements of different elasticity, enabling a better adjustment of the material structure to the shape
of the adsorbate. The initial structure of 3-CD-HMDI was formed by a pyridine matrix which was removed in the purification step.
During the first sorption, the material is reorganized and arranged according to the structure of the guest molecule. The new system is
not fully formed but does not fail under mild methanol desorption conditions. During the next two cycles (adsorption-desorption), the
new polymer system is remembered and the process becomes more efficient (Fig. 2h). The low boiling point of alcohol and the lack of
azeotropes with water make the regeneration stage relatively cheap and waste-free. The regeneration process must be very effective
and simple. In industrial conditions, it is enough to place the sorbent in the mixer with post-production effluents. After an appropriate
time, it is enough to drain the treated sewage and replace it with methanol, after only 15 min, the solvent phase can also be drained and
sent to the distillation tower, and the material itself can be washed with water. The operation does not need to be repeated. Aqueous
washings can also be used repeatedly after removing residual methanol (Scheme S1).

3.1.7. Removal of pollutants from a complex model mixture

The presence of additional drugs such as DIC and IBU increases the removal efficiency of the individually tested API from model
solutions. This effect is strongest with DIC, which is removed from the solution with an efficiency of 24.7% in the absence of other
drugs. In the case of a mixture containing all tested pharmaceuticals, the effectiveness increases up to 86.6%. The observed synergism
of these drug adsorption is an unquestionable advantage of p-CD-HMDI and has the potential to be used in the treatment of combined
post-production wastewater from the simultaneous manufacture of these medicines (Fig. 3a and b and Scheme S1).

3.1.8. Adsorption of pharmaceuticals present in biologically treated sewage of municipal type and post-productions streams

The composition of the wastewater depends on the source of its formation. Two cases of mixtures containing API were included in
the research. The first one with the pH = 2 and sodium chloride (763 mg L™?) is the simulation of the KETO adsorption process from
post-production effluents [81]. The second is the removal of drugs from municipal wastewater. First, the effect of the matrices on the
removal efficiency of single APIs was determined, followed by mixtures containing three or seven drugs (concentration 0.3 mmol L™}
each). Components of municipal wastewater have a positive effect on the removal of API from wastewater containing single phar-
maceuticals (Fig. 3a). The degree of KETO removal is similar to that in the presence of salt and humic acids. The phenomenon of low
PARA adsorption is difficult to explain, especially as it complexes with $-CD (Fig. S10), like other studies (Figs. S6, S7, S8, S9, S11, S12)
[88,89]. Perhaps interactions under environmental conditions are unstable or the matrix contains more attractive substances.

The three-component mixtures (DIC, IBU, and KETO) are noteworthy as they indicate the synergism of the mentioned compounds
also under environmental conditions, which effectively eliminates the influence of the matrices. The result is a high removal rate for
each drug, slightly higher than that of distilled water solutions (Fig. 3b). The efficiency of removing these APIs from synthetic pro-
duction wastewater is impressively high for single production streams as well as their mixtures (Fig. 3b). Cyclodextrin materials do not
have functional groups sensitive to low pH, and the hydrophobic interior is not attractive to salt, hence the lack of sensitivity to the
high salinity of the formed supramolecular complexes. This could be expected based on the previously conducted studies on the effect
of pH and sodium chloride on the sorption efficiency of the drug (Fig. 2f and g). p-CD-HMDI is a material whose action is based
primarily on the formation of supramolecular complexes, characterized by various durability. It is no wonder that for more complex
systems we can see completely different results, such as for mixtures formed by dissolving DIC, IBU, KETO, NAPR, PARA, SALI, and
TRAM in water or wastewater, respectively. The APIs used for comparison also belong to the group of hazardous pollutants commonly
found in the natural environment, which justifies the choice [90-93]. The presence of seven pharmaceuticals in the mixture signifi-
cantly reduced the influence of the matrix on adsorption compared to the one-component systems. The strongest interactions with the
B-CD-HMDI surface are observed in the case of SALI and TRAM, which are removed with an efficiency of 72.7% and 52.1%,
respectively. Unfortunately, the degree of removal of the remaining ones decreased in a relatively high concentration range (Fig. 3c).

3.1.9. Adsorption isotherms

The isotherm shown in Fig. 3d corresponds to type I. The course of the isotherm reflects the basic assumptions of Langmuir’s theory
that the adsorbent surface has many active sites, and only one adsorbate molecule can adsorb to one active site. The amount of
adsorption initially increases in proportion to the concentration of the adsorbate, then the increase gradually decreases and the
adsorption becomes constant. All active places are occupied and a monolayer is formed. A larger amount of the adsorbate particles
cannot be adsorbed on the adsorbent surface. Using the nonlinear and linear form of the Langmuir equation, the maximum adsorption
capacity (qmax) was determined, amounting to 129.70 mg L™ ! and 131.23 mg L™, respectively. This value is higher than that resulting
from the p-CD content in the polymer structure (54%) [68], which indicates the existence of non-supramolecular interactions. An
important addition to the Langmuir isotherm is the dimensionless separation factor R;. The calculated value shows the privileged
course of the process 0 < Ry <1 (Table S4). The Freundlich model was also used to eliminate or confirm multilayer adsorption
involving inhomogeneous surfaces with non-uniform heat distribution of adsorption. The parameter n, which is decisive for the quality
of the adsorption process, was estimated based on its linear form. When its value is in the range of 1-10, the process is preferable in that
case. However, the determined statistical coefficients indicate a worse fit of the experimental points to the model (Table S5). The Sips
model is a sense of balance to those described and works well for localized adsorption without adsorbate-adsorbate interaction [94,
95]. As C, approaches a low value, the Sips isotherm transforms into Freundlich, and at high C, into Langmuir. The Sips isotherm
equation is also characterized by the dimensionless heterogeneity coefficient n, which can be used to describe the heterogeneity of the
system if the value of nn is from O to 1. In the case under consideration, n = 0.71(nonlinear) and n = 1.43 (linear). The linear model may
show a relationship between adsorbent and adsorbed molecules. The p-CD-HMDI - KETO system is perfectly suited to the Sips model as
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evidenced by the error analysis and the value of the linear regression coefficient (Table S5). Based on the nonlinear and linear form of
the Sips isotherm, the value of Gmee = 161.13 mg L~! and gme = 162.60 mg L~! was determined, which is higher than that
resulting from the Langmuir equation. This obtained gyqc value was compared with the maximum sorption capacity of other sorbent
materials for KETO reported in the literature and presented in Table 1. Of these, only nitrogen-doped reduced graphene has a higher
Qmax than B-CD-HMDIL. It should be noted that in the case of p-CD-HMDI the adsorption process is more efficient considering the short
adsorption time and five times the lower specific surface area. In addition, §-CD-HMDI maintains a constant sorption capacity in
subsequent cycles and the regeneration itself is fast and simple.

3.1.10. Thermodynamic analysis

The obtained negative value of AH° means that the process is exothermic and proceeds with energy release. Negative AG® values
point to unprompted and thermodynamically favorable processes as well as an affinity of the adsorbate for the adsorbent [101].
Positive values of AS°® specify a high preference for the adsorbate molecules on the adsorbent surface [102] (Table S5).

3.2. Kinetic models

Seven classical models of adsorption kinetics were used to fit the data: pseudo-first order, pseudo-second order, Elovic, modified
Freundlich, Weber Morris (intramolecular diffusion), Bangham pore diffusion, and liquid layer diffusion (Table S5). Considering the fit
to the model based on the statistical analysis, it can be concluded that the pseudo-first-order model best describes the adsorption of
KETO, R? > 0.998. (Table S7). Nevertheless, the value of g, estimated based on this model deviates significantly from the experimental
value (Fig. 2d), which is close to g, calculated from the pseudo-second-order model (Table S6). Three more models were used to
determine the limiting stage of the process. The results obtained after fitting the experimental data to these models indicate that the
diffusion of the boundary layer (film) and inside the surface of solid particles (pores), substances dissolved in the solution, are equally
important. A long time to reach the adsorption equilibrium (approx. 1 h) may indicate that internal diffusion dominates the overall
adsorption kinetics. To confirm unequivocal information about the reaction rate limitation, the assumptions of Weber and Morris
based on an internal diffusion model [103,104] were used. This model describes the equation shown in Table S6, the k;; is the
intra-particle diffusion rate constant and C is the layer thickness. The higher the value of C, the greater the influence of the boundary
layer on the adsorption process. If the rate-limiting factor is diffusion inside the particles, then the dependence of the square root
function g, on the time t'/2 is a straight line passing through the origin of the coordinate system, i.e. C = 0. In the case under
consideration, C = 1.05, which markers that the rate-limiting factor is the boundary layer (film) controlled by the diffusion process
(Table S7). Additional applied Elovic and modified Freundlich models during fitting experimental data were linear over the entire
range, and the slopes describing the modified Freundlich kinetic model significantly below the value of unity confirm the chemi-
sorption of KETO at a concentration of 20 mg L! (Table S7).

The presence of additional APIs results in a better fit to the pseudo-second-order kinetic model of each of the drugs under
consideration (Table S8). Two-component mixtures are characterized by a significantly higher rate of removal of organic compounds
and better use of the specific surface area of the material (Fig. S5). In the case of three-component mixtures, the highest degree of drug
removal is observed as well as adsorption rates (Fig. S5 and Table S8). DIC pseudo-second-order reaction constant k,_pjc increases
almost 581-fold, k2_jgy 7.7-fold, and ky_grro 72-fold, respectively. Conceivably this phenomenon is accompanied by changes in the
structure of the material, which make it possible to significantly accelerate the adsorption of the most spatial molecules, i.e. DIC.

3.3. Mechanism of adsorption

To put it simply, all tested pharmaceuticals form supramolecular complexes with p-CD both in the solid phase and in aqueous
solutions [88,105-108], so they should also be retained in the p-CD-HMDI structure. Six out of seven do. The exception is paracetamol,
which forms a 3: 2 stoichiometry complex with CD in aqueous solutions (Fig. S10). The formation of a multi-component complex
requires the appropriate mutual arrangement of the molecules that make up the compound. Cross-linking significantly reduces the
number of degrees of freedom of the B-CD rings and requires a different arrangement. Consequently, the interactions are so weak that
PARA is equally quickly adsorbed and desorbed. In the sorption process, the stoichiometry of the resulting complex is not the only

Table 1

Examples of adsorbents used to remove KETO from waters.
Adsorbent type Qmax (mgg™")  pH Temp. Time Specific surface area Reference

§] (h) (m®g™")
Sonicated activated carbon 40.0 2.0 25 2 640.9 [27]
Montmorillonite 67.0 6.4 25 2 32.0 [96]
Carbon nanotubes 99.0 4.5 25 24 170.9 [97]
Activated carbon prepared from effluent treatment plant sludge of 105.9 40 25 3 642 [98]
the beverage industry
activated carbon prepared from winery wastes 146.4 3 25 6 227.16 [99]
p-CD-HMDI (161.13) 4.2 25 1 7.3 This
162.60 work
Nitrogen-doped reduced graphene oxide modified by Fe304 468.0 6.8 25 24 38.20 [100]
8
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significant component. SALI in aqueous solutions also forms 3: 2 complexes with -CD (Fig. S11) and, interestingly, shows the highest
affinity for the material in both aqueous solutions and sewage. The explanation should be sought in the arrangement of the functional
groups. Most likely, the aromatic rings of the acid are located in the $-CD tori, while its functional groups, located in the ortho position
to each other, are involved in the formation of a network of hydrogen bonds with other elements of the sorbent structure. The
remaining APIs show greater lipophilicity due to the presence of aliphatic or aromatic substituents, thereby increasing the number of
possible structures (Fig. S6-S12 and S13). For example, the phenolic substituent KETO is complexed through the interior of the CD, the
second ring interacts with the aliphatic chain of the lattice, and the carboxyl group is involved in hydrogen bonding with the urethane
or allophanate moiety (Fig. S13).

4. Conclusions

The paper presents a material that, contrary to the commonly used activated carbons in the form of a powder, is easily separated
and regenerated. It is durable and can work in environmental conditions. The sorption capacity remains unchanged after the next five
regeneration cycles. Despite the small specific surface area of the material, a high degree of KETO removal from model post-production
effluents is achieved during the simultaneous removal of diclofenac, ibuprofen, and ketoprofen, even in concentrations much higher
than those found in the natural environment, which allows it to be used in industrial conditions. The outflow of streams from municipal
wastewater treatment plants containing the above-mentioned drugs can be successfully purified, achieving efficiencies in removing
diclofenac, ibuprofen, and ketoprofen of 95%, 82%, and 78%, respectively. Even higher efficiency of the pre-treatment can be obtained
in industrial conditions by combining the streams of the above-mentioned APIs (100% DIC, 99% IBU, and 97% KETO). The presence of
additional other NSAIDs and analgesics in the wastewater modifies the adsorption profile, and the preferred adsorbent compounds are
mainly salicylic acid, tramadol, and diclofenac, for which the removal efficiencies are 72%, 52%, and 44%, respectively.
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