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Evaluation of concerning emergent compounds
characteristics and simultaneous biosorption
through multivariate technique

Avaliacdo das caracteristicas de compostos emergentes
e biossorcdo simultanea por meio de técnica multivariada
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ABSTRACT

Adsorption is one of the most efficient technologies for the removal
of Concerning Emergent Compounds (CECs), also known as Organic
Micropollutant (OMP). However, the use of activated carbon in developing
countries is still costly. Thus, lignocellulosic residues are used as a base
for making new adsorbent materials. This study assessed the relationship
between the multicomponent adsorption of CECs in lignin-based
adsorbents and the characteristics of the compounds. For this, 27 target
compounds were prepared in an agueous solution and submitted to the
adsorption in 3 different materials. All the samples were analyzed in ultra-
performance liquid chromatography coupled with mass spectrometry.
The results were evaluated with the aid of the multivariate least squares
regression (PLS-R) technique. It was observed that the adsorption of
pharmaceuticals on activated carbons is a complex process governed
by the properties of the adsorbed molecules, and the removal efficiency
could be altered by external properties (eg. adsorbent properties, pH, and
organic matter). Even if it was reached an excellent average percentage
removal (544 - 12891%), the influence of other organic compounds could
not be neglected. Unfortunately, to obtain a good understanding of the
interactions between the single chemical molecule and the adsorbents, it
would be necessary to study the process for each compound separately
from the others and then consider the matrix effect due to the mixing of
various pharmaceuticals with very different properties.

Keywords: biosorbent; CEC removal; partial least squares regression;
spiked solution.
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RESUMO
A adsorcdo ¢ uma das tecnologias mais eficientes para a remocao de
Compostos Emergentes Preocupantes (CEC), principalmente porque
nao produz produtos secundarios de degradacao e nao € de dificil
aplicacao. O uso de carvao ativado em paises em desenvolvimento ainda
€ caro, principalmente em razdo de sua producao. Nesse contexto, este
estudo avaliou a relacdo entre a adsorcao multicomponente de CEC
em adsorventes a base de lignina e as caracteristicas dos compostos.
Em detalhe, 27 compostos alvo foram preparados em solucdo aquosa
e submetidos a adsorcdo em trés materiais diferentes (dois de base
lignoceluldsica e um carvdo ativado granular). Todas as amostras
foram analisadas em cromatografia liquida de ultraeficiéncia acoplada
a espectrometria de massas. Os resultados foram avaliados com o
auxilio da técnica de regressdo multivariada por minimos quadrados
(PLS-R). Observou-se que a adsorcdo de produtos farmacéuticos de
Micropoluentes Organicos (OMP) em carvées ativados € um processo
complexo, governado ndo apenas pelas propriedades das moléculas
adsorvidas, e que a eficiéncia de remocao pode ser alterada por
propriedades externas (por exemplo, propriedades adsorbents, pH, matéria
organica). Mesmo gue se atingisse uma excelente porcentagem média de
remocao (544 - 12891%), a influéncia de outros compostos organicos nao
poderia ser desprezada. Infelizmente, para se obter uma boa compreensao
das interacdes entre a molécula quimica Unica e os adsorventes, seria
necessario estudar o processo para cada composto separadamente dos
outros e entdo considerar o efeito de matriz em razdo da mistura de varios

farmacos com substancias muito diferentes.

Palavras-chave: biosorventes; remocdo de CEC; regressdao dos minimos
quadrados; amostras fortificadas.

'Universidade Regional de Blumenau - Blumenau (SC), Brasil.
*Corresponding author: tcalves@furb.br
Conflicts of interest: the authors informed that there are no conflicts of interest.

Funding: Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES), process no. 88881.370884/2019-01, Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPg), process no. 420612/2018-1 and 309980/2017-8, and Fundacdo de Amparo a Pesquisa e Inovagao do Estado de Santa Catarina (FAPESC), process no. 2016TR2525).

Received: 02/27/2021 - Accepted: 07/25/2021 - Reg. ABES: 20210056

o Eng Sanit Ambient | v.27 n.2 | mar/abr 2022 | 403-412

403



mailto:tcalves@furb.br
https://orcid.org/0000-0002-5651-6562
https://orcid.org/0000-0001-8831-3770
https://orcid.org/0000-0001-8546-0046
https://doi.org/10.1590/S1413-415220210056

Alves, TC; Rozza, G; Pinheiro, A.

INTRODUCTION

At present, one of the main concerns worldwide is the growth of water pollu-
tion by Considering Emergent Compounds (CECs), also known as Organic
Micropollutant (OMP), that emerge from industrial, agricultural, and urban
human activities (FERREIRA et al., 2017). These compounds could be persis-
tent organic pollutants, owing to their resistance to conventional chemical, bio-
logical, and photolytic processes (DONNER et al., 2013; EBELE ABDALLAH,
HARRAD, 2017; GRANDCLEMENT et al., 2017). As a result, they have been
detected in rivers (BARONTI et al., 2000; RODRIGUEZ-MOZAZ et al., 2015;
BERTELKAMP et al., 2016; ARCHER et al., 2017; WEE et al., 2019; LIU et al.,
2020), lakes (CHEVRE, 2014; YAN et al., 2018; GOLOVKO et al., 2020), oceans
(XIE et al., 2012; PEREIRA et al., 2016), and even drinking water (QUINLIVAN
LI; KNAPPE, 2005; JONGH et al., 2012; KENNEDY et al., 2015) worldwide.
This results in a severe environmental and public health problems mainly due
to their toxicity and potential hazardous health effects (e.g., carcinogenicity,
mutagenicity, and bactericidal) on living organisms, including human beings
(DONNER et al,, 2013; YAN et al., 2014). Dyes (YANG; AL-DURI, 2005;
MOROSANU et al., 2019; KITTAPPA et al., 2020), chemicals (BOLONG et al.,
2009), and Pharmaceutically Active Compounds (PhACs) (SANTOS et al.,
2013; ARCHER et al., 2017) are some of the most common recalcitrant CECs.

As a matter of fact, the activated carbon application for the removal of these
compounds from environmental matrices is increasing year by year, as well as the
production of these materials (FREIHARDT; JEKEL; RUHL, 2017). The consump-
tion of activated carbon is the highest in the United States and Japan, which together
consume 2 — 4 times more activated carbons than European and Asian countries.
In 2005, the per capita consumption per year was 0.5 kg in Japan, 0.4 kg in the United
States, 0.2 kg in Europe, and 0.03 kg in the rest of the world (KNOPP et al., 2016).

The removal of CECs by adsorption seems to be an effective removal tech-
nique applied until present (ZIETZSCHMANN et al., 2019). It is due to the
other techniques, such as advanced oxidation (WERT et al., 2007; SHU et al.,
2016), biological (REUNGOAT et al., 2011; LOPEZ-SERNA et al., 2019) and
physicochemical processes (LIU; KANJO; MIZUTANI, 2009), that could trans-
form the target compounds in by-products or metabolites which are some-
times more dangerous than their predecessor molecules (FATTA-KASSINOS;
VASQUEZ; KUMMERER, 2011; GARCIA-GALAN et al., 2016; SHU et al.,
2016). However, the commercial activated carbon is associated with high pro-
duction costs, which may be difficult for its application in larger treatment
plants, especially in developing countries.

In this way, the synthesis of adsorbent materials, optimized for the removal
of this concerning class of contaminants, could be the answer to this unclaimed
problem. The use of environment-friendly adsorbents could give an uncalcu-
lated source of raw material, with countless ways to use as a bottom line (YE
et al., 2013; GONZALEZ-GARCIA, 2018). Besides, the production of biosor-
bents could value a waste that is not well used (e.g., pruning of trees and forest
residues in general) (GONZALEZ-GARCIA, 2018).

The lignin, naturally present in barks, is a hydrophobic macromolecule that
contains several functional groups such as alcohols, aldehydes, ketones, car-
boxylic acid, phenolic, and ether linkages. These groups have a strong ability to
bind toxic metal ions or CECs by utilizing an electron pair to form complexes
in solution (MONTANE; TORNE-FERNANDEZ; FIERRO, 2005).

Studies observe that lignin-based biosorbents have similar or even higher

removal percentages of CECs than commercially activated carbon materials
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(MONTANE; TORNE-FERNANDEZ; FIERRO, 2005; MORO et al., 2017;
CALISTO et al., 2017; ALVES; MOTA; PINHEIRO, 2020). In addition, adsorp-
tion capacities on biosorbents are generally much improved after modification,
while reaction methods are outstanding means to produce better lignocellulose-
based materials (SUHAS; CARROTT; RIBEIRO; CARROTT, 2007; ALVES;
PINHEIRO et al., 2018; QUESADA et al., 2019). This study aimed to evaluate
the relationship between the competitive adsorption of CECs in lignin-based

materials and the characteristics of the compounds.

MATERIAL AND METHODS

Target compounds and adsorbents

To simplify the study of the adsorption phenomena, we prepared a set of experi-
ments using a spiked solution of ammonium acetate/ammonia at pH 8 with 27
CECs, specifically 25 PhACs and 2 metabolites, typically found in Wastewater
Treatment Plants (WWTPs) (COLLADO et al., 2014): azithromycin, ciproflox-
acin, erythromycin, ofloxacin, sulfamethoxazole, trimethoprim, carbamaze-
pine, fluoxetine, venlafaxine, O-desmethylvenlafaxine, bezafibrate, atorvastatin,
gemfibrozil, diclofenac, ketoprofen, amlodipine, irbesartan, valsartan, atenolol,
famotidine, ranitidine, metoprolol, metoprolol acid, furosemide, iopromide,
loratadine, and salbutamol. All the target compounds were purchased from
Sigma-Aldrich® with a purity higher than 99%.

The spiked water was prepared with a final concentration of 20 ug.L™" of
each PhAC from an initial stock solution of 500 pg.L™". To use variables to
explain the adsorption, the physicochemical characteristics of the target com-
pounds were calculated by using Marvin Beans Software (Table 1) (Calculation
software, MarvinSketch 5.5, ChemAxon, 2017).

The experiments were performed with two biosorbents and one commer-
cially activated carbon: SP (pinus barks with addition of sulfur groups), KP
(pinus barks with addition of potassium groups), and granular activated car-
bon (GAC). The preparation of the biosorbents was performed by direct reac-
tions of oxidation by sulfuric acid and potassium hydroxide, as described in
previous works (ALVES; PINHEIRO et al., 2018). The stock solutions of the
sorbents were prepared in ammonium acetate/ammonia (pH 8) in a suspen-

sion of 2 g.L! and were stored overnight for complete wetting.

D, determination

The batch experiments were conducted with the adsorbent suspensions that were
prepared from an initial concentration of 2, 0.3, 0.2, 0.1, 0.05, 0.02, or 0.005 g.L".
The tests were conducted in duplicate at 25°C for 48 h. Finally, the concentra-
tion of the PhACs after the adsorption was measured and the theoretical mass
of adsorbent needed to remove 80% of each selected compound (D, ) was cal-
culated according to the methodology proposed by Zietzschmann et al. (2014).

Thus, the two removals that were closer to 80% were applied in linear interpolation.

Data analysis

The removal of CECs in the batch adsorption system was analyzed by the mean
and the relative standard deviation. Normality of the data was checked with the
Shapiro-Wilk test, while the homoscedasticity was confirmed with Bartletts
test, both with a level of significance of 5%. In addition, the removals were com-
pared with Analysis of Variance (ANOVA).
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Table 1- Physical and chemical characteristics of the target compounds (Calculation software, MarvinSketch 5.5, ChemAxon, 2017).

Characteristics

[g.mol]
MW

Compound

Speciation
Form

Log D | Neutral

Polar
Surface
Area
(A?)

Molecular
Ratio

Hydrogen

o o
Speciation at pH 8 (%) Bonds

H-Ac-

Positive | Negative
ceptor

Azithromycin Antibiotic Cation 74899 08 -173 029 9967 000 002 7 1 18008 | 0.235 | 0089
Ciprofloxacin Antibiotic CAar:iiz:/ 33135 157 -116 010 047 1727 8217 1 6 7288 | 0296 | 0093
Erythromycin Antibiotic Cation 73394 122 069 2935 7062 000 000 6 12 19391 | 0421 | 0159
Ofloxacin Antibiotic Anion 36137 151 -089 037 000 9843 012 0] 8 7332 0592 | Oonz2

Sulfamethoxazole Antibiotic Anion 25328 104 -003 143 000 9847 000 1 5 9822 | 0285 | 0108
Trimethoprim Antibiotic Neutral 29032 105 099 8746 1254 000 000 2 7 10551 | 0308 | 0136
Carbamazepine Antidepressant Neutral 236.27 322 322 10000 000 000 000 1 1 4633 | 0266 | 0140
Fluoxetine Antidepressant Cation 30933 419 239 155 9845 000 000 1 4 2126 0468 | 0152
Venlafaxine Antidepressant Cation 27731 225 13 100 8900 000 000 2 2 327 0157 | 0134
g}gjizethy'\’e”' A”;if;;iz:m cation | 26338 | 222 | 126 | 1078 | 8806 | 009 | 106 3 2 437 | o7 | om

Bezafibrate Lipid-lowering Anion 36182 352 -004 001 000 9999 000 1 5 7563 | 0266 | 0123
Atorvastatin Lipid-lowering Anion 55865 5 161 002 000 9998 | 000 3 6 1462 | 0202 | 0089
Gemfibrozil Lipid-lowering Anion 25034 422 1 003 000 9997 000 0 3 4653 | 0.280 | 0089
Diclofenac Anti-inflammatory Anion 29615 397 045 001 000 9999 000 1 5 4933 0190 | 0066
Ketoprofen Anti-inflammatory Anion 25429 346 -008 001 000 9999 000 [0} 3 2656 | 0250 | 0074
Amlodipine Antihypertensive Cation 40890 300 019 498 9502 000 000 2 7 9988 | 0250 | 0200
Irbesartan Antihypertensive Neutral 42854 574 423 6657 001 3341 000 6] 6 4759 | 0053 | 0094
Valsartan Antihypertensive Anion 43553 563 077 002 000 9998 000 [0} 7 127 0l67 | 0102
Atenolol B-Blocker Cation 26634 016 124 21 9789 000 000 3 4 8458 | 0213 | 0136
Famotidine B-Blocker Neutral 33745 -057 | 224 | 4831 4600 291 000 4 8 23822 | 0250 | 1875
Ranitidine B-Blocker Cation 31440 193 064 000 3847 000 6153 2 7 11210 | 0231 | 1692
Metoprolol B-Blocker Cation 26737 149 -018 21 9789 000 000 2 3 5072 | 0400 | 0093
Metoprolol Acid nEeEilaobcghi; C;’:IZ:/ 26733 m | 87 | 2 000 000 |9789| 2 4 5072 | 0381 | o126
Furosemide Diuretic Anion 33074 166 -176 002 000 9998 | 00O 2 6 12263 | 0555 | 0077
lopromide X-ray contrast Neutral 79112 -072 -072 9992 008 000 000 6 n 17564 0121 | 0084
Loratadine Antihistamine Neutral 38289 448 448 9998 000 002 000 ¢} 3 3435 | 0078 | 0089
Salbutamol Bronchodilator Cation 23915 061 -106 206 9617 003 174 3 3 7272 | 0089 | 0067

Fonte: Elaboracao dos autores, 2022.

CECs quantification

The analysis of the selected PhACs, under positive (PI) and negative (NI) electro-
spray ionization, was performed following the methodology proposed by Gros,
Rodriguez-Mozaz and Barcel6 (2012) in a Waters Acquity Ultra-Performance™
Liquid Chromatography System (UPLC) (Milford, MA, USA) coupled to a 5500
QTRAP hybrid triple quadrupole-linear ion trap mass spectrometer (Applied
Biosystems, Foster City, CA, USA) with a turbo Ion Spray source.

An Acquity HSS T, column (50 mm x 2.1 mm i.d., 1.8 um particle size)
was used for the compounds analyzed in PI mode, whereas an Acquity BEH
C,, column (50 mm x 2.1 mm i.d., 1.7 um particle size) was applied for the NI
mode. Both columns were obtained from Water Corporation. The solvents, elu-

tion gradient, volume of injection, and the transitions monitored were described

o Eng Sanit Ambient | v.27 n.2 | mar/abr 2022 | 403-412

by Gros, Rodriguez-Mozaz and Barcel6 (2012). The samples were analyzed in
triplicate without pretreatment before the injection in the UPLC-QTRAP system.

Prediction and determination of
preponderant adsorption characteristics
A multivariate statistical analysis based on Partial Least Squares Regression
(PLS-R) was used to determine the physical and chemical characteristics of the
PhACs (Table 1) that influence the most on the adsorption process.

The PLS-R results were evaluated by comparing the predicted removals with
the sum of the squares for error of each analysis set and found a good correlation
between matrices model (Q?). Also, we observed R? value, which is used to evalu-

ate the goodness of fit and determine if the projection had a significance level of
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0.05 or better. Also, it was found that the test has the capacity to highlight the most
important Variable In the Projection (VIP). In other words, it is possible to char-
acterize which variables influence the adsorption process with greater capacity.

The multivariate test is performed to assess the cross-correlation and sin-
gle correlation between the characteristics of the study compounds and PhACs
removal and to find the relative importance of each parameter/relationship in
the adsorption. In this way, it is possible to statistically report which charac-
teristics are most important in the experiments to evaluate the predictivity of
the multiple linear regression model.

The PLS-R analysis was performed using XLSTAT® software with a single
variable behavior, named as PLS-1 - single compound characteristics versus

CECs removal.

RESULTS AND DISCUSSION

Removal of PhACs from

aqueous solution in batch adsorption

When analyzing the batch tests for each compound individually, it is possible
to notice that the adsorption capacity of the PhACs is different depending on

the adsorbent (Figure 1). For example, the removal of valsartan was 99.85% for
SP and 51.67% for GAC. And for ketoprofen, the higher removal was observed
for the commercial material (92.38%), followed by SP (47.97%). Both com-
pounds were not adsorbed in KP. Another example is atenolol, which presented
a removal of 99.82% for GAC, followed by 33.94% for KP and 23.53% for SP.

The Shapiro-Wilk (W = 0.97215, p-value = 0.07446) and Bartlett (Bartlett’s
K2 = 17.649, df = 26, p-value = 0.8882) tests revealed that the data exhibited
normal distribution and homoscedasticity at 5% of significance. The average
removal in all adsorbents of each compound showed no significant difference
(57.34%) (ANOVA, p = 0.58), except for amlodipine and erythromycin which
differ at a significance level of 0.05% and 0.001%, respectively.

The compounds that were adsorbed more than 50% (minimum of 51.61%)
for all adsorbents were ciprofloxacin, amlodipine, erythromycin, fluoxetine,
and loratadine. However, the latter three, as well as famotidine, metoprolol,
ranitidine, atorvastatin, and bezafibrate, presented a removal above 100% in
some cases, ranging from 100.38% to 119.95%, which may be due to analytical
interference. In contrast, some compounds, such as sulfamethoxazole, carbam-
azepine, salbutamol, and iopromide, which were adsorbed less than 17% by the
biosorbents, showed a lower removal for KP and SP. In addition, the compounds

such as valsartan, diclofenac, ketoprofen, furosemide, atorvastatin, bezafibrate,

***Significant at 0.05%.
***SGignificant at 0.001%. The dashed line represents the mean of all data.
Source: Authors' elaboration, 2022.

GAC: granular activated carbon; KP: pinus barks with potassium; SP: pinus barks with sulfur; ns: not significant

Figure 1 - Mean of the PhACs removal (%) and adsorbent material.
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gemfibrozil, and iopromide showed a removal lower than 5.00% for KP (0.00 -
3.08%), with the latter showing no removal for SP.

Similar behavior was already described in other studies, in which sulfa-
methoxazole was poorly removed in spiked water (JARIA et al., 2020) or had a
maximum removal of 31% in treated wastewater (RUHL et al., 2014). Also, iopro-
mide was less adsorbed compared with 22 other PhACs in spiked water (ALVES;
CABRERA-CODONTY et al., 2018). Both sulfamethoxazole and iopromide are
hydrophilic. In contrast, fluoxetine and loratadine, which are less hydrophilic,
showed to be more absorbable (ALVES; CABRERA-CODONY et al.,, 2018).
However, there are reports of removal values higher than the observed values
in this research; for example, diclofenac has been removed from 34% to 94%
(RUHL et al., 2014).

It is important to note that this study tested a mix of 27 CECs. The litera-
ture highlights that when there is a mixture of CECs, it is possible to observe
a decrease in the adsorption capacity, indicating that there is competition for
adsorption sites in multi-component solutions (JUNG et al., 2015; NIELSEN;
BANDOSZ, 2016). For example, carbamazepine adsorption reduced at least
50% when analyzed in a mixture with other PhACs (CALISTO et al., 2017).

In another study, it was found that sulfamethoxazole decreased an average of

77% when in a solution with carbamazepine and trimethoprim in comparison
with the single solution (NIELSEN; BANDOSZ, 2016).

The variability in the percentage adsorption for each material was higher
for the antibiotics, antihypertensives, and antidepressants than the other classes
(Figure 2). This is probably due to the different molecular characteristics of the
analyzed PhACs. X-ray contrast showed lower removal (mean of 18.26%), fol-

lowed by diuretics (mean of 32.88%) and bronchodilator (mean of 35.23%).

Adsorbent material efficiency
Observing the behavior of adsorbent material on average removal, it can be noted
that the GAC had highest mean removal (87.23%) compared to the environ-
ment-friendly and alternative materials such as SP (53.17%) and KP (31.61%).
The variability of each adsorbent can be indicative of its selectivity; thus, the
greater the internal deviation, the more selective the material and consequently
the less choice for an application in WWTP, since the compounds present are
of varied molecular classes and characteristics.

Compounds removals are observed in different adsorbent materials; how-
ever, with considerable deviation, the selectivity of the materials was as fol-

lows: GAC (18.33%) < SP (33.75%) < KP (33.95%). Thus, the most selective

**Significant at 01%.
****Significant at 0.001%. The dashed line represents the mean of all data.
Source: Authors' elaboration, 2022.

GAC: granular activated carbon; KP: pinus barks with potassium; SP: pinus barks with sulfur; ns: not significant in relation to the mean of all data.

Figure 2 - Removal (%) of the PhACs classes and adsorbent material.

o Eng Sanit Ambient | v.27 n.2 | mar/abr 2022 | 403-412
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adsorbent was the KP, the material with more limitations in future application.
The SP adsorbent presented similar deviation to its homolog material KP, and
the commercial adsorbent (GAC) showed less selectivity which is applicable
more in future real situations.

Comparing the means with a variance test (p = 6.5e-09), it was found that
SP does not have a significance difference, while GAC and KP show statistically
significant difference with 0.001% and 0.1%, respectively. However, SP shows
promising mean removal efficiency. Thus, it is further suggested to investi-
gate and improve the efficiency for some therapeutic class (e.g., bronchodila-

tor and diuretics).

D80 masses

The D, doses may be defined as the sorbent mass capable to remove 80%
of the CECs contamination. The smaller the mass, the better the adsorp-
tion effectivity. Figure 3 shows the D, values for each target compound by
adsorbent. This dose extremely varied for each study compound, ranging
from 2.52 to 20.000 mg.L™".

The PhACs more easily adsorbed in most of the adsorbents (average D,
< 100 mg.L™) were mainly positively charged compounds, such as erythromy-
cin < atorvastatin < loratadine < ofloxacin for the SP; erythromycin < amlodip-
ine < loratadine < azithromycin < atorvastatin < metoprolol acid for CAG; and

valsartan < erythromycin < irbesartan < atorvastatin < metoprolol acid for KP.

In contrast, compounds with average D, > 120 mg.L™' were mainly neutrally
charged and hydrophobic (log K  >1.23).

Two PhACs, i.e., venlafaxine and metoprolol, and its main metabolites,
i.e., O-desmethylvenlafaxine and metoprolol acid, were selected to assess the
adsorption of pharmaceutical metabolites compared to their parent com-
pounds. The D, average value of venlafaxine was 380.99 mg.L™" for all the
materials and 525.35 mg.L™! for its metabolite (O-desmethylvenlafaxine),
meaning that the metabolite was less adsorbed than the parent compound,
particularly for KP (D, = 905.97 mg.L™"). Metoprolol has an average D
of 1221.15 mg.L™!, while its metabolite, i.e., metoprolol acid, has an aver-
age D, of 551.35 mg.L™', indicating that the metabolite was adsorbed with
the higher efficiency, especially in KP (62.31 mg.L™"). All the D, values are

presented in supplementary material.

Correlations on compound

characteristics versus CECs removal

To get further insight into the parameters ruling the biosorption of PhACs,
PLS-R analysis was used as multivariate statistical analysis. PLS-R has been
reported previously in the literature as a useful method of predicting pharma-
ceutical rejection during nanofiltration and the influence of physicochemical
characteristics of membranes in this process (FLYBORG et al., 2017). The same
approach has been applied in this work to analyze the importance of the physical

Source: Authors' elaboration, 2022.

GAC: granular activated carbon; KP: pinus barks with potassium; SP: pinus barks with sulfur. The dashed line represents the mean of all data.

Figure 3 - D, values for each compound and studied material (mg.g™.
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Source: Authors' elaboration, 2022.

Figure 4 - The variables importance in the projection (VIPs) for the most
explainable component at 95% of confidence.

and chemical characteristics of 27 compounds for their removal in 2 biosor-
bents and 1 commercial GAC.

The VIPs of the study characteristics over the pharmaceutical removal are
shown in Figure 4. The higher the VIP, the higher its relevance in the adsorp-
tion of PhACs. As shown in Figure 4, the most important variable in the pre-
diction of CECs removal, in order of its relevance, was as follows: the positively
charged compound > MM > log K > pKa.

The biplot of the PLS-R analysis with correlation matrices of adsor-
bent characteristics (denoted by red), adsorbent mean removal (denoted
by blue), and pharmaceutical removals (denoted by green) is shown in
Figure 5. The reason of the CAG and SP materials for being the best
removals in the experimental study was explained by VIPs. The molecu-
lar effect was observed only for the SP material, with biplot showing very
close to this variable.

The charge of the PhACs also has an impact on the removal efficiency.
In case of experiments performed in spiked water, PhACs that, at the work-
ing conditions (pH 8), predominate as cationic (fluoxetine > loratadine >
erythromycin > amlodipine > azithromycin > atorvastatin) were better

removed than those as anionic (ketoprofen > diclofenac > furosemide) and

Source: Authors' elaboration, 2022.

Figures 5 - PLS-R biplot correlating the two autovectors t1and t2.

o Eng Sanit Ambient | v.27 n.2 | mar/abr 2022 | 403-412
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neutral (famotidine > salbutamol > sulfamethoxazole > iopromide). An aver-
age removal was 58.4%, 34.4%, and 23.6% for cationic, anionic, and neutral
compounds, respectively. However, the highest percentage removal (aver-
age of the three batch experiments) was observed for fluoxetine (128.91
27.99%), while the lowest percentage removal was observed for iopromide
(5.45 £ 9.00%), both being anionic and neutral compounds, respectively.

The most important VIP, based on the molecular physicochemical character-
istics, was the cationic speciation (positive), followed by molecular weight (MW)
and log K_ . This confirmed that the cationic compounds are better adsorbed
than anionic and neutral compounds. In competitive matrices, either the com-
pounds or the adsorbent can play an important role. Therefore, further studies
with the characteristics of the adsorbents are necessary.

The predictive average of the capability of the multiple linear regression
mathematical models (both adsorbents) was 56% in the relationship between
physicochemical characteristics of the target compounds and the removal of
the pharmaceuticals in the experiment. The predictive power can be a power-
ful tool to predict removal scenarios depending on the characteristics of the
target compounds and can be improved to better understand how to make an
adsorbent with better removal capabilities.

The characteristics such as pKa, H/C ratio, and polar surface area are not
related to the adsorbents, whereas the characteristics such as MW, cationic ion-
ization, and log K__are more correlated with the materials.

As reported in the literature, oxygen acts as a good tool for the selec-
tion of an adsorbent material and has the potential to remove micro-
pollutants (QUINLIVAN; LI; KNAPPE, 2005). However, this cannot be
observed in this experiment. de Ridder et al. (2010) observed in their
work on prediction of removal of micropollutants in activated carbon
that there is a strong linear tendency between the removal and log K
of the study compounds. Kennedy et al. (2017) in their study on a full-
scale WWTP removal prediction for CECs showed that statistical values
depended more on the low concentrations than the background organic
matter of the specific compound.

The PLS-R was extremely useful to preserve Pearson’s relations between
physicochemical characteristics and removals. It may facilitate the interpre-
tation of the data. It can be pointed out that there are processes of exclusion
of molecules with large molecular mass in adsorbents with low volume of
mesopores and that oxygenated surfaces increase the efficiency of removal
of the pharmaceuticals, especially the positively charged ones. The use of
this technique in a similar application has been reported in the literature
only a few times (FLYBORG et al., 2017); however, none reported with
such a large number of variables, considering the characteristics related to
adsorption. This is a pioneer application in the observation of the prepon-
derance of physicochemical characteristics in the removal of pharmaceuti-
cals through adsorption into adsorbent materials.

PLS-R analysis is an excellent tool as it has the ability to access a large
data matrix, directing the explanations of the phenomena involved through
the VIPs. It is also possible to evaluate direct and private relationships
through the biplot. The PLS-R analysis shows that the physicochemical prop-

erties of the pharmaceuticals are important in the adsorption of adsorbent
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material in complex aqueous solution. This study was the first to report the
use of PLS-R analysis to analyze data matrices of micropollutant removal
by adsorption in AC. Its predictive capability could be used to assist in the

selection of future adsorbent materials.

CONCLUSIONS

The aim of this study was to assess whether pharmaceuticals removal by
ecofriendly materials in spiked water is achievable, especially by observ-
ing the SP. Three different materials were included in the survey, and the
target compounds were venlafaxine, salbutamol, iopromide, trimethoprim,
ofloxacin, sulfamethoxazole, ciprofloxacin, metoprolol, azithromycin,
carbamazepine, erythromycin, fluoxetine, loratadine, metoprolol acid,

O-desmethylvenlafaxine, valsartan, furosemide, ketoprofen, irbesartan,

diclofenac, gemfibrozil, atorvastatin, and bezafibrate. It was found that:

o The adsorption of pharmaceuticals adsorbent materials is a complex
process governed by the properties of both the adsorbent and the
adsorbed molecules. Even though a good average percentage removal
was achieved, the influence of other organic compounds cannot be
ignored and need to be studied further;

o Unfortunately, to obtain a good understanding of the interactions
between the single chemical molecule and the adsorbents, it would be
necessary to study the process for each compound separately from the
others and then consider the matrix effect due to the mixing of various

pharmaceuticals with very different properties.

The multivariate technique findings include:

o The technique can be used as an excellent tool, since it is able to sum-
marize and perform with a large data matrix, directing the explanations
of the phenomena involved through the VIPs, and it is also possible to
evaluate direct and private relationships through biplot;

o The characteristics of the materials could be more relevant and explain
more accurately the phenomena of adsorption of micropollutants, which
needs to be studied and tested in PLS-R approach;

o The physicochemical characteristics of the molecules appear to be rel-
evant in reaction medium that has strong competition with natural
organic matter;

o Itis the first time in the literature that the use of PLS-R to analyze data
matrices of micropowder removal by adsorption in activated carbon,
as also with lignocellulosic-based materials, has been reported. Its pre-
dictive power needs to be better exploited to assist in the selection of

future adsorbent materials.
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