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A B S T R A C T   

The presence of pharmaceuticals in wastewater, mainly in hospital wastewater, is a serious environmental 
concern, as they are not removed by conventional processes in wastewater treatment plants and are discharged 
into the natural environment. This work proposes extracting drugs from hospital wastewater using natural, 
renewable, and non-toxic solvents such as terpenes and eutectic solvents. First, molecular simulation has been 
used with the COSMO-RS method performing a massive screening of 43 terpenes, 11 eutectic solvents, and 5 
conventional solvents with 31 common pharmaceuticals. The most promising solvents in the screening have been 
chosen to extract 11 pharmaceuticals simultaneously. Experimental tests with ultrapure water and real hospital 
wastewater matrices showed a strong influence of pH and matrix on extraction. Under the optimal conditions, 
global pharmaceutical extraction yields with carvacrol of 94.16 % and the eutectic solvent thymol + dodecanoic 
acid of 96.86 % were obtained. The regeneration and reuse of both solvents were studied in 5 consecutive stages, 
showing the carvacrol’s high stability and regenerability. Using carvacrol, countercurrent extraction tests 
showed a fast mass transfer of pharmaceuticals and high extraction yields using low solvent-to-feed (S/F) ratios. 
The predictions obtained with COSMO-RS were similar to the experimental results, confirming the reliability of 
this method for selecting alternative solvents for the extraction of pharmaceuticals. Finally, the drug removal 
process was simulated in a countercurrent extraction. The complete removal of pharmaceuticals from hospital 
wastewater could be achieved using carvacrol with an S/F of 2.00 at pH 4.00 in an extractor with six equilibrium 
stages.   

1. Introduction 

Research on wastewater has grown exponentially over the years [1]. 
Pharmaceuticals are among the potential micropollutants that have 
been measured in wastewater and the environment. Concentrations 
present in the environment can already affect biota [2]. In conventional 
wastewater treatment plants, part of their removal is achieved in the 
biological reactors of the secondary treatment. However, they are dis-
charged into the natural environment due to their wide variety, low 
concentration, and refractory behaviour [3]. Hospital wastewater can 
contribute more than half of the discharge contribution of pharmaceu-
ticals to domestic wastewater, and concentrations in hospital 

wastewater can be 4 to 150 times higher [4]. 
Since conventional water treatment is not adapted for their removal, 

specific treatments for hospital wastewaters should be developed, 
focusing efforts on eliminating pharmaceuticals, viruses, and antibiotic- 
resistant microorganisms. This way, specific treatments could be 
applied, and the dilution of pharmaceuticals could be avoided [5,6]. 
Numerous techniques are currently being studied to eliminate phar-
maceuticals from wastewater. Improved biological processes have been 
proposed [7,8], also using microalgae [9]. Also, oxidation processes 
such as ozonation [10], persulfate oxidation [11], photocatalysis 
[12–14], membrane processes [15], and other advanced oxidation 
processes [16–20]. In addition, separation processes such as adsorption 
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[21–23] or filtration [4,24] have also been developed. On the other 
hand, liquid–liquid extraction is a widely established operation in the 
pharmaceutical industry to separate pharmaceuticals [25]. The major 
problem with this technique is using some hazardous conventional sol-
vents, which are toxic, dangerous and environmentally unfriendly. 
Therefore, a search for alternative solvents has been undertaken. These 
include the use of ionic liquids [26–28], and more recently, the appli-
cation of eutectic solvents [29–34]. As the release of pharmaceuticals 
into the environment can cause risks to human health and aquatic en-
vironments [35], this work has sought to develop a technology to 
remove drugs from hospital water by liquid–liquid extraction. Hydro-
phobic solvents of natural origin, such as terpenoids and terpenoid- 
based eutectic solvents, have been selected to increase the sustainabil-
ity of the proposed process. 

Eutectic solvents are two or more chemicals with a melting point 
depression caused by hydrogen bonding interactions between the 
hydrogen bond acceptor and donor [36–38]. The selection of the com-
ponents of the mixture can tune their physicochemical properties. 
Eutectic solvents have been investigated given their advantageous 
characteristics of easy preparation for their application in numerous 
research fields such as analytical chemistry [39], development of new 
materials [40,41], use as reaction media [42,43], and separation and 
extraction processes [44–47]. Using natural compounds in their 
formulation has been considered to develop more sustainable processes 
by reducing toxicity and price and increasing biodegradability [48–51]. 
Among them, terpenes have been used to form hydrophobic eutectic 
solvents [52–60] due to the asymmetric polarity of many of them, giving 
rise to type V eutectic solvents [61,62]. 

Terpenes and terpenoids are nature’s most diverse plant-derived 
compounds [63]. Their use would have a fewer environmental impact, 
improved safety and renewable nature compared to petroleum-derived 
solvents [54,64]. Because of their hydrophobic character, these sol-
vents have been employed in the extraction of lipids, carotenoids and 
phenolic compounds from food products [65,66] and microalgae 
[67,68], volatile fatty acids [69], alcohols [70,71], and phenols [72,73] 
from aqueous solutions. In some cases, better results are obtained with 
pure terpenes than by forming eutectic solvents or comparing them with 
conventional solvents [45]. Although they can be competitive solvents, 
as they have high production and demand [54], research on the 
extraction of organic compounds using pure terpenes and terpenoids is 
still scarce [45]. 

For solvent selection, the COSMO-RS method [74,75] is a valuable 
tool for solvent screening, including eutectic solvents [61]. Among 
others, solubility information and extraction yields can be predicted. 
The aim of this work is the application of terpenes and terpene-based 
eutectic solvents for the extraction of drugs from hospital wastewater. 
A massive simulation of drugs with terpenes, eutectic solvents and 
conventional solvents was first carried out with COSMO-RS, predicting 
the types of interaction between solutes and solvent. Subsequently, the 
extraction with the most promising solvents of selected drugs per type of 
pharmaceutical has been tested, analysing the influence of the hospital 
wastewater matrix, drug concentration, pH, and solvent-to-feed ratio. 
To check the feasibility of the process, solvent reuse and regeneration 
tests have been carried out and their use in countercurrent extraction. 
Hence, this work shows the applicability of terpenes and eutectic sol-
vents in the extraction of pharmaceuticals from hospital wastewater. 

2. Experimental Section 

2.1. Solvent screening with molecular simulation 

Turbomole 7.4 software with COSMO continuum solvation method 
was used to optimise the geometries of the compounds with a BP86/ 
TZVP computational level using the solvent effect. The optimisation was 
performed by a single-point calculation to obtain the geometry of min-
imum energy, and the information was easily stored in a *.cosmo file. 

The obtained COSMO files were introduced in COSMOtherm software 
[76], version 19.0.4. The thermodynamic behaviour of the equimolar 
binary mixtures containing the pharmaceutical compounds and the 
different solvents was analysed by means of the excess enthalpies at 
298.2 K as reference. Excess enthalpies have been calculated for 31 
commonly used pharmaceuticals in 43 terpenoids, 11 terpenoid-based 
eutectic solvents, and 5 conventional organic solvents. The most 
promising solvents will be selected from the obtained values of excess 
enthalpies to extract drugs from hospital wastewater. The more negative 
the value of the excess enthalpy, the higher the affinity of the drug for 
the solvent, and the higher the extraction yields of the drug can be 
achieved experimentally. As shown in eq. (1), this excess enthalpy was 
further detailed in its three contributions (hydrogen bond, van der Waals 
forces, and electrostatic or misfit interactions): 

HE = HE(Hbond)+HE(VdW)+HE(Misfit) (1) 

The particular case of eutectic solvents, composed of a binary 
mixture of compounds, was computed as a mixture at the molar 
composition of the eutectic point of hydrogen bond acceptor and donor 
compounds [57,77], as used in previous works [69,73,78,79]. 

2.2. Chemicals 

Three terpenoids (eucalyptol, thymol and carvacrol), three eutectic 
solvents (thymol + octanoic (C8OOH), decanoic (C10OOH) and dodec-
anoic (C12OOH) acids), and two conventional solvents (methyl isobutyl 
(MIBK) ketone and diisopropyl ether (DIPE)) have been used in 
extraction tests for the removal of pharmaceuticals from aqueous solu-
tions. The 11 pharmaceutical compounds employed in the experimental 
study are 5 analgesics (acetaminophen, diclofenac, ibuprofen, naproxen, 
and phenazone), 1 antidepressant (carbamazepine), 4 antibiotics (sul-
famethoxazole, tetracycline, ciprofloxacin, and trimethoprim), and 1 
blood pressure regulator (atenolol). In Table S1 of the Supplementary 
Material suppliers, purities, CAS numbers, structures and physical 
properties of the chemicals employed in this work are collected. To 
prepare the eutectic solvents, the hydrogen bond acceptor and donor 
were gravimetrically added and stirred in a thermostatic bath MultiMix 
BHM9E OVAN at 323.2 K until a homogeneous liquid appeared. The 
eutectic solvents were prepared considering the eutectic point compo-
sition previously reported in the literature: a mole fraction of 0.33, 0.44, 
0.56 of thymol in thymol + C8OOH, thymol + C10OOH, thymol +
C12OOH eutectic solvents, respectively [77]. In addition, ultrapure 
water was obtained from a Purelab flex Elga Veolia water purification 
system. Hospital wastewater effluent was collected from a hospital in the 
southern region of Madrid (Spain). This hospital has a size of 400 hos-
pital beds and 2200 workers. In order to extrapolate the results obtained 
in this work with the results that would be obtained using other hospital 
wastewater as matrices, the effect of pH and initial concentration of 
pharmaceuticals, which would be the variables that could most affect 
the extraction yields, have been studied in depth. The macroscopic 
characterisation of the hospital wastewater employed is collected in 
Table 1 [80]. 

Table 1 
Macroscopic characterisation of the raw hospital wastewater [80].  

Parameters Value 

Chemical Oxygen Demand (mg/L) 332 
Total Organic Carbon (mg/L) 111 
TOC/COD ratio 0.33 
Total Nitrogen (mg/L) 90.1 
CO3

2– (mg/L) 365.5a 

Conductivity at 20 ◦C (μS/cm) 2360  

a Calculated from Total Inorganic Carbon measurement. 
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2.3. Liquid-liquid extraction of pharmaceutical compounds from aqueous 
solutions 

A multicomponent aqueous solution of the 11 pharmaceutical com-
pounds (acetaminophen, atenolol carbamazepine, ciprofloxacin, diclo-
fenac, ibuprofen, naproxen, phenazone, sulfamethoxazole, tetracycline, 
and trimethoprim) with a concentration of 5 mg/L each was prepared 
using ultrapure water as the matrix. Additionally, 5 and 50 mg/L solu-
tions were prepared using the hospital wastewater matrix to analyse the 
effect of initial concentration on extraction yields. The pH was measured 
using a 2002 pH meter (Crison), being 6.65 for the aqueous solution in 
ultrapure water and 7.75 for the ones in hospital wastewater at pH 7.75. 
Additionally, pH was adjusted using HCl 37 % for hospital wastewater 
matrix solutions with concentrations of drugs of 5 mg/L, obtaining so-
lutions of pH 4.00 and 6.65 to study the effect of pH in the extraction 
process. 

Pharmaceutical extraction was then performed at 7 different solvent- 
to-feed ratios (S/F) in volume of 0.05, 0.10, 0.25, 0.50, 1.00, 2.00 and 
3.00. The feed and the solvents were stirred at 800 rpm in vials of 8 mL 
in a dry bath for 12 h at 323.2 ± 0.5 K and atmospheric pressure to 
ensure equilibrium. The separation of the phases was done for 12 h at 
323.2 ± 0.5 K without stirring. Phase separation is then conducted with 
glass Pasteur pipettes to obtain the raffinates and the extracts. 

Raffinates were analysed by HPLC Agilent System 1260 Infinity II 
with UV–Vis Diode Array Detector with a column Poroshell 120 EC- (4.6 
× 150 mm, 4 µm). The column oven temperature was set a 40 ◦C, and it 
was used a 60 mm flow cell in the DAD. Mobile phase flow rate was 0.9 
mL/min, using acetonitrile and acidified water (acetic acid 75 mM). The 
mobile phase compositions employed in the analysis were a gradient 
from 98 % acidified water to 94 % in 11 min, 94 % acidified water for 22 
min, then a gradient to 80 % acidified water in 12 min, and 40 % 
acidified water for 10 min. Then the mobile phase was set to 98 % 
acidified water for 7 min to ensure column equilibrium for the subse-
quent analysis. All pharmaceutical compounds were measured at a 
wavelength of 275 nm, except acetaminophen at 230 nm. 

2.4. Scale-up, solvent reuse, and regeneration. 

Carvacrol and thymol + C12OOH eutectic solvent were selected for 
solvent reuse studies. In these experiments, extract phases from the first 
extraction stage were then reused in a subsequent extraction with a new 
drug feed solution, using them in 5 stages. Feed solutions of 5 mg/L of 
each drug were used, with hospital wastewater matrix at initial pH of 
4.00, and using with both solvents the S/F ratios in volume of 0.50 and 
2.00. The extraction was performed in a thermostatic bath with mag-
netic stirring model MultiMix BHM9E OVAN at 323.2 ± 0.5 K at 800 
rpm stirring speed. Raffinates were analysed by HPLC as described 
previously. 

After five solvent reuse cycles, the extract phases were regenerated 
through vacuum distillation in an R-200 rotary evaporator (Büchi) at 
437.2 K and 20 mbar. After 2 h, distillates and residues were obtained. 
The distillates were employed in an additional extraction stage to check 
the regenerated solvent’s performance. Additionally, to ensure the sol-
vents’ stability, Attenuated Total Reflection with Fourier Transform 
Infrared (ATR- FTIR) spectra were obtained of pure solvents, stage 5 
extracts, distillates, and residues between 500 and 4000 cm− 1 in a 
Nicolet iS50 spectrometer with SpectraTech ATR Performer. Further-
more, thermogravimetric analyses (TGAs) were conducted in TGA- 
LABSYS evo DTA/DSC equipment with a heating rate of 10 K/min 
from 303.2 to 1073.2 K, under a He atmosphere with a flow rate of 30 
mL/min, to verify thermic stability after reuse and regeneration 
processes. 

2.5. Experimental batch simulation of multistage countercurrent 
extraction 

To study the feasibility of the process at a larger scale, countercur-
rent extraction simulations were performed. Carvacrol was selected for 
these studies for being suitable for regeneration and liquid at room 
temperature (298.2 K). Firstly, an experimental Batch Simulation of 
Multistage Countercurrent Extraction (BSMCE) was performed. The 
process consists of a series of crosscurrent extractions to reproduce feed 
in each extraction stage. A BSMCE of 4 stages is illustrated in Fig. 1. Each 
run (grey area) approximates a multistage countercurrent extraction. An 
infinite number of runs would be necessary to reproduce the counter-
current extraction precisely. Nevertheless, 4 runs are sufficient to obtain 
a very close result [81,82]. This work has tested the extraction of 
pharmaceutical compounds using carvacrol at S/F in volume of 0.25, 
with BSMCE of 2, 3, and 4 stages and 4 runs each, as described in Fig. S1 
and S2 of Supplementary Material, and Fig. 1, respectively. Feed solu-
tions of 5 mg/L of each pharmaceutical compound were used, with a 
hospital wastewater matrix and initial pH of 4.00 at an S/F ratio in 
volume of 0.25. The extractions were carried out for 12 h at 800 rpm 
stirring speed at room temperature (298.2 K), as carvacrol is liquid in 
these conditions. The separation of the phases was done for 12 h at room 
temperature without stirring. Every raffinate of each run and extraction 
stage was analysed by HPLC as described previously. 

2.6. Simulation of countercurrent extraction with Kremser method 

Countercurrent extraction simulations have also been carried out 
using the Kremser method [83]. The Kremser method is based on 
experimental data since the experimental distribution ratios of all 
components are required to calculate the extraction factor (Ei) and the 
reciprocal of Ei (Ui). Distribution coefficients obtained in a packed 

Fig. 1. Batch Simulation of Multistage Countercurrent Extraction (BSMCE) of 4 
Stages and 4 runs. 
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column were used to simulate a countercurrent extraction by the 
Kremser method. A column of 8 mm internal diameter and 80 mm length 
was used, filled with a bed of glass spheres of 2 mm diameter. A total 
flow rate of 10 mL/h of the sum of solvent and drug feed was set using 
KDS 100 Legacy syringe pumps (Fisher Scientific) at an S/F ratio of 0.25 
at room temperature (298.2 K) as with BSMCE. After extraction, phase 
separation was allowed in a decanter. The scheme of the installation is 
shown in Fig. 2. After this, the raffinate was measured in HPLC with the 
method described previously. The water content in the extract was 
additionally measured by Mettler Toledo DL 32 Karl Fisher Coulometer. 
The distribution coefficients obtained were used to obtain extraction 
yields by the Kremser method implemented in Microsoft Excel with 
iterative calculation, obtaining extraction yields using 2 to 6 counter-
current extraction stages. 

2.7. COSMO-RS ad hoc validation and final use to explore massive 
pharmaceuticals’ extraction 

To validate the predictions of the COSMO-RS method, a liquid–liquid 
extraction calculation was performed using COSMOtherm. For this pur-
pose, a first phase (S) containing pure solvent (carvacrol and thymol +
fatty acids eutectic solvents) was specified, while the second feed phase 
(F) consisted of the pharmaceutical compound at the desired concen-
tration (5 mg/L) and water. The S/F ratio was adjusted by changing the 
total mass of the S phase while the total mass of phase F is 1000 g. The 
concentration of pharmaceutical compounds recovered in the solvent 
was used to calculate the extraction yield related to the initial concen-
tration designated in the F phase. 

Recovery results obtained from COSMO-RS predictions were 
compared with those experimentally obtained, analysing the differences 
to infer the concentrations and pharmaceutics that COSMO-RS can 

model for extraction purposes. After validating COSMO-RS predictions 
of the recoveries, the extraction of the complete list of pharmaceuticals 
at an initial concentration of 1 mg/L is evaluated to draw a broader 
scope in the use of terpenoids and eutectic solvents in the extraction of 
pharmaceutics from hospital wastewater. 

3. Results and discussion 

3.1. Molecular simulation solvent screening with COSMO-RS 

An exhaustive list of the 31 most common drugs found in hospital 
wastewater has been selected at the molecular simulation level to 
choose the most suitable solvents for their extraction [3,84]. Different 
types of pharmaceuticals have been selected for the molecular simula-
tion: analgesics (acetaminophen, diclofenac, ibuprofen, morphine, 
naproxen, phenazone, tramadol), antidepressants (carbamazepine, cit-
alopram, fluoxetine, venlafaxine), antibiotics (amoxicillin, azi-
thromycin, ciprofloxacin, clarithromycin, erythromycin, norfloxacin, 
ofloxacin, sulfadiazine, sulfamethizole, sulfamethoxazole, tetracycline, 
trimethoprim, clindamycin), and blood pressure regulators (atenolol, 
furosemide, gemfibrozil, metoprolol, propranolol, sotalol, valsartan). 

The solvents considered comprise 43 terpenes, 11 eutectic solvents, 
and 5 conventional solvents. The σ-profiles of the compounds used in the 
calculations are listed in Figs. S6-S19 of Supplementary Material. The 
σ-profiles present the histogram of the polarised charge distribution on 
the electronic surface of molecules. In the σ-profiles, different regions 
can be distinguished depending on the values of the polarised charge 
density σ. The hydrogen bond donor segments region (σ < − 0.0082 e 
Å− 2), the non-polar region (-0.0082 e Å− 2 < σ < 0.0082 e Å− 2), and the 
hydrogen bond acceptor region (σ > 0.0082 e Å− 2) [85,86]. 

It is expected that compounds with intense segments in the non-polar 
region are best extracted with solvents with equivalent peak distribu-
tion. On the other hand, if the drugs have hydrogen bond donor groups, 
they would have a higher affinity for solvents with hydrogen bond 
acceptor groups and vice versa. In the σ-profiles obtained with the drugs, 
group segments can be seen in all three regions. However, it is worth 
mentioning that the hydrogen bond acceptor groups are in the majority 
compared to the donors and of high intensity. Therefore, solvents with 
hydrogen bond donors groups are expected to have a higher affinity for 
the drugs. 

The σ-profiles have been used to calculate excess molar enthalpies 
(HE) in equimolar mixtures of drugs and solvents. The results of the 
excess enthalpies obtained are given with terpenes in Fig. 3, eutectic 
solvents in Fig. 4, and conventional solvents in Fig. 5. 

Excess enthalpies make it possible to define solvents with the highest 
affinity for solutes, similarly to using activity coefficients at infinite 
dilution. Additional information can be obtained on what interactions 
lead to this affinity. Exothermic mixture values would imply more af-
finity of compounds for solvents, whereas endothermic HE values would 
cause worse extraction yields. These trends can be coupled with activity 
coefficients when the entropic contribution has a non-dominant role, as 
is the case here reported. 

The HE calculation results show that many solvent-drug pairs lead to 
exothermic mixtures with terpenes. Terpenes containing heteroatoms in 
their structure (in particular oxygen) result in the lowest HE. On the 
other hand, terpenes without heteroatoms such as pinene or limonene 
exhibit endothermic mixtures. Among the drugs with the highest 
endothermic mixtures are furosemide, sulfamethoxazole, sulfadiazine 
and sulfamethizole, as opposed to drugs with the most exothermic 
mixtures such as clarithromycin or fluoxetine. Thymol and carvacrol 
stand out as the two terpenes with the lowest HE values. They are fol-
lowed by verbenone and eucalyptol. Thymol and carvacrol have strong 
hydrogen bond donor segments, making the molecular simulation of 
excess enthalpies lower than other compounds. Thymol, carvacrol and 
eucalyptol have been selected for the experimental extraction trials due 
to the promising HE results with all drugs. Eucalyptol has been chosen 

Fig. 2. Scheme of parallel liquid–liquid extraction of pharmaceutical com-
pounds using a packed column. 
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over verbenone as it gives close enthalpy results and has a lower price, 
being 8–10 $/kg [87] versus greater than 40 $/kg [88] of verbenone. 

As for the eutectic solvents, most of them result in exothermic mix-
tures, except for the eutectic solvent menthol + borneol. The eutectic 
solvents formed with thymol are the ones that obtain the lowest HE, the 
most promising being those formed with thymol and fatty acids. The 
higher the alkyl chain, the lower the HE obtained. This case is reversed 
for the menthol + fatty acids eutectic solvents, where the lowest HE 

values are obtained for menthol + C8OOH. Considering the HE estima-
tions, the three thymol + fatty acids eutectic solvents were chosen for 
the experimental tests. 

Conventional solvents obtain exothermic HE values with DIPE, ethyl 
acetate, and MIBK. In contrast, endothermic mixtures are obtained with 
n-heptane and toluene. The most promising solvents are DIPE and ethyl 
acetate, which were selected for experimental studies to compare them 
with terpenes and eutectic solvents. The obtained HE estimation results 
show that natural solvents would have a higher affinity for drugs than 
conventional solvents. 

With the selected solvents carvacrol, eucalyptol, thymol, thymol +
C8OOH, thymol + C10OOH, thymol + C12OOH, ethyl acetate and DIPE, 
HE contributions from equation (1) have been decomposed for one of the 
drugs in each type in Fig. 6 for acetaminophen (analgesic), and in 
Supplementary Material Fig. S3 for atenolol (blood pressure regulator), 
Fig. S4 for carbamazepine (antidepressant), and Fig. S5 for ciprofloxacin 
(antibiotic). 

The results show that the most significant contributions in the case of 
carvacrol, thymol and the eutectic solvents with thymol are due to HE of 
hydrogen bond type interactions. The importance of these interactions 
has been seen when using ionic liquids [89] and eutectic solvents [90] to 
solubilise pharmaceuticals. In addition, contributions favour exothermic 

mixtures due to electrostatic-misfit interactions. On the other hand, Van 
der Waals force interactions are low but would have the opposite effect 
with positive HE values. Eucalyptol and DIPE behave similarly, where 
electrostatic-misfit interactions, in this case, lead to positive values. 

3.2. Experimental pharmaceutical extraction with terpenoids, eutectic, 
and conventional solvents 

The pollutants that have been used in the experimental studies by 
type of pharmaceutical are analgesics (acetaminophen, diclofenac, 
ibuprofen, naproxen, phenazone), antibiotics (ciprofloxacin, sulfa-
methoxazole, tetracycline, trimethoprim), antidepressants (carbamaze-
pine), and blood pressure regulators (atenolol). Extractions from 
aqueous solutions have been performed using ultrapure water and a 
hospital wastewater matrix. In all cases, seven different S/F ratios in 
volume have been studied in each operating condition and with each 
solvent used. Extraction yields for each drug have been calculated using 
the concentrations in the raffinate before and after extraction, according 
to the following equation: 

Yldi(%) =
Caq

i,0 − Caq
i

Caq
i,0

100 (2)  

where (Caq
i,0) is the initial concentration of pharmaceutical compound i in 

the aqueous feed and (Caq
i ) the concentration in the raffinate phase after 

the extraction. In addition, a global drug extraction yield has been 
calculated, considering the 11 drugs, according to the following 
equation: 

Fig. 3. Excess enthalpies in equimolar composition between terpenes and pharmaceutical compounds at 298.2 K.  
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YldGlobal(%) =

∑11
i (Caq

i,0 − Caq
i )

∑11
i (Caq

i,0)
100 (3) 

Extraction yields have also been calculated grouping the drugs by 
types (analgesics, antibiotics, antidepressants, and blood pressure reg-
ulators), using the following equation: 

Yldtype(%) =

∑ntype
i (Caq

i,0 − Caq
i )

∑ntype
i (Caq

i,0)
100 (4)  

where (ntype) is the number of pharmaceutical compounds of each type. 
To better analyse the results, they will be discussed in figures, but the 
complete data obtained are shown in Tables S3-30 of Supplementary 
Material. 

3.2.1. Extraction using ultrapure water matrix 
Fig. 7 shows the results of global extraction yields using the ultrapure 

water matrix with the terpenoids carvacrol, thymol and eucalyptol, 
eutectic solvents thymol + C8OOH, thymol + C10OOH, thymol +
C12OOH, and the conventional solvents ethyl acetate and DIPE. 

Thymol and carvacrol present the highest extraction yields among 
the terpenoids at all S/F ratios, as predicted by molecular simulation 
with COSMO-RS. Thymol obtains better extraction yields at low S/F 
ratios of 0.05 and 0.25. However, carvacrol outperforms it at the highest 
S/F ratios. It would also have the advantage over thymol of being liquid 
at room temperature since the melting point of thymol is 48 ◦C while 
carvacrol is 1 ◦C. 

Regarding the eutectic solvents formed by thymol and the carboxylic 
acids, molecular simulations showed that the larger the alkyl chain of 
the acid, the higher the extraction yields. This trend is also shown in the 
experimental extraction results, with the highest results for the eutectic 
solvents formed by C10OOH and C12OOH, although the values are 

almost coincident. 
The eutectic solvents and the terpenoids carvacrol and thymol 

perform better than both conventional solvents at the different S/F ra-
tios studied. Within the natural solvents, the eutectic solvents thymol +
C12OOH, and thymol + C10OOH performed better than the pure terpe-
noids. This may be related to lowering the pH due to the slight disso-
lution of acids in the aqueous phase, as observed in previous work [34]. 
The effect of pH will be deeper studied in Section 3.2.2. The extraction 
yields with ethyl acetate are superior to those for DIPE. With the pre-
dictions of the molecular simulations, DIPE comes out worse than the 
natural solvents, but this is not the case for ethyl acetate, which obtains 
high extraction yields. 

It should be mentioned that extraction results above 60 % are ob-
tained with the natural solvents despite using a low S/F ratio of 0.05, 
showing the pharmaceutical compounds’ high affinity for the selected 
solvents. At an S/F ratio of 1.00, extraction results higher than 90 % are 
achieved with the three eutectic solvents and carvacrol. 

The extraction results have also been divided by type of drugs in 
Fig. 8, which shows the results of extractions in ultrapure water matrix 
at an S/F ratio of 1.00. Among the compound types, antibiotics achieve 
almost complete elimination using this S/F ratio, except when DIPE and 
eucalyptol are used as solvents. With carvacrol, thymol, and eutectic 
solvents, the lowest extraction yields are obtained for analgesics, mainly 
due to extraction yields for acetaminophen and naproxen. 

In the case of DIPE and eucalyptol, low extraction yields are obtained 
for blood pressure regulators and antibiotics, the latter due to lower 
extraction yields for tetracycline and trimethoprim. This was also ex-
pected from the molecular simulation by COSMO-RS, where both sol-
vents showed lower excess enthalpy values for analgesics than 
antibiotics. 

Although it may have underestimated the performance of ethyl 

Fig. 4. Excess enthalpies in equimolar composition between eutectic solvents and pharmaceutical compounds at 298.2 K.  
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acetate, the molecular simulation by COSMO-RS proves to be a potent 
screening tool with the ability to predict which solvent and types of 
pharmaceuticals will extract better. 

Due to the results obtained, the three eutectic solvents, thymol, 

carvacrol, and ethyl acetate have been chosen for the following tests 
using a hospital wastewater matrix. 

3.2.2. Effect of pH 
When adjusting the pH of the initial solution for drug extraction, the 

aim is to ensure that as many compounds as possible are in a neutral 
state, avoiding charged states that would improve the affinity for water 

Fig. 5. Excess enthalpies in equimolar composition between conventional solvents and pharmaceutical compounds at 298.2 K.  

Fig. 6. Excess enthalpies contributions generated by COSMOtherm in equi-
molar composition between solvents and acetaminophen. 

Fig. 7. Global extraction yields of pharmaceutical compounds at different S/F 
ratios with initial pH of 6.65 and a concentration of 5 mg/L of each drug in an 
ultrapure water matrix at 323.2 K. 
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[34]. For this purpose, the protonation equilibria of the different com-
pounds must be considered, which are listed in Table S2 of Supple-
mentary Material [91–93]. In addition, in Fig. 9, the areas of charge 
change of the compounds as a function of pH have been plotted, being 
the pKas the limits between these areas. 

At the initial pH of 6.65, several drugs were found in the positively 
charged region, such as diclofenac, naproxen, ibuprofen, and sulfa-
methoxazole. This fact might explain the low extraction yields of these 
compounds in the previous section. pH 4.00 was chosen to maximise 
extraction yields, involving most neutral charge areas. However, we 
anticipated a drop in extraction yields for atenolol as it approaches its 
pKa of charge shift to 2 +. Therefore, it was a trade-off situation. 

Fig. 10 shows the results of the extraction yields using carvacrol and 
an S/F ratio of 1.00 at pH 7.75, 6.65, and 4.00 using hospital wastewater 
as the matrix. As they approach to their neutral state, a large increase in 
extraction yields is observed at pH (7.75 / 6.65 / 4.00) for sulfameth-
oxazole (23.71 / 47.87 / 95.67 %), naproxen (37.96 / 64.04 / 97.85 %), 
ibuprofen (76.54 / 88.59 / 99.29 %), diclofenac (69.61 / 84.36 / 98.86), 

respectively. 
The results with tetracycline, phenazone, and carbamazepine were 

not significantly affected by the pH change as they were in the neutral 
region at all pHs. Slight increases in yields are seen when lowering pH 
for acetaminophen, perhaps due to a shift away from its pKa of 9.5. 

On the other hand, trimethoprim and ciprofloxacin at high S/F ratios 
show no significant change in extraction yields, and at an S/F ratio of 
1.00, they are entirely removed using carvacrol, as shown in Fig. 10. At 
lower S/F ratios, a decrease in yields is observed when the pH is low-
ered. At an S/F ratio of 0.10, trimethoprim goes from an extraction yield 
of 97.88 to 74.83 % and ciprofloxacin from 96.37 to 72.40 %, with the 
pH adjustment from 6.65 to 4.00. Consequently, atenolol has the most 
significant decrease in extraction yield with pH change from 98.88 to 
23.68 % at an S/F ratio of 1.00 using carvacrol. 

As for the other solvents, the increase in extraction yields of sulfa-
methoxazole, naproxen, and ibuprofen are also observed with 
decreasing pH. In the case of the eutectic solvents, the difference in 
yields with pH is also more remarkable when the alkyl chain of the 
organic acid is more significant, i.e. with thymol + C12OOH, when 
comparing results in Tables S12-14 with Tables S17-19, and Tables S27- 
29 of Supplementary Material. This phenomenon may be due to the 
solubility of some of the acids in the aqueous solution, which slightly 
reduces the initial pH of the aqueous phases, as has been observed in our 
previous work [34]. The shorter the acid alkyl chain, the more soluble 
the carboxylic acids in the aqueous phase. Therefore, higher extraction 
yields were obtained with the eutectic thymol + C8OOH than with 
thymol + C12OOH at basic pHs, where predominate charged states. 
Measurements of the raffinates after the extraction process confirm this 
decrease from pH 6.65 to 4.73, 5.55, and 6.11 for the eutectic solvents 
thymol + C8OOH, thymol + C10OOH, and thymol + C12OOH, 
respectively. 

With the remaining solvents, similar trends to carvacrol are obtained 
in extracting tetracycline, phenazone and carbamazepine. The exception 
is ethyl acetate, which shows a decrease in the extraction yield of the 
tetracycline with lower pH, comparing results in Tables S15, S20 and 
S30 of Supplementary Material. 

The drugs trimethoprim, ciprofloxacin, and atenolol, which are the 
ones that would extract worse at lower pH as in the case of carvacrol, 
behave in the same way with eutectic solvents. In this case, however, the 

Fig. 8. Extraction yields of per type of pharmaceutical compounds at S/F ratio 
of 1.00 with initial pH of 6.65 and a concentration of 5 mg/L of each drug in an 
ultrapure water matrix at 323.2 K. 

Fig. 9. Distribution of main charged form of pharmaceutical compounds as a 
function of pH. Solid horizontal lines are the pHs of the feeds used in this work. 

Fig. 10. Individual extraction yields of pharmaceutical compounds using 
carvacrol at S/F ratio of 1.00 with initial pH of 7.75, 6.65 and 4.00, and a 
concentration of 5 mg/L of each drug using a hospital wastewater matrix at 
323.2 K. 
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most significant decreases in extraction yields are observed, especially at 
low S/F ratios, the lower the acid alkyl chain of the fatty acids. A pH 
reduction of 6.65 to 4.00 results in lower extraction yields for trimeth-
oprim at an S/F ratio of 0.10 with thymol + C8OOH (93.75 to 74.50 %), 
thymol + C10OOH (99.89 to 93.16 %), and for thymol + C12OOH (99.33 
to 93.89 %). In the case of ciprofloxacin, the lowering of pH from 6.65 to 
4.00 reduces the yields at an S/F ratio of 0.10 of thymol + C8OOH (99.32 
to 87.77 %), thymol + C10OOH (99.89 to 92.86 %), and thymol +
C12OOH (99.78 to 95.06 %). Finally, with atenolol, they are reduced to a 
greater extent being at an S/F ratio of 1.00 thymol + C8OOH (98.54 to 
25.98 %), thymol + C10OOH (96.97 to 34.81 %), and thymol + C12OOH 
(96.76 to 42.16 %). 

Previously, it has been shown that part of the fatty acids dissolve in 
the aqueous phase and decrease the pH, dissolving to a greater extent 
when the alkyl chain is shorter. This fact favours the extraction of 
compounds such as sulfamethoxazole, naproxen, and ibuprofen at 
neutral and basic pHs. At acid pH 4.00, however, it leads to a decrease in 
the extraction of trimethoprim, ciprofloxacin, and atenolol. 

The same is valid for ethyl acetate as carvacrol, whereby the 
extraction yields of trimethoprim, ciprofloxacin and atenolol decrease 
with decreasing pH. In the case of atenolol, no significant difference is 
seen between pH 6.65 and 7.75. However, when the pH is lowered to 
4.00, the extraction yields are zero at any S/F ratio when using ethyl 
acetate. 

The results obtained reflect the relevance of pH in the extraction 
process. Adjusting the pH of the initial solution may favour the extrac-
tion of some drugs but worsen others. It is possible to predict through the 
pKa values how this change would be and select the pH to maximise an 
objective, as in this case, increasing the global extraction yield. How-
ever, it must be considered how using some solvents or others would 
affect the pH, as in the case of eutectic solvents where the acid alkyl 
chain influences to a greater or lesser extent in the pH. 

To sum up, global extraction yields at an S/F ratio of 1.00 as a 
function of the pH of the initial solution of all drugs with ethyl acetate, 
carvacrol, and the eutectic solvent of thymol + fatty acids are shown in 
Fig. 11 to compare the solvents with each other. 

Carvacrol shows an increase in global extraction yields from 79.51, 
86.84, and 90.00 % global yield with pH adjustment from 7.75, 6.65 to 
4.00. This is due to the improvement in the extraction yields of nap-
roxen, diclofenac, ibuprofen, and sulfamethoxazole, which compensates 

for a decrease in the yields of trimethoprim, ciprofloxacin, and atenolol. 
For eutectic solvents, the best performances are achieved at pH 6.65. 

This is due, as mentioned above, to the change in pH. At pH 6.65, the 
dissolution of part of the carboxylic acids lowers the pH, increasing the 
yields, but at pH 4.00, the yields of trimethoprim, ciprofloxacin and 
atenolol worsen. 

With ethyl acetate, decreased extraction yields are observed with 
decreasing pH, reversing the trend for carvacrol. This is due to a sig-
nificant fall in extraction yields of tetracycline, trimethoprim, cipro-
floxacin, and atenolol, which do not occur as markedly with the other 
solvents. 

When comparing the solvents, carvacrol and the eutectic solvents 
achieve better extraction yields than ethyl acetate. At pH 4.00, the best 
solvent would be thymol + C12OOH with an extraction yield of 94.24 % 
at an S/F ratio of 1.00. Carvacrol yields 90.00 % and ethyl acetate 65.68 
% for the same conditions. On the other hand, the prices of natural 
solvents are higher than ethyl acetate. The estimated prices are 0.7–1.0 
$/kg for ethyl acetate [94], 0.8–2.0 $/kg for octanoic acid [95], 9–11 
$/kg for thymol [96], and 10–25 $ for carvacrol [88]. Although ethyl 
acetate has the lowest cost, the price gap can be competitive, especially 
for thymol + C12OOH. 

3.2.3. Effect of aqueous phase matrix 
Experiments were then conducted using a hospital wastewater ma-

trix in the aqueous feed. The pH of the initial solutions with the hospital 
wastewater matrix is 7.75, so the pH was adjusted to 6.65 to compare the 
results with ultrapure water at the same pH. The results in Fig. 12 show 
the comparison of the extraction yield results obtained with ultrapure 
water and hospital matrix using carvacrol at an S/F ratio of 1.00. The 
presence of ions in the matrix can reduce extraction yields by interacting 
with other charged organic molecules. On the other hand, they may 
increase the extraction yields of neutral molecules by reducing their 
solvation due to the salting-out effect, or conversely by salting-in, 
depending on the type of ions. 

Trimethoprim, tetracycline, ciprofloxacin, and phenazone obtain 
very similar eliminations in Fig. 12, comparing them at the same pH, 
showing that the effect of the matrix is negligible at an S/F ratio of 1.00. 
These results are comparable with those obtained with the eutectic 
solvents. The matrix effect is not noticeable at high S/F ratios with these 
drugs. However, it is slightly appreciable at lower S/F ratios, i.e. at an S/ 

Fig. 11. Global extraction yields of pharmaceutical compounds at an S/F ratio 
of 1.00 with initial pH of 7.75, 6.65 and 4.00, and a concentration of 5 mg/L of 
each drug using a hospital wastewater matrix at 323.2 K. 

Fig. 12. Individual extraction yields of pharmaceutical compounds using 
carvacrol at an S/F ratio of 1.00 with initial pH of 6.65 and 7.75 and a con-
centration of 5 mg/L of each drug using different matrices at 323.2 K. 
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F ratio of 0.05, ciprofloxacin presents a reduction from 99.98 to 92.20 
%. On the other hand, the ethyl acetate values change significantly for 
tetracycline and trimethoprim, where the use of the hospital matrix at 
pH 6.65 and an S/F ratio of 1.00 leads to an absolute reduction in 
extraction yield of 53 % and 63 % for trimethoprim and tetracycline, 
respectively, as seen in Tables S10 and S15 of Supplementary Material. 

Comparing sulfamethoxazole, naproxen, ibuprofen, and diclofenac, 
yield reductions are observed using carvacrol. Sulfamethoxazole and, to 
a lesser extent, naproxen show differences in extraction yields of more 
than 40 and 20 %, respectively. If the values are compared with eutectic 
solvents, the same trends in the matrix effect are observed, although 
there is not as much difference as when carvacrol is used. This is also 
more accentuated when using sulfamethoxazole, as can be seen 
comparing Tables S6-8 with S12-14 of Supplementary Material, 
respectively. On the other hand, the same is found for ethyl acetate 
except for naproxen, which has the opposite behaviour in Tables S10 
and S15 of Supplementary Material. 

As observed, carbamazepine, atenolol, and acetaminophen increased 
yields with hospital wastewater. The case of acetaminophen is very 
noticeable, where the yields increase significantly, especially at low S/F 
ratios. The same trend is observed with the rest of the solvents as the 
eutectics as with ethyl acetate, in Tables S10 and S15 of Supplementary 
Material. 

This phenomenon may be due to the salting-out effect when using 
the hospital wastewater matrix. The presence of anions with high charge 
density in the matrix may cause a combination of electronic repulsion 
and increased hydrophobicity of organic molecules, resulting in the 
salting-out effect of organic molecules [97]. In the hospital wastewater 
matrix, CO3

2– concentration of 342 mg/L is present, as shown in Table 1. 
It has been established that the effect of anions in the salting-out effect 
closely correlates with the well-known Hofmeister series [97,98]. This 
empirical series establishes an order of capacity of anions for protein 
precipitation, CO3

2– being the first one in this series. Therefore, these 
anions may have a salting-out effect on the neutral organic molecules as 
a strong interacting anion, despite not being in high concentration. 

Most non-polar organic molecules would be exposed to the salting- 
out effect. In this case, molecules in a neutral state at pH 6.65, such as 
acetaminophen and carbamazepine, could have more significant effects. 
In the case of acetaminophen and carbamazepine, they have salting-out 
or Setschenow constants values of 0.132 M− 1 [99] and 0.212 M− 1[100] 
with NaCl at 25 ◦C in water. These values are intermediate between the 

values for phenol 0.139 M− 1, and hexanoic acid 0.240 M− 1 [101]. No 
measurements of Setschenow constants made with CO3

2– have been 
found with the drugs tested in this work. Although these values help 
compare the effect of anions on different solutes, to be rigorous, values 
in two-phase systems should be considered where the influence of the 
solvent on this effect is also taken into account [97]. 

To summarise, dissolved salts in the matrix can be a disadvantage in 
terms of reduced extraction yields for charged organic molecules but an 
advantage for non-polar and neutral states. A change in pH of the initial 
solution could thus improve the extraction yields on the one hand by 
lower solvation of the organic molecules and an increase in their hy-
drophobicity coupled with a salting-out effect. 

3.2.4. Effect of initial concentration of pharmaceuticals in hospital 
wastewater 

Additionally, tests have been carried out by changing the initial drug 
concentration to observe how an increase in the initial drug concen-
tration affects the extraction yields for the different solvents. Fig. 13 
shows the extraction results with carvacrol at an S/F ratio of 1.00 for 
initial drug concentrations of 5 and 50 mg/L, using the hospital waste-
water matrix with a pH of 7.75. 

As can be appreciated, there is a slight decrease in solvent extraction 
yield as the initial drug concentration decreases. The drugs with the 
lowest extraction yields were naproxen and sulfamethoxazole. A 
decrease in concentration would lead to a decrease in driving force and 
drug partitioning. The only compound not following the trend is acet-
aminophen, which slightly increases the yield. The same trends with 
carvacrol results are found in the extraction yields with the eutectic 
solvents. This may be related to the fact that an increase in the acet-
aminophen concentration increases interactions with the ions present in 
water, as observed using ionic liquids [102,103]. This could be why a 
slight increase in extraction yield is obtained with increasing drug 
concentration. 

In the case of ethyl acetate, significant reductions in extraction yields 
are observed in Tables S20 and S25 of Supplementary Material for drugs 
other than tetracycline, sulfamethoxazole, naproxen, atenolol, and 
ibuprofen with increasing initial concentration. With ciprofloxacin, 
significant yield reductions are observed, i.e. at an S/F ratio of 1.00 with 
yields changing from 83.00 to 7.73 % with increasing concentration. 
Thus, the natural solvents show a high extraction capacity at low and 

Fig. 13. Individual extraction yields of pharmaceutical compounds using 
carvacrol at an S/F ratio of 1.00 with initial pH of 7.75, initial concentration of 
5 and 50 mg/L of each drug using hospital wastewater matrix, at 323.2 K. 

Fig. 14. Individual extraction yields of pharmaceutical compounds at an S/F 
ratio of 2.00 with initial pH of 4.00 and a concentration of 5 mg/L of each drug 
using a hospital wastewater matrix. (Thymol + C12OOH) and carvacrol as 
solvents, at 323.2 K. 
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high concentrations. In contrast, ethyl acetate shows a solvent saturation 
and a decrease in partitioning with increasing drug initial concentration. 

3.2.5. Comparison between carvacrol and thymol + C12OOH 
The results of carvacrol and thymol + C12OOH extraction with an S/ 

F ratio of 2.00 and a pH of 4.00 are shown in Fig. 14. These results show 
the almost complete extraction of the drugs with both solvents except for 
acetaminophen and atenolol. The global yields obtained with carvacrol 
would be 94.06 %, while with thymol + C12OOH, it is 96.86 %. Florindo 
et al. [29] have applied mixtures of C12OOH + C10OOH fatty acids in the 
extraction of ciprofloxacin, with an initial concentration of 10 mg/L, an 
S/F ratio of 1.00, and a pH of 6.4, obtaining an extraction yield of 75 %. 
Bergua et al. have extracted quercetin, nitrofurantoin, and tetracycline 
with mixtures of menthol [33] and thymol [31] with octanoic and 
decanoic acids. At an S/F of 1.00, they obtained results of around 49 % 
with menthol + C8OOH (1:2) and 95 % using thymol + C8OOH (1:1), 
with an initial concentration of 75 µM of tetracycline, at 298 K. These 
results are indicative, as well as those obtained in this work, of the 
improvement that thymol produces in drug extraction when used 

together with fatty acids in the eutectic solvent, compared with pure 
thymol and fatty acids mixtures eutectic solvents. 

In the previous work on the extraction of sulfamethoxazole, 
trimethoprim, and ciprofloxacin, [34] it was observed that carvacrol 
was the solvent that obtained the best extraction yields between the 
tested natural solvents. In this work, the simultaneous extraction of 11 
drugs has been considered, and both thymol + C12OOH and carvacrol 
have obtained high extraction yields. 

Both solvents have been selected for the subsequent reuse tests, and a 
pH of 4.00 has been set. Thymol + C12OOH has been used as it is the best 
performing eutectic solvent at pH 4.00. This pH was chosen because it 
resulted in the highest extraction yields with carvacrol. It should be 
mentioned that carvacrol has the advantage over thymol + C12OOH that 
it is liquid at room temperature. 

3.3. Reliability assessment of COSMO-RS predictions 

Pharmaceutical extraction yields have also been calculated using 
COSMOtherm. The calculations have been carried out to compare them 

Fig. 15. Extraction yield (%) absolute error between experimental global extraction yields and simulated with COSMOtherm. Pharmaceuticals’ initial concentration 
of 5 mg/L. Scenario A: Experimental yields were selected at pH 6.65. Scenario B: Adjusting pH. Diclofenac, naproxen, ibuprofen, and sulfamethoxazole pH 4.00. 
Tetracycline, phenazone, carbamazepine, and acetaminophen at a pH of 6.65. Ciprofloxacin, trimethoprim, and atenolol at a pH of 7.75. 
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with the experimental results and verify the reliability of this method in 
calculating the extraction yields. It should be noted that this simulation 
takes the drugs as neutral structures. Two scenarios were selected for 
this comparison. On the one hand, the absolute error of the drugs’ 
extraction yields (%) with respect to the values obtained at pH 6.65 with 
the hospital wastewater matrix (scenario A) was calculated. These 
values are represented in Fig. 15A using S/F ratios of 0.50, 1.00 and 2.00 
and 3.00 for carvacrol and the eutectic solvents thymol + C8OOH, 
thymol + C10OOH, and thymol + C12OOH. 

On the other hand, errors have been calculated in the second sce-
nario (B) by grouping the experimental results by drugs and extractions 
at different pHs. The extraction values for diclofenac, naproxen, 
ibuprofen and sulfamethoxazole have been selected at pH 4.00. Tetra-
cycline, phenazone, carbamazepine and acetaminophen at pH 6.65. 
Ciprofloxacin, trimethoprim, and atenolol at pH 7.75. The results are 
shown in Fig. 15B. 

The second scenario (B) has been selected, as seen in the vial 
extraction section, because of the influence of pH on pharmaceutical 

extraction. These pHs were selected to select the pHs at which phar-
maceuticals were in their neutral state. If comparing both scenarios, 
COSMO-RS calculations are adequate when treating as a neutral mole-
cule, as the errors are significantly reduced. The deviations made by the 
simulation at the different ones are minor with increasing S/F ratios. In 
the case of scenario B, deviations of less than 5 % are obtained for an-
algesics, significantly reducing the deviations committed in scenario A, 
which in some cases exceeded 15 % extraction yield absolute error. The 
results obtained highlight the importance of pH in extraction yields, 
both those obtained experimentally and those that could be obtained by 
molecular simulation. 

The COSMO-RS simulations accurately reflect the experimental re-
sults when the species are neutral. They serve as a basis for the perfor-
mances expected when conducting experiments in which a pH has been 
selected for when the drugs are in a neutral state. Because of this, 
extraction yields were calculated at an S/F ratio of 2.00 with an initial 
drug concentration of 1 mg/L for the 31 drugs used in the initial solvent 
screening. In this way, the COSMO-RS predictions for drug extraction 
are determined. The values calculated using carvacrol as solvent are 
presented in Fig. 16. 

The predictions show that extraction yields above 97.5 % would be 
obtained for each drug with carvacrol. The lowest results would be 
obtained for acetaminophen. Amoxicillin, furosemide, sulfadiazine, 
sulfamethizole, and sulfamethoxazole would obtain lower yields but 
higher than 99.5 %. The rest of the drugs would be removed with yields 
close to 100 %. In conclusion, according to COSMO-RS predictions, 
carvacrol would achieve the extraction of all 31 drugs with almost 
complete removal from the aqueous medium. 

3.4. Solvent reuse and regeneration 

Carvacrol and thymol + C12OOH were chosen for solvent reuse tests 
to check their influence on extraction yields. The same temperature as 
the previous extraction experiments of 323.2 K was employed, also a pH 
of 4.00, hospital wastewater matrix, and 5 mg/L of the 11 pharmaceu-
ticals. Two S/F ratios were chosen for the study: 0.50 and 2.00, to 
compare low and high S/F ratios in the reusability of the solvents. It is 
expected that lower S/F ratios may drop extraction yields faster. In 
Fig. 17, the scheme of solvent reuse is shown, which has been reused in 5 
cycles. Subsequently, the solvents were regenerated by vacuum distil-
lation as described in the Experimental Section. Finally, the regenerated 
solvent was used again in a new extraction. 

3.4.1. Extraction yields in each reuse stage 
The extraction yields per type of compound are represented in 

Fig. 18A for an S/F ratio of 2.00 and 18B for an S/F of 0.50. 
The results at an S/F ratio of 2.00 show no decrease in extraction 

yields after 5 reuse stages with thymol + C12OOH, as seen in Fig. 18A. 

Fig. 16. Extraction yields simulated with COSMOtherm. Carvacrol S/F ratio of 
2.00 and initial concentration of 1 mg/L. 

Fig. 17. Scheme of solvent reuse and solvent regeneration.  
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The global extraction yields in all 5 stages are higher than 99 %. As the 
yields are so high, no difference is observed when the solvent regener-
ation process is performed. In this case, an excellent capacity for solvent 
reuse is shown at this S/F ratio of 2.00. 

On the other hand, carvacrol does not decrease extraction yields at S/ 
F of 2.00 except with atenolol, where a slight decrease is observed in 
stage 5. When the solvent is regenerated, a rise in the extraction yields of 
atenolol is observed, close to that of the fresh solvent. The global 
extraction yields in the five stages are all higher than 95 % in all stages. 

The yields at an S/F of 0.50 show more significant differences, as 
shown in Fig. 18B. The results with thymol + C12OOH show that the 
antidepressant extraction yields remain constant and close to 100 % in 
all 5 stages. On the other hand, with the rest of the types, there is a 
decrease in the yields in stage 5 of extraction, with the most significant 
decrease for analgesics from 99.46 to 84.69 %, mainly due to a decrease 
in the extraction yields of acetaminophen. The decrease in extraction 
yields of acetaminophen may also be related to the decrease in yields 
found in the vial study with increasing initial drug concentration. A 
higher concentration of organic solvents in the extraction seems to 
reduce the extraction yields of acetaminophen, which is observed when 
increasing the initial concentration or reusing the solvent. An 
improvement in extraction yields was observed upon regeneration but 
slightly lower when using a fresh solvent. Using this S/F ratio, the global 
extraction yields decreased from 96.95 to 84.69 % from stage 1 to 5 and 
increased to 96.06 % with the regenerated solvent. 

Concerning carvacrol, we observe decreases in extraction yields with 
all four drug types at S/F of 0.5, especially in steps 4 and 5. In this case, 
the drop in extraction yields of antibiotics is not as pronounced as the 
one with thymol + C12OOH. The extraction yields of BPR are low at this 
S/F in all stages, ranging from 3.80 to 1.72 % in stages 1–5. The global 
extraction yields decrease from 90.95 % in the first stage to 81.15 % in 

stage 5. After the regeneration process, the yields increase for the pre-
vious stage but remain below the fresh solvent, reaching a global 
extraction yield of 87.40 %. The results show that the solvents can be 
reused, observing no drop at the S/F ratio of 2.00 and a slight reduction 
at S/F 0.50. High extraction yields are achieved at an S/F ratio of 0.50 
and 2.00. The solvent regeneration process does improve the extraction 
yields compared to the last stage but almost reaches the extraction 
values of the fresh solvent. In the following section, the stability of the 
solvents in the extraction and regeneration process is studied. 

3.4.2. Solvent chemical stability 
To check the stability of the solvents in the reuse and regeneration 

process, FTIR spectra and TGA have been obtained for the pure solvents 
after being in contact with water, the solvents in stage 5 of reuse, and the 
distillates and residues obtained in the regeneration step by vacuum 
distillation. The main bands with the vibrations of the functional groups 
of carvacrol, thymol and C12OOH have been identified in Figs. S20-22 of 
Supplementary Material, following the infrared spectra interpretation 
guidelines [104]. 

The FTIR spectra of carvacrol are given in Fig. 19A. The spectra of 
the pure solvent and extract phases show no difference between them 
after the extraction. The addition of water produces a slight broadening 
of the –OH stretch at 3377 cm− 1. This change is very subtle due to the 
high hydrophobicity of carvacrol. In addition, the stability of the solvent 
is maintained in the reuse and regeneration processes, obtaining iden-
tical spectra in the residue and distillate to the fresh carvacrol. The 
thermogravimetric analyses are shown in Fig. S23 of Supplementary 
Material and also show very similar results to the pure solvent, with the 
presence of water in the evaporation process having little effect. From 
220 ◦C onwards, complete evaporation of the solvents was observed. 
FTIR and TGA results show the stability of carvacrol in the extraction 

Fig. 18. Experimental extraction yields per type of pharmaceutical in solvent reuse and regeneration cycles. S/F ratio A) 2.00; B) 0.50, at 323.2 K.  
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and regeneration process. 
For the eutectic solvent thymol + C12OOH, the FTIR spectra are 

shown in Fig. 19B. In this case, there are notable differences between the 
spectra. Due to the –OH stretch, the thymol shows a broad peak at 3226 
cm− 1. In the formation of the eutectic thymol + C12OOH, this is shifted 
to 3500–3420 cm− 1 by the hydrogen bond interactions of the eutectic 
solvent. The spectra do not change with the addition of water, corrob-
orating the hydrophobic character. After performing the five solvent 
reuse stages, no changes are observed, so the eutectic solvent is stable in 
the reuse process. 

On the other hand, after the regeneration of the solvents, differences 
were observed between the peaks of residues and distillates compared to 
the initial eutectic solvent. In the residues, the peaks at 1700 cm− 1 

correspond to the C––O stretch of the C12OOH, and the 2848 cm− 1 peak 
of the C–H stretch, which is very prominent in the spectrum of the 
C12OOH, increases notably. In addition, the –OH stretch peak of the 
thymol disappears. Consequently, the same peaks at 1700 and 2848 
cm− 1 are reduced in the distillates and the –OH stretch peak increased. 
These results imply a further enrichment of the distillate in thymol and 
reduction of the fatty acid, thus changing the ratio of the eutectic point 
of the initial solvent. Thermogravimetric analyses of the solvents in 
Fig. S24 of Supplementary Material show a mass loss for the pure 
compounds at 265 ◦C for C12OOH and 201 ◦C for thymol. In the case of 
the extract phases, similar thermograms to the fresh eutectic solvents are 
obtained, confirming the stability in the extraction step. On the other 
hand, the distillates are closer to those obtained with thymol, and the 
residues are closer to C12OOH, confirming the change in the composition 

of the eutectic solvent during the regeneration. 
In short, both carvacrol and thymol + C12OOH are stable in the reuse 

extraction process. Carvacrol is also stable in the regeneration process. 
In contrast, the eutectic solvent thymol + C12OOH changes the 
composition in the regeneration by distillation process, increasing the 
thymol composition in the distillates and decreasing it in the residues 
due to boiling point differences. The eutectic solvent distillates did show 
increases in extraction yields compared to stage 5 despite the change in 
composition. However, in the following stages of reuse and regenera-
tion, C12OOH would be lost and would have to be replenished to avoid 
losing the composition of the eutectic point. It is challenging to regen-
erate eutectic mixtures with constituents with different boiling points 
[105], here properly evaluating the regeneration of the eutectic solvent. 
Only properly selecting HBD and HBA with equivalent boiling points 
and solubilities in water can allow regeneration feasible. However, the 
concept of improving interaction by a mixture imposes that HBD and 
HBA will be of different nature and, thus, these differences will impose 
challenging regeneration steps. Therefore, we consider carvacrol a more 
suitable solvent considering the complete process of extraction and 
regeneration. Although the yields were slightly lower with carvacrol 
than with the eutectic solvent thymol + C12OOH, it was selected for the 
following countercurrent tests because it is liquid at room temperature 
and can be regenerated without losing its composition. 

Fig. 19. FTIR spectra of carvacrol (A) and thymol + C12OOH (B) of reuse stage 5. Distillates and residues after vacuum distillation.  
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3.5. Countercurrent extraction of pharmaceuticals from hospital 
wastewater 

Countercurrent extraction experiments were performed using 
carvacrol as solvent. The studies were carried out at room temperature 
(298.2 K), using a hospital wastewater matrix and an initial concen-
tration of each drug of 5 mg/L. The S/F ratio selected was 0.25, testing 
the improvement of using a countercurrent arrangement versus a single- 
stage extraction. 

On the one hand, BSMCE has been used for the experimental simu-
lation of a countercurrent process. The description of these studies can 
be found in the Experimental Section. 4 runs were performed on this 
process to ensure results equivalent to multistage countercurrent oper-
ation. Figure S25 of Supplementary Material shows the results obtained 
for each run and 2, 3 and 4-stage countercurrent schemes. The global 
extraction yields of pharmaceuticals with respect to the feed solution 
have been obtained. The extraction yields were obtained for each stage 
(A, B, C, D), where A is the feed (F) input stage and the final extract (E) 
output stage. 

Rapid stabilisation of the extraction yields is observed in the runs. In 
all cases, the extraction yields increase at each intermediate stage (A, B, 
C, D). In the results obtained, no variations in the final raffinates are 
observed for using 2, 3 and 4 stages when comparing different runs. On 

the other hand, variations are observed in intermediate stages that sta-
bilise in runs 3 and 4, with the values that undergo the most significant 
change being those of the stage A raffinate (RA). Due to the rapid sta-
bilisation of the yields, these are considered good results that serve as a 
basis for comparison with results from simulations and calculations that 
approximate the results of a countercurrent extraction. In addition, they 
serve as operating limits since the extraction is considered to have 
reached equilibrium in each stage. 

The results obtained in the Batch Simulation of Multistage Coun-
tercurrent Extraction (BSMCE) in a single-stage at room temperature 
(298.2 K) also allow for evaluating the effect of temperature on the 
extraction yields when compared to the results previously discussed at 
323.2 K. According to the results shown in Table S31 of the Supple-
mentary Material, no significant effect of temperature on the extraction 
yields has been observed, so it seems appropriate to select the room 
temperature to save heating costs in the extraction unit. 

The Kremser method was chosen as the method for calculating 
countercurrent stages. This method, used successfully in previous works 
[69,73], considers constant distribution coefficients when performing 
the countercurrent extraction. As described in the Experimental Section, 
distribution coefficients were obtained using a packed column with a 
concurrent extraction. The results of the distribution coefficients ob-
tained are given in Table S32 of Supplementary Material. 

The packed column assays check if a quick extraction of the drugs is 
carried out and if there is a fast mass transfer, thus approaching an in-
dustrial way of extraction. In addition, the use of the Kremser method 
serves to check the reliability of the calculation method with complex 
samples compared to the data obtained by BSMCE. Also, the results 
obtained with BSMCE are very laborious to obtain experimentally with a 
high number of stages, whereas the Kremser method does allow such 
calculations. 

The results of extraction yields per type of drugs obtained by BSMCE 
from the final raffinate in each extraction scheme and run 4, and those 
obtained by the Kremser method are shown in Fig. 20. In the case of the 
simulation with the Kremser method, up to 6 extraction stages have been 
simulated. In addition, the results of the single extraction in a vial for 
BSMCE, and the results of column extraction in the simulation with the 
Kremser method have been added. 

The single-stage global extraction yield results are 77.59 % for batch 
extraction and 74.47 % for packed column extraction. This slight dif-
ference implies a low mass transfer limitation in the extraction process. 
This phenomenon is related to the solvents’ low viscosity, which facil-
itates a good solute transfer. Because of this, the extraction results by the 
Kremser method are slightly below those obtained by BSMCE. The re-
sults between the two methods are very close to each other, which im-
plies the high reliability of the Kremser method as a calculation method 
and the assumption that the distribution coefficients are constant when 
working in multistage countercurrent extraction. 

From stage 4 onwards, the extraction yields do not increase when 
performing simulations with 5 and 6 stages using the Kremser method, 
as seen in Fig. 20. It is worth mentioning that almost complete removal 
of the antibiotic and antidepressant types of pharmaceuticals is observed 
with this number of stages. The global extraction yields increase from 
77.59 to 85.50 % with 4 stages. The extraction yields with the Kremser 
method increase from 74.74 % with stage 1, to 87.51 % when using 6 
stages. It should be mentioned that a low S/F ratio of 0.25 is used. 

The countercurrent extraction results show a fast mass transfer of the 
drugs using carvacrol. Furthermore, the Kremser method is reliable for 
realising countercurrent extraction scenarios from single-stage distri-
bution coefficients. Higher S/F ratios could almost eliminate the drugs 
when working in countercurrent mode. A global removal of more than 
87 % of the 11 drugs could be achieved with carvacrol at an S/F ratio of 
0.25, showing the high capacity of the solvent in the extraction of the 
drugs. 

Finally, a simulation of the countercurrent extraction column using 
the Kremser method has been carried out using carvacrol at S/F ratios of 

Fig. 20. Countercurrent per type extraction yields of pharmaceutical com-
pounds obtained with Batch Simulation of Multistage Countercurrent Extrac-
tion (BSMCE) and simulation with Kremser method as a function of the number 
of countercurrent extraction stages. Initial concentration of 5 mg/L of each 
drug, pH 4.00, using hospital wastewater matrix, carvacrol as the solvent at S/F 
0.25, and room temperature (298.2 K). 
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0.25, 0.50, 1.00, and 2.00 to determine the conditions under which a 
complete extraction of the drugs from the hospital water would be ob-
tained. Fig. 21 shows the global extraction yields obtained in these 
simulations. 

As can be seen, an increase in the value of the S/F ratio leads to an 
increase in the removal yield of drugs from hospital wastewater. Using 
S/F ratios of 0.25 and 0.5, the extraction yield achieved in a counter-
current column with carvacrol would be less than 90 %. Therefore, to 
completely remove the drugs from the hospital wastewater, it would be 
necessary to increase the flow rate of carvacrol. According to the 
simulation results, almost complete extraction of drugs from hospital 
water would be achieved using carvacrol with a solvent-to-feed ratio of 
2.00 in a countercurrent extraction column with six equilibrium steps at 
room temperature. Thus, the proposed technology of extracting phar-
maceuticals from hospital water using the naturally occurring terpenoid 
carvacrol as a solvent has proven to be a technically feasible alternative. 

4. Conclusions 

In this work, the feasibility of using a liquid–liquid extraction tech-
nology to extract drugs from hospital water with terpenoids and eutectic 
solvents of natural origin has been studied. The reliability of the pre-
dictions of the COSMO-RS method in selecting solvents for this appli-
cation has been studied, using the most experimentally promising 
solvents. The regeneration and reuse of solvents and the parallel column 
and countercurrent extraction have also been studied experimentally. 
Finally, the extraction process was simulated using the Kremser method 
to determine the conditions that would allow the complete removal of 
drugs from hospital wastewater. 

COSMO-RS method was confirmed as a valuable tool for broad 
screening of solvents and drugs. The best solvents experimentally tested 
in this work were carvacrol and the eutectic solvent formed by thymol 
and dodecanoic acid. In the extraction mechanism, the pH of the 
aqueous solution of the hospital wastewater was crutial in changing the 
extraction yields to a large extent. Adjustments of the pH improved the 
extractions of target drugs and improved global extraction yields by 
favouring the presence of neutral states. The matrix can also affect the 

yields obtained, although milder than pH. Carvacrol and thymol +
C12OOH were reused multiple times to obtain global extraction yields 
close to 100 %. However, the eutectic solvent was not suitable for the 
regeneration process proposed in this work. According to the results 
obtained experimentally and in simulations, a countercurrent extraction 
column at room temperature with carvacrol as solvent could be used to 
completely remove pharmaceuticals from hospital wastewater. 
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