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In this study, the adsorption of a multicomponent mixture of active pharmaceutical compounds, such as Ven-
lafaxine (VLX), Trazodone (TRZ) and Fluoxetine (FLX), was studied in a biochar fixed-bed column. The selection
of appropriate biochar (eucalyptus, grapevine cane and holm tree biochar) as an adsorbent was carried out
through batch assays. An insight into the adsorption mechanism and its correlation with the chosen biochars was
performed, showing that electron donor/acceptor interaction is the main mechanism involved. Equilibrium and
kinetic batch adsorption experiments were performed and the results demonstrated that eucalyptus biochar was
the most viable option for the removal of the pollutants, individually and combined. Column adsorption ex-
periments were performed and Thomas, Yoon-Nelson and Yan models were adjusted to the breakthrough curves.
This multicomponent system exhibited a synergetic behavior for TRZ and an antagonist for VLX and FLX, when
compared to the single and multicomponent systems previously evaluated in batch assays. The treatment of real
wastewaters, spiked with pollutants, has demonstrated the removal efficiency of multicomponent mixtures.
Finally, the adsorbent regeneration by elution in different solutions was also investigated and methanol proved
to be the most effective eluent for the column regeneration.

Fluoxetine

1. Introduction

Nowadays, the amount of pharmaceuticals consumed by the human
population and ingested by animals (mainly livestock) has experienced a
considerable increase [1]. However, their assimilation by consumers is
incomplete and causes the release of these compounds (in their original
form or as metabolytes) into the wastewater, reaching the wastewater
treatment plants (WWTPs), which are often inefficient in their removal
[2]. Consequently, they are diffused into the environment and
contaminate water sources or even the soil [3,4].

Pharmaceuticals, including antibiotics, analgesics, beta-blockers,
etc., have been detected in wastewater and surface waters, in ranges
from ng/L to ug/L [5]. Among them, the occurrence of psychiatrics has
increased, mainly in hospitals, but also in urban wastewater, as reported
by Kosma et al. [6] in some WWTPs in Greece or by Pivetta et al. [7] in
WWTPs in Brazil. As their removal cannot be efficiently achieved in
WWTPs, it is necessary to find viable treatment solutions that operate in
a continuous mode. Other aspects that must be taken into consideration
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are their low concentration levels (micro-pollutants) and the fact that
they are detected in mixtures showing undesirable synergetic effects and
become an even more serious threat to deal with [6].

Adsorption is one of the alternative treatments which has attracted
increasing interest as an efficient way of treating micro-pollutants with a
wide range of operational designs. The most used adsorbent is activated
carbon. Nevertheless, several materials have been reported as alterna-
tive adsorbents for the removal of organic compounds, including low-
cost materials such as clay minerals [8], biomass wastes [9] or carbo-
naceous materials [10-12]. The use of some waste materials, raw or
modified by pyrolysis producing biochar, would lead to their valoriza-
tion through their use as an adsorbent. Considering that one waste is
used to treat another, the circular-economy principles that try to reuse
materials as much as possible and reduce waste are followed. Biochar is
a low-cost adsorbent material which can effectively treat
micro-pollutants as it is reported in the literature [13,14,12]. One of the
main drawbacks in the studies is that they are commonly applied to
removing single pollutants and not to eliminate a mixture, which has
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barely been studied in the literature. Moreover, scarce results are pub-
lished about developing a treatment system operating in a continuous
flow system.

This study aims to ascertain the simultaneous removal of three an-
tidepressants, Venlafaxine (VLX), Trazodone (TRZ) and Fluoxetine
(FLX) which, due to their frequent use, are found in the rivers and waters
of Portugal (VLX 55-484 ng/L; TRZ 2-234 ng/L; FLX 57.5-76 ng/L), the
United Kingdom (VLX 21.4-285.1 ng/L; TRZ 0.6-27.5 ng/L; FLX
5.6-66.5 ng/L) or Latin America (VLX 55-120 ng/L; FLX 9.8-100 ng/L),
with an environmental persistence and bioaccumulation in aquatic or-
ganisms [15,16]. For this, three agroforestry biochars, produced from
pruning residues, were screened (namely, the holm tree, grapevine cane
and eucalyptus). As FLX adsorption by these biochars had been evalu-
ated in a previous investigation [17], in this research an in-depth, in-
dividual adsorption study of the other two pollutants (VLX and TRZ) was
requested, evaluating their behavior through adsorption kinetics and
equilibrium studies. After this, batch tests were conducted on multi-
component mixtures of these pharmaceuticals and compared with the
monocomponent studies. Finally, the adsorption process’ efficiency for
the mixture was investigated through a biochar packed bead column
operating in a continuous flow system, using two different water
matrices: ultrapure water and real wastewater.

2. Materials and methods
2.1. Chemical reagents

VLX (>99% purity), TRZ (>99% purity) and FLX (>98% purity,
Table SM1) were purchased from Sigma-Aldrich. Formic acid (99%
purity) and acetonitrile, both HPLC grade for mobile phases, were
purchased from VWR Chemical BDH Prolabo. Diluted solutions of hy-
drochloric acid and sodium hydroxide (purity > 99%), supplied by
VWR, were used for pH adjustments.

Milli-Q grade water was used as a solvent in all the solutions, except
in assays that used wastewater from the outlet of a WWTP situated in the
north of Portugal.

2.2. Biochar preparation and characterization

The biochars from pruning residues of grapevine cane biochar (GB),
holm tree biochar (HB), and eucalyptus biochar (EB) were prepared, as
previously described by Fernandes et al. [17]. Briefly, the procedure was
as follows: oven heating to 500°C for 8 h, which was maintained for 14 h
and finally cooled down to room temperature for 18 h. Each biochar was
prepared by pyrolysis without gas supply and only with the oxygen from
the biomass. Prior to use, the biochars were ground and sieved to give a
regular particle size (<75 pm).

The biochars were characterized and their moisture, ash and volatile
matter composition were determined, as described by Fernandes et al.
[17]. The atomic ratios (O/C and H/C) were calculated based on
elemental analysis.

The surface morphology of the biochars was studied using Scanning
Electron Microscopy (SEM) and Energy Dispersive Spectrometry (EDS).
SEM was performed on a JEOL JSM-6700 F SEM equipped with an EDS
Oxford Inca Energy 300. The specific surface area (BET) and pore size
distribution were determined by the single point Brunauer, Emmett and
Teller (BET) method using a Micromeritics ASAP 2020. The FTIR anal-
ysis was performed using a FTIR spectrometer (Nicolet 6700 Thermo)
and the functional groups of the biochars were identified by Boehm
titration, according to Goertzen et al. [18]. The buffering capacity of the
biochars was determined and calculated by the method described by
Reddy et al. [19].

2.3. Quantification of pharmaceuticals

The quantification of VLX, FLX and TRZ was performed by high-
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performance liquid chromatography with a photodiode array and fluo-
rescence detection (HPLC-PDA-FLD), using a Shimadzu LC Prominence
system (Shimadzu Corporation, Kyoto, Japan) equipped with a LC-20AB
pump, a DGU-20A5 degasser, a SIL-20A autosampler, a SPD-M20A
photodiode array detector (PDA) and a RF-10A-XL fluorescence detec-
tor (FLD). The control of the chromatographic system and the acquisi-
tion and processing of chromatographic data were made using LC
solution version 1.25 SP2 software.

Chromatographic separation was carried out using a Luna C18 col-
umn (150 x4.6 mm, 5 pm, Phenomenex, USA) at 35°C. A gradient
program was utilized to separate the pharmaceuticals, operating at a
flow of 1 mL/min with 0.1% aqueous formic acid (eluent A) and
acetonitrile (eluent B) as mobile phases. The following elution gradient
was applied: 90% A to 20% A in 7 min, returning to the initial conditions
in 3 min, followed by re-equilibration of the column in 4 min. The in-
jection volume was 20 pL. Fluorescence detection was performed at the
excitation/emission wavelength pair of 230 and 290 nm for VLX and
FLX, and UV detection for TRZ was performed at 246 nm.

The identification of the pharmaceutical compounds in aqueous so-
lutions was accomplished by comparing the retention times with those
obtained for their pure standards and quantification was performed
using the external calibration curve method. For that, different con-
centrations of the mixture of the three components were prepared in
water, by dilution of the appropriate amounts of the stock solutions
(1000 mg/L prepared in acetonitrile). Relevant analytical data, namely
the limit of detection (LOD), limit of quantification (LOQ), and intra and
inter-day method precision, are shown in Table SM2. The concentration
of each pharmaceutical found in the samples resulted from triplicate
injections.

2.4. Preliminary adsorption tests

The biochar adsorption batch studies were performed in 50 mL
flasks, with 25 mL of solution of VLX or TRZ (20 mg/L) and 0.25 g of
biochar, stirred at 400 rpm (Multistirrer 15, Velp Scientifica) for 120
min at room temperature (20 °C) and natural pH. After that time, an
aliquot was collected and centrifuged (14.500 rpm for 10 min at 4 °C)
using a Heraeus Fresco 21 Microcentrifuge (Thermo Scientific). Super-
natant was analysed by HPLC to determine the concentration of VLX and
TRZ.

2.5. Adsorption kinetic studies

In the kinetic batch tests, 250 mL of a monocomponent solution of
VLX or TRZ (2 mg/L) was utilized. According to the biochar tested, the
amount used was different: 0.125 g for EB and 0.25 g for the others. The
assays were kept stirred at 400 rpm (Multistirrer 15, Velp Scientifica)
and room temperature (20 °C) for 120 min (VLX) and 180 min (TRZ).
The contact time was selected according to the preliminary results ob-
tained with the biochars. To determine the concentration of VLX and
TRZ over time, aliquots (1 mL) were collected regularly during the
experiment, centrifuged and analysed by HPLC (Section 2.3). All tests
were accomplished in duplicate and a blank test was run for each test
performed.

Two commonly used kinetic models were selected, Pseudo-first and
Pseudo-second order (Eq. 1-2, Table 2), to fit the experimental values.

2.6. Adsorption equilibrium studies

In equilibrium batch tests, 25 mL of a monocomponent solution of
VLX or TRZ (2 mg/L) was utilized. The amount of adsorbent used to
determine the isotherms varied from 2 to 80 mg. Agitation (Multistirrer
15, Velp Scientifica) was kept at 400 rpm at room temperature (20 °C)
for 120 min (VLX) and 180 min (TRZ). Then, 1 mL aliquot was collected,
centrifuged, and analysed by HPLC (Section 2.3). All the tests were
accomplished in duplicate and a blank test was run for each test
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Table 1
Raw materials and biochar characterization values.
Raw E EB Raw H HB Raw G GB
Atomic ratio o/cC 0.69° 0.11 0.61" 0.13 0.71° 0.10
H/C 1.36" 0.22 2.00" 0.28 1.71¢ 0.26
(N + 0)/C 0.71° 0.12 0.60" 0.13 0.73¢ 0.11
Total pore volume (cm®/g) - 017 - 0.10 - 0.03
Ashes (%) 6.20" 1.67 2.90" 4.55 6.80° 5.90

2 data obtained from Pereira et al. [20]
b data obtained from Lépez-Cano et al. [21]
¢ data obtained from Enes et al. [22]

performed. A similar procedure was followed to evaluate the VLX, TRZ
and FLX mixtures.

Three common isotherm models were used, Langmuir, Freundlich
and Dubinin-Radushkevich (Eq. 3-5, Table 2), to fit the experimental
values.

2.7. Continuous flow studies

The continuous flow test was performed using a glass column
(Omnifit) (15 cm height x 2.5 cm diameter) and a peristaltic pump
(Gilson, Minipuls 3). The column was filled with 0.4 g of adsorbent and
32 g of silica sand (previously washed). The sand was employed as
dispersive material, placed in two layers: 16 g above and 16 g below the
biochar. The multicomponent solution containing 2 mg/L of each
pollutant (VLX, TRZ and FLX) was pumped at a 4 mL/min flow rate.
During the experiment, samples were collected and analysed by HPLC,
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as described in Section 2.3. Two tests were performed, using different
matrices for ultrapure water and real wastewater; both were contami-
nated with the pharmaceutical mixture.

The Thomas, Yoon-Nelson and Yan models (Eq. 8-10, Table 4), were
used to adjust the experimental values.

2.8. Biochar regeneration

The regeneration of the biochar was evaluated by using several
desorbing agents (water, water-acetonitrile, acetonitrile and methanol).
The spent biochar, previously dried, was submersed in a solution con-
taining the desorbent agent. The solid/liquid ratio was 0.4 g biochar for
150 mL of solution and the contact time was 60 min. After that, the
concentration of the pollutants in the liquid was measured by HPLC
(Section 2.3).

2.9. Parameter estimation

The experimental data obtained from the kinetic, equilibrium studies
were fitted to the described model by nonlinear regression using Sig-
maplot (Systat). The goodness of the fitting was observed by the deter-
mination of the standard deviations and regression coefficients.

3. Results and discussion
The present study focuses on developing a simple and economical

process for treating contaminated water flows by a mixture of FLX, VLX
and TRZ. For this purpose, a biochar packed bead column system was

Table 2
Kinetics, equilibrium isotherms and mass transfer model fittings of the monocomponent systems.
Models Parameters EB HB GB
VLX TRZ VLX TRZ VLX TRZ
Pseudo-first order qe(mg/g) 2.60 + 0.02 3.93 +0.01 0.89 + 0.01 1.58 + 0.02 0.72 + 1.46 + 0.01
dq/dt = kq-(qe- q0) 0.01
@ k;(1/min) 1.44 £ 0.14 4.89 + 0.75 2.56 + 0.40 2.52 + 0.71 4.40 £ 3.02 + 0.39
3.24
R? 0.9777 0.9994 0.9984 0.9473 0.9741 0.9940
SEE 0.0952 0.0218 0.0268 0.0880 0.0278 0.0268
Pseudo-second order qe(mg/g) 2.67 + 0.02 3.95 + 0.01 0.89 + 0.01 1.61 + 0.02 - 1.47 £+ 0.01
dq/dt = k2(qe- ¢)? ko(1/min) 1.25 + 0.14 16.14 + 4.55 14.29 + 4.72 2.33+1.34 - 14.68 + 6.25
@ R? 0.9920 0.9996 0.9857 0.9629 - 0.9938
SEE 0.0559 0.0174 0.0252 0.0738 - 0.0272
Langmuir Qmax(Mg/g) 2.79 + 0.03 8.68 + 1.39 0.99 + 0.01 4.56 + 1.62 0.9 + 5.39 + 0.82
0.36
q=Qmaxb1-C/(1 +b,-C) by(L/mg) 33.16 + 5.26 50.01 +17.38  7.94 + 1.79 2.69 + 0.83 5.10 & 1.39 + 0.37
0.60
3 R? 0.9907 0.9601 0.9585 0.9587 0.9947 0.9588
SEE 0.1040 0.7107 0.0662 0.2677 0.0423 0.2677
Freundlich Ky (mg /1Y 2.81 +0.13 9.48 + 0.17 0.87 + 0.01 3.18 + 0.07 0.62 + 3.04 + 0.41
"5/8) 0.01
q = KeC'""gp ng 6.25 + 1.21 5.61 + 0.42 4.15 4+ 0.35 2.76 + 0.29 4.79 + 0.49 + 0.14
0.42
() R? 0.9460 0.9954 0.9887 0.9872 0.9892 0.9734
SSE 0.2500 0.2414 0.0346 0.43130 0.0217 0.4313
Dubinin-Radushkevich Qmax (Mg/g) 4.64 + 0.06 8.58 + 0.29 0.94 + 0.04 3.84 + 0.30 0.69 + 2.14 +0.18
0.01
q = Qmaxe™?  (mol?/J%) (2.40 + 0.21)- (7.00 + 1.07)- (2.19 + 0.41)- (4.58 + 1.26)- (2.64 +  (2.19 + 0.36)-
10 107 108 10°® 0.19)- 107
10°®
(5) R? 0.9698 0.9543 0.8510 0.8150 0.9703 0.9532
SEE 0.1078 0.0356 0.0769 0.4272 0.0158 0.1391
Linear driving force kp (1/min) 3.805 1.135 0.329 0.041 0.145 0.029
11 [y>+ay, —c 7, (min) 0.79 2.64 9.11 71.21 20.72 103.35
= 7g{iln[7a—c+ i }
a 1 1-A—a)
#(1e3) (g) [(1 ~a), —ﬂ)} }
6)
R? 0.9470 0.9387 0.9099 0.9801 0.931 0.9797
SEE 7.4668 1.4969 213.2033 7.9030 10.6704  1.0781
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Table 3

Parameters for multicomponent adsorption in EB using synthetic and real wastewater.
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Models Parameters Synthetic wastewater Real wastewater
VLX FLX TRZ VLX FLX TRZ
Pseudo-first order qe(mg/g) 0.66 + 0.02 0.77 + 0.04 0.76 + 0.05 0.58 + 0.01 0.76 + 0.02 0.74 + 0.06
dq/dt = ki1-(qe- @0 k1(1/min) 0.16 + 0.03 4.23 + 0.65 4.23 £ 0.72 0.10 £ 0.01 0.08 £+ 0.01 0.07 £+ 0.02
1) R? 0.9700 0.9999 0.9999 0.9991 0.9987 0.9834
SSE 0.0474 < 0.0001 < 0.0001 0.0098 0.0151 0.0525
Pseudo-second order qe(mg/g) 0.71 + 0.01 - - 0.65 + 0.01 0.88 + 0.06 0.90 + 0.15
dq/dt = ka-(qe- q)° ko(1/min) 0.34 £ 0.05 - - 0.23 £0.01 0.13 £ 0.05 0.09 £ 0.07
2) R? 0.9942 - - 0.9999 0.9942 0.9723
SEE 0.0209 - - 0.0033 0.0324 0.0679
Langmuir max(Mg/g) 1.12 £ 0.02 2.94 +£0.03 8.82 £+ 0.09 1.78 £ 0.01 2.29 +£0.03 6.48 £ 0.07
q=Qmax-br-C/(1 +br-C) by(L/mg) 443.23 £ 231.42 24.14 &+ 3.46 61.07 + 5.87 38.35 + 5.04 52.06 + 10.03 16.53 £+ 3.05
3) R? 0.9226 0.9411 0.9906 0.9963 0.9408 0.9648
SEE 0.1196 0.2360 0.3460 0.0423 0.1939 0.4432
Freundlich Kp (mg'V"e-LV"/g) 1.08 + 0.08 2.66 & 0.11 9.24 4+ 0.46 1.73 £ 0.04 2.35 + 0.05 5.75 4+ 0.11
q= KF-CI/"F ng 50.50 + 28.71 5.33 £ 0.64 4.70 £+ 0.53 12.24 £ 2.26 5.55 £ 0.31 4.72 £ 0.31
(€] R? 0.8626 0.8838 0.8944 0.9874 0.9828 0.9826
SEE 0.1593 0.3316 1.1620 0.0777 0.1043 0.3118
Table 4
Parameters of the breakthrough models for CS and CR.
Models Parameters Synthetic wastewater Real wastewater
VLX TRZ FLX VLX TRZ FLX
Thomas model Qo (mg/g) 1.68 + 0.11 6.96 + 0.30 2.36 £ 0.21 1.32+0.11 5.77 £ 0.58 2.31 £0.16
c 1 krn (mL/mg-min) 0.026 + 0.0 0.003 + 0.0 0.010 + 0.0 0.034 + 0.0 0.005 + 0.0 0.014 + 0.0
Gy op ( kThSnm kGt R? 0.9815 0.9434 0.9402 0.9902 0.9859 0.9831
(Eq. 8)
SSE 0.0542 0.0970 0.0827 0.0420 0.0484 0.0470
Yoon-Nelson model Kkyn (1/min) 0.041 +0.004  0.009 +0.001  0.020 + 0.002  0.089 +0.001  0.013 +0.001  0.028 -+ 0.002
C_ ep | kw (t—71) ® © (min) 64.09 +2.26 25441 £2.07 118.92+3.03 50.59+513  469.91 +32.8 116.63 +7.51
Co 1 + exp [ kmw (t—71)] % R? 0.9815 0.9434 0.9402 0.9902 0.9831 0.9859
9)
SSE 0.0542 0.0827 0.0970 0.0420 0.0484 0.0470
Yan model ky (L/min-g) 0.003 + 0.0 0.002 + 0.0 0.004 + 0.0 0.007 +£ 0.0 0.004 + 0.0 0.006 + 0.0
c 1- qy (mg/g) 0.71 £ 0.02 3.47 £0.10 1.09 +0.16 0.27 £ 0.01 2.07 £0.12 0.73 £ 0.01
Co R? 0.9965 0.9950 0.9917 0.9893 0.9939 0.9960
! (Eq. 10)
- ( Pt >x,»cn/ﬁ
Ky-qy-m
SSE 0.0235 0.0246 0.0360 0.0440 0.0258 0.0281
Time (min) VLX FLX TRZ VLX FLX TRZ
7 (C/Cp 0.5) 50.04 108.76 201.80 56.311 85.3264 201.435
Break point 19.35 36.15 53.51 13.08 21.84 38.46
(C/Cp 0.05)
Saturation point 78.03 210.07 406.92 183.21 375.23 658.25
(C/Co 0.9)

tested for pharmaceuticals removal by adsorption. But before that, it was
necessary to know the behavior of each pair of pollutant/biochar in the
batch system. To the best of the author’s knowledge, only the FLX
adsorption on similar biochars has been studied [17]. Therefore, it was
necessary to carry out an in-depth adsorption study of VLX and TRZ to
individually evaluate their adsorption kinetics and equilibrium
behavior.

3.1. Single VLX and TRZ adsorption studies

3.1.1. Preliminary batch adsorption studies with the proposed biochars
Initially, each biochar’s ability for the removal of VLX and TRZ,
individually, was ascertained (as described in Section 2.4). Concerning
TRZ adsorption, the three screened biochars (GB, HB and EB) showed
good adsorption with values higher than 90%. In addition, the biochars’
adsorption capacities followed the order EB>HB>GB. For VLX, the
removal followed the same pattern but with different removal percent-
ages: for HB and GB, elimination values of 72% and 59% were reached,
respectively, while complete removal of VLX was achieved when EB was

used. The different behaviors observed suggest that different adsorption
mechanisms may be involved in the process.

3.1.2. Adsorption mechanisms with the proposed biochars

The adsorption of the selected organic pollutants into the biochars is
affected and correlated with the biochar’s surface properties (hetero-
geneity, carbonization degree, etc.), which played a major role in the
process [23].

The selected lignocellulosic feedstocks for biochar production are
mainly composed of hemicellulose, cellulose and lignin. Their elemental
composition (Table 1) involves a high hydrogen/carbon content (H/C ~
1.3-2.0) and lower oxygen/carbon content (O/C ~ 0.6-0.7) with a slight
presence of nitrogen and almost no sulfur.

These O/C and H/C ratios could be significantly reduced due to the
transformation of organic material into aromatic carbon by thermo-
chemical treatment. Thus, the production of the biochar at the selected
operational temperature, 500°C, causes the thermal degradation of
hemicellulose (180-280 °C), cellulose (240-350°C) and lignin
(300-500 °C). This fact is in accordance with Lee et al. [24], who
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reported a three-stage biochar production process: pre-pyrolysis (up to
200 °C), main pyrolysis (200-500 °C) and formation of carbonaceous
products (above 500 °C), reducing the O/C and H/C ratios. The extent of
the process affects the adsorption and it may be linked to non-carbonised
biomass with partitioning as a mechanism or, to a greater extent, the
reduced ratios influence the adsorption process and suggest adsorption
mechanisms, such as electron donor/acceptor interaction, hydrophobic
interaction or pore filling.

It is important to know the mechanism involved in the adsorption
process, to be able to apply these biochars in the removal of organic
pollutants (Fig. 1). In general, the adsorption mechanisms of the pol-
lutants onto biochars may involve pore-filling, hydrophobic interaction,
partitioning, electrostatic interaction, n-n or hydrogen bonds [23,25].

3.1.2.1. Electrostatic interaction. One of the most important mecha-
nisms reported in the literature is the electrostatic interaction of
adsorbent/adsorbate. Different properties, such as the point of zero
charge (pHzpc), the pKa of the pollutants and solution pH, could explain
the favored adsorption of each pollutant onto biochar. In the case of
PHzpc, it provides essential information about the surface charge of the
adsorbents and its reliance on the solution’s pH. In this sense, the three
adsorbents studied, showed pHzpc values higher than 9.5 (9.75 for EB,
9.61 for GB and 9.59 for HB). At a pH higher than pHzpc, the biochar
tends to be negatively charged while, below the pHzpc, the surface of the
adsorbent tends to be positively charged. It can be observed that the
initial pH of both adsorbate solutions containing only TRZ (Fig. 2) or
VLX (Fig. 3) are initially below the pHzpc value, suggesting that the
adsorbent’s surface charge would be positive. On the other hand, the
adsorbate pKa values (Table SM1) are lower than the initial pH, which
means that the pollutant speciation is in a positively-charged or neutral
form for both pollutants (Figs. 2b and 3b). However, once the biochar is
in contact with the solution, the pH dramatically increases for HB and
GB after only 1 min of contact time being both basified (Figs. 2a and 3a).
This fact is in accordance with Jian et al. [26] who exposed that the high
pH of the biochars can be caused by the presence of alkaline inorganic
compounds, such as carbonate or silicate, which were not degraded
during the pyrolysis, making them alkaline.

Based on the previously exposed, and considering the speciation of
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Fig. 2. (a) pH evolution during the single TRZ adsorption assay onto the
different biochars; (b) speciation of the pollutant with the pH obtained from
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Marvin Sketch v. 20.21 (ChemAxom Ltd.).

the pollutants displayed in Figs. 2b and 3b, the predominance of positive
and neutral species either leads to a repulsion or no interaction among
them and the biochar surface. Even though several studies suggest the
electrostatic mechanism as being the main, dominant mechanism on the
adsorption process for organic pollutants onto biochars [25], other
physical or chemical adsorption mechanisms, such as pore filling or n-n
interaction, may be key factors in the studied adsorption processes.
Therefore, a deeper insight into the biochars’ properties by their char-
acterization is required to unveil the process.

3.1.2.2. Partitioning mechanism. The partitioning mechanism is based
on the diffusion of the pollutant into the non-carbonised biomass pores.
Several authors reported that this mechanism is highly efficient when
the biochar has a high volatile matter content [25]. The proximate
analysis of the biochars (volatile matter, ashes and fixed carbon content)
provides a basic characterization of the prepared biochars (Figure SM1).
The low ashes content of the produced biochars (below 5.9%) indicates
good combustion in the production process, as well as a similar extent of
thermal degradation of the mineral phase in all of them [27]. Besides
this, a reduction in the volatile matter content (VM) is observed (e.g.,
from 79.6% to less than 20.0% in HB), which is related to the pyrolysis of
the organic materials present in the raw materials (Figure SM1). Ac-
cording to Mitchual et al. [28], those gases are produced when the
biomass is heated in the temperature range 400-500 °C. This process
was less efficient for EB (with a VM value of 7.76%), which was at least 2
times less than that measured for GB (16.90%) and HB (18.20%). These
results suggest that partitioning could be one of the adsorption mecha-
nisms involved for GB and HB, with a slight influence in EB. The high
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carbonization degree and prominent carbon content in the selected
biochars are evidenced by the fixed carbon content, with values between
70% and 80% [29], reducing the amount of the non-carbonised biochar
fraction available for this adsorption mechanism.

3.1.2.3. Electron donor/acceptor interaction mechanism. The different
ratios between O, C, H and/or N provide considerable information about
the generated biochar properties and also the carbonization degree. The
transformation of the organic material to aromatic carbon produced a
significant reduction of these O/C and H/C ratios, as displayed in
Table 1. The van Krevelen diagram correlates the atomic H/C and O/C
ratios with the different carbonization rates of fuels by pyrolization and
these ratios decrease with the growing degree of carbonization and in-
crease for low carbonization-degree fuels, such as peat or lignite [30].
Following this diagram, the three biochars’ characteristics are related to
anthracite and are all classified as Class 1, with higher than 60% carbon
content, according to the International Biochar initiative. The H/C ratio
is an index that reflects the degree of carbonization; a higher presence of
H describes a more disordered biochar C structure [27]. The measured
H/C ratios were 0.22, 0.26 and 0.28 for EB, GB and HB, respectively,
which are slightly superior to those reported by several authors (H/C
ratio <0.2) as suitable for defining black carbon [31]. This means that
the produced biochars are not black carbons, presenting similar ratios to
those reported for activated carbon [32]. These properties make the
selected biochars potential candidates for the electron donor/acceptor
interaction mechanism, that is most applied to the adsorption of aro-
matic compounds on biochar, presenting a graphene-like structure [25].

3.1.2.4. Hydrophobic interaction. This adsorption mechanism is
involved when ionizable, organic pollutants are in solution [25]. The
O/C ratio is an indicative factor of the hydrophilicity/hydrophobicity of
the generated biochars and is related to the presence of polar groups
[33]. Low O content resulted in increased hydrophobicity. In these
produced biochars, the O/C ratio is quite similar, presenting low values,
and this fact, coupled with a low (N + 0)/C ratio and polarity index,
indicates a scarce presence of oxygenated surface groups [34]. This can
favor hydrophobic interaction as a mechanism for the adsorption of
hydrophobic and neutral pollutants. Another measure of the hydro-
philicity/hydrophobicity of pollutants is the octanol-water partition
coefficient (Kow) (Table SM1). TRZ has the highest value for the selected
pharmaceuticals (almost 50 times greater), followed by FLX and VLX.
The significant difference between the pollutants suggests that the hy-
drophobic interaction mechanism could explain the good adsorption
levels attained for TRZ onto the biochar surface, that also shows hy-
drophobic properties. This is also in agreement with the reported to-
pological polar surface area values that follow the order:
TRZ>FLX>VLX. This could indicate that, in the case of TRZ, more than
one mechanism is governing the adsorption.

3.1.2.5. Pore filling. Pore filling is another mechanism involved in the
adsorption process. This requires the presence of mesopores and mi-
cropores and a small amount of VM. The biochar particle size determi-
nation showed that all the produced biochars showed an increase in
their particle size distribution from 53.96 ym in EB and 59.53 pm in HB
to 72.63 ym in GB and presented a mesoporous structure. The particle
size distribution is inversely correlated with the surface area, which
decreases in the order: EB (335 mz/g)> HB (207 mz/g) > GB (62 mZ/g).
It is worth noting that the removal of the VLX and its adsorption capacity
is directly correlated to these surface areas and, thus it may be related to
the physical adsorption on the surface, as reported by several authors
[26,35]. However, as was mentioned before, the adsorption of TRZ onto
the biochars showed a completely different behavior, achieving removal
levels close to 100%, suggesting that the electron donor/acceptor
interation is the most important adsorption mechanism for TRZ.

FTIR analysis confirms the plausibility of the aforementioned
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adsorption mechanisms. FTIR spectra of the three biochars showed a
characteristic band around 3500-3200 cm ™! that can be assigned to the
O-H stretching, and C-H symmetric and asymmetric stretching bands
related to the aliphatic functional groups were observed at 2910 and
2850 cm™!, respectively. Other bands were observed: at 1629 cm™,
which could be associated with C=C stretching vibrations bonds; a
slight band at 1560 cm ™!, which was related to carboxylate functional
groups; and 1107 cm’}, attributed to the asymmetric stretching vibra-
tions of C-O-C groups [36]. The presence of these scarcely oxygenated
groups was confirmed by determining the acidic groups contained in the
biochars, resulting in quite similar values of 2.48, 2.65 and 2.51 mmol/g
for EB, HB and GB, respectively. The presence of the different acidic
groups (carboxilics, lactones and phenolic groups) are shown in
Figure SM2. Those acidic groups mainly comprise phenolics, which were
2-fold higher than the determined carboxylic groups and those were
slightly superior to the amount of lactones.

Based on the evaluation of the studied biochars and their charac-
terization, a combination of adsorption mechanisms were determined as
the most probable taking place. The electron donor/acceptor interation
is the most important adsorption mechanism for TRZ, coupled with
hydrophobic interaction in all of them suggesting a chemical adsorption.
VLX adsorption showed a dependence on the selected biochar and the
electron donor/acceptor interation is the main mechanism for EB
showing chemisorption as the main phenomena. For GB and HB phys-
orption is suggested with pore filling coupled with partitioning as
mechanism.

The development of a column treatment system required a more in-
depth description of the adsorption process, demanding the evaluation
of the isotherm and kinetic models.

3.1.3. Batch studies of equilibrium and kinetics

The optimization of the adsorbent capacity, and its further use in
column design, requires knowledge of the interactions between solute
and adsorbent, which can be achieved by studying the kinetics and the
equilibrium adsorption isotherms.

Kinetic models provide valuable information related to the adsorp-
tion pathways and complementary information about the adsorption
mechanism involved. Figs. 4a and 5a show the adsorption profiles ob-
tained for all the biochars tested and for each individual compound. In
all the assays, it can be observed that EB achieved the best results with
an uptake that was 3-4-times higher than that attained with the other
adsorbents (GB and HB). Furthermore, HB showed a slightly superior
adsorption capacity in comparison to GB. The adsorption was demon-
strated to be a very fast process, taking place in a short period (less than
5 min) and with equilibrium being reached in 30 min, for all the bio-
chars tested.

The pH profiles for these assays are shown in Figs. 4b and 5b. As can
be seen, the initial solution pH changed. Similar changes in the pH for
biochar adsorption have been described by Fang et al. [37], who re-
ported the alkaline effect of biochar, causing a pH increase during their
studies (from 4.6 to 9.6). These authors also reported a positive rela-
tionship between the increase in pH and the biochar ash content, which
agrees with the results obtained in this study.

The most commonly used kinetic models (Pseudo-first and Pseudo-
second order model) were selected to adjust the experimental results
(Table 2). In the kinetic studies developed for each individual pollutant
(Figs. 4 and 5), the VLX adsorption onto HB and GB presented a good fit
to the pseudo-first order model while the best fit for the EB was obtained
by the pseudo-second order model. The uptake capacity values obtained
experimentally (Fig. 4a) under these adsorption conditions (qe,exp
2.65 mg/g for EB, 0.88 mg/g for HB and 0.70 mg/g for GB) were close to
the equilibrium uptake values (q.) determined by the respective kinetic
models for each biochar (Table 2).

In TRZ kinetic studies, a different kinetic behavior was observed, and
the adsorption mechanisms for this pollutant diverge from VLX. The
adsorption of this pollutant onto HB fitted reasonably well with the
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Fig. 4. Adsorption (a) and pH profiles (b) for VLX by different biochars in
single-component adsorption tests. (—) Best kinetic model fitting the data.

peudo-second order kinetic model, and the experimental uptake (qe,exp
1.703 mg/g) (Fig. 5a) is slightly inferior to that obtained by the model
fitting. On the other hand, EB and GB fit both models well (R2 > 0.999),
with a remarkable similarity between the experimental uptake (qe,exp EB
3.96 mg/g and GB 1.46 mg/g) (Fig. 5a) and the values obtained for both
models (Table 2). Due to the fact that equilibrium is reached almost
immediately, the kinetic results cannot provide more accurate
information.

The lack of information about the adsorption mechanism involved in
the previous kinetic analysis required a different approach. The mass
transfer of the pollutants, from the bulk solution to the adsorbent linking
sites, may affect the uptake attained, with several steps being reported in
the literature [38,39]. These steps include: (i) the transport of the pol-
lutants in the bulk, which is usually fast; (ii) film transport by diffusion
in the boundary layer, which due to the agitation provided can be
considered minimal discarding this step as the controlling rate; (iii) the
adsorption of the pollutants in the active sites, which overcome the ki-
netic limitations (according to the results previously reported in this
section) and may suggest that this step is the rate-limiting step in the
adsorption process. A possible model to evaluate this rate is the Linear
Driving Force (LDF) model, represented by Eq. (6) in Table 2 [39]. The
results of applying LDF are shown in Table 2 and it can be seen that the
particle diffusion coefficient (k;,) decreases in the order EB >HB>GB and
with EB coefficient with an order of magnitude 10-times that of, the
other biochars.

When the adsorption isotherms were considered, the most commonly
used isotherm models (Langmuir, Freundlich and Dubinin-
Radushkevich) were selected to evaluate the process (Table 2). The
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Fig. 5. Adsorption (a) and pH profiles (b) for TRZ by different biochars in
single-component adsorption tests. (-) Best kinetic model fitting the data.

maximum adsorption values attained are in the range of the ones re-
ported for VLX in the literature (for vermiculite and marine seaweed)
[40]. Concerning TRZ adsorption, there is a lack of information in the
literature. The good fitting to the Langmuir isotherm for VLX adsorption
onto EB and GB may suggest that the active sites are equally distributed
on the surface and the adsorption occurs in a monolayer. Meanwhile, the
VLX adsorption on the HB surface presents different behavior, with a
better fit to the Freundlich model. This fact suggests that this pollutant’s
adsorption may occur on a heterogeneous surface [41] and both phys-
isorption or chemisorption can be related to the process. On the other
hand, the TRZ adsorption onto the biochar showed the same behavior
for all of the biochars, with a better fit to the Freundlich model, sug-
gesting a multilayer adsorption with heterogeneous surfaces. The
Dubinin-Radushkevich model allows the distinguishing of the physical
or chemical interaction process during the adsorption, determining the
mean free energy (E = 1/+/2-$). The adsorption process can be related
to chemical adsorption, if this value is between 8 and 16 kJ/mol, and
physical adsorption, if the value is lower than 8 kJ/mol [42]. According
to the values in Table 2, the mean free energy of EB, HB and GB for VLX
was calculated, resulting in 14.400, 1.512 and 1.511 kJ/mol, respec-
tively. The attained value suggests that chemical sorption was the main
type of adsorption for EB and also the linking into monomolecular
layers, in concordance with the obtained Langmuir fitting. The other
two biochars showed physical adsorption for the VLX removal. In TRZ
adsorption, the mean free energy for EB, HB and GB was 8.63, 3.30 and
4.35 kJ/mol, respectively, which is similar to that obtained for the other
pollutants.
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3.2. Multicomponent mixture of pharmaceuticals: batch studies

Once the monocomponent adsorption process was studied (kinetics
and equilibrium), the mixture behavior, containing the three psychiat-
rics, was evaluated and compared with its individual adsorption.

3.2.1. Synthetic wastewater batch studies

The presence of several pollutants on the solution modified the in-
teractions adsorbate/adsorbent previously observed.

The selection of HB and GB as adsorbents led to a substantial
decrease in TRZ, FLX and VLX adsorption (~60%), suggesting compet-
itive adsorption among all the species. It can be assumed that the
presence of the other two compounds in the mixture reduces the
adsorption of VLX and the available active sites on the biochar surface
are competitively occupied by FLX and TRZ, leading to the almost null
adsorption of the VLX. On the other hand, operating with EB, a
competitive adsorptive process was detected between FLX and VLX,
resulting in decreased adsorption (of less than 50% of the individual
reports). However, the TRZ adsorption was not modified by the other
pollutants’ presence. This may suggest that the TRZ adsorption mech-
anism is different from the other components which, apparently,
compete by the same linking points. Based on these facts, HB and GB
were discarded and the adsorption process analysis was only continued
with the most efficient biochar, EB.

A more in-depth insight into EB biochar is required by analysing the
fitting data to the classical aforementioned kinetics and equilibrium
adsorption isotherms (Table 3).

Kinetic studies showed that the adsorption rate was similar for FLX
and TRZ, showing a good fit to the pseudo-first order kinetics with ki-
netic constants (k;) of 4.23 and 4.23 1/min, respectively. VLX was a
better fit to a pseudo-second order kinetic, as happened in the single
adsorption of the pollutant, with a kinetic constant of 0.34 1/min. This
behavior, with no precise tailoring to a determinate kinetic model, has
been reported in the literature by several authors for FLX in biochar [43]
and activated carbons or waste-based biosorbents [44]. Thus, it is not
possible to assign a mechanism for the adsorption process (physisorption
or chemisorption), based only on the experimental data and fitted ki-
netic models.

Moreover, considering adsorption isotherms, it can be observed that
the best fit was achieved with the Langmuir model. Thus, the theoretical
EB maximum uptakes (qmay) in the adsorption process of the ternary
mixture were compared with the single adsorption, according to the
criteria described by Tovar-Gémez et al. [45] and following Eq. (7):

Ri= qmax,i,mixture/qmax,i,single; i = VLX, FLX or TRZ @

The results were: Ry;x = 0.404, Rppx = 0.458, and Rtz = 1.017.
According to the literature, a value of R; > 1 indicates that the adsorp-
tion process is improved by the presence of the other compounds. Thus,
for the TRZ, a synergistic adsorption is happening. However, VLX and
FLX showed R; values lower than 1, meaning that the EB adsorption
capacities of these compounds are reduced by a competitive process.

3.2.2. Real wastewater batch studies

The application of the adsorption process and scale up to column
requires the study (kinetics and equilibrium) of the treatment process
applied to real wastewater (Table 3).

Operating under the same conditions, it is clearly shown that the
adsorbed mass of pollutants was different from the observed ultrapure
water assays (synthetic wastewater).

The determined adsorption kinetic constants significantly decreased,
attaining values of 0.10, 0.08 and 0.07 (1/min) for VLX, FLX and TRZ,
respectively, demonstrating that the presence of other compounds in the
real wastewater influence the adsorption rate of the adsorbent to the
selected pollutants, but allowed the removal of the pollutants at signif-
icant levels. This was also confirmed by the isotherm studies. When the
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adsorption isotherms are considered, Langmuir fitting showed a
decrease in the maximum uptake achieved for FLX and TRZ and a slight
increase of VLX adsorption. The co-existence of organic matter, complex
pollutants, and ions in the wastewater, significantly influences the
adsorption equilibrium as they may exert a competitive or synergetic
interaction effect on the process [23].

3.3. Multicomponent mixture of pharmaceuticals: continuous studies

Once the EB’s feasibility was demonstrated, the adsorption proper-
ties and the effects of the simultaneous pollutant presence were studied,
and a complete fixed-bed column adsorption treatment system was
proposed.

3.3.1. Synthetic wastewater column study

The system was operated at the same concentration (2 mg/L of each
pollutant) until complete saturation was achieved. As depicted in
Fig. 6a-c, the saturation time for the column exhibited the following
order VLX>FLX>TRZ. This behavior was already expected due to the
uptake values attained in the isotherms for the batch assays reported in
Section 3.2.2.

The maximum experimental uptake was determined before satura-
tion, resulting in values of 2.07, 2.89 and 7.71 mg/g for VLX, FLX and
TRZ, respectively. The comparison of these values with those obtained
in the batch assays are presented in Fig. 7a. It can be observed that the
adsorbent decreased TRZ uptake (12.67%) and almost kept the same
values for FLX (<1%) but, surprisingly, the uptake of VLX was increased
in the column assays. This may suggest that the biochar was saturated
and the biochar disposition in the column facilitates the contact between
VLX and the active points.

Several parameters related to the operation in fixed-bed columns,
were calculated and the saturation point 7 (time for 50% breakthrough)
and breakpoint were estimated (Fig. 7b). The breakpoint of the column
was between 19.3 and 53.5 min for VLX, FLX and TRZ. Even though
these times could be considered too short for the operation of a column,
it needs to be considered that the concentration of the multicomponent
mixture is relatively high (at least 10-fold) compared with the values
reported in the literature for WWTPs.

The obtained profiles were represented by well-known breakthrough
models (Thomas, Yoon-Nelson and Yan models). The plot of the theo-
retical models and parameters relating to the fitting of the data are
presented in Fig. 6 and Table 4. The first model considered was the
Thomas model, which assumes a Langmuir equilibrium relationship
[46] where the adsorption rate is controlled by the surface reaction
between the adsorbate and the unused capacity of the adsorbent. The
model’s applicability is in consonance with the results obtained in
Section 3.2.1 (Langmuir model fitting). As shown in Fig. 6a, this model
fitted reasonably well to the VLX breakthrough curve R? = 0.98), but it
only fits the first section of the breakthrough curve for the adsorption of
FLX and is a bad fit for TRZ. The Thomas model has been widely used to
determine the maximum adsorption capacity of a column. Fig. 7a dis-
plays the maximum uptake values determined by the model and are
compared with those attained experimentally in the batch assays. The
adsorption capacity estimated by the model parameters was lower than
that obtained in the column and batch assays. The badly fit curve can
explain this difference. The second model selected was the Yoon-Nelson
model, whose expression is mathematically equivalent to the Thomas
model [46]. The Yoon-Nelson model is extensively used to determine the
rate and breakthrough time of an adsorption column [47]. Like the
Thomas model, the same problems in fitting the model to the experi-
mental data were verified (Fig. 6b), presenting the same R2 The pre-
dicted and experimental T values were different and it was not possible
to predict the values from the model (Fig. 7b). It is worth noting that the
calculated t values of VLX, FLX and TRZ were significantly higher than
the experimental ones. The last selected model was Yan’s model. This
model presented a higher correlation coefficient for all the pollutants (R?
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Fig. 6. Breakthrough curves for the adsorption of the pharmaceuticals mixture
in spiked synthetic WWTP. The lines represent the fitting to the models: (a)
Thomas, (b) Yoon-Nelson and (c) Yan.

>0.99) and it could precisely predict the experimental data obtained for
the three pollutants (Fig. 6¢). However, the adsorption capacity (qy)
determined by this model underestimated the uptake capacity by 50%,
when compared to the experimental uptake of pollutants adsorbed in the
column and the values predicted by the batch assays with the mixture.
Similar results, underestimating the model’s uptake capacity, have been
reported to remove phosphates by lime-iron sludge in column break-
through studies [48].

3.3.2. Real wastewater column study
The application of the column designed with EB biochar at a bigger
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scale, requires the previous evaluation of its behavior operating with
real wastewater. For this purpose, real wastewater, spiked with the three
pollutants, was used.

As it includes other compounds, the adsorption process may also be
affected by the presence of inorganic or organic compounds that are in
the wastewater (e.g. carbonates) and can act as competitive adsorbates
(Fig. 8). For this reason, a decrease in the column efficiency can be
foreseen. The results confirm this assumption and are in accordance with
the previous results attained in the batch assays (Fig. 7 and Table 4). A
decrease was observed in the experimental uptake reached in the col-
umn, which is quite similar to that obtained in the batch assays. Yoon-
Nelson, Thomas and Yan models obtained a good prediction of the
VLX, FLX and TRZ adsorption (R? > 0.98). It is worth noting that the
predicted uptake by the Thomas model and the experiments are fairly
similar, but they are significantly lower than those attained for the
synthetic wastewater. On the other hand, the values obtained by Yoon-
Nelson and experimental values for T were similar for all the considered
pollutants. Accordingly, these models can be used in the prediction of
the breakthrough curve of the column.

3.4. Regeneration of worn-out adsorbent

The regeneration and reusability of the adsorbent is a key point for
the development of an effective, continuous treatment system. A viable
desorption method reduces the cost of the treatment and enhances the
adsorption-desorption cycles that can be developed in the columns.

Several eluents including water, water-ACN (50%), acetonitrile
(ACN) and methanol (MeOH), with polarity indexes between 10.2 and
5.1, were evaluated for the removal of the pollutants mixture
(Figure SM3). The biochar regeneration with the more polar solvent and
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Fig. 8. Breakthrough curves for the adsorption of the pharmaceuticals mixture
in spiked real WWTP. The lines represent the fitting to the models: (a) Thomas,
(b) Yoon-Nelson and (c¢) Yan.

water, attained a release of less than 50% of VLX but no effect was
noticed in the other two pollutants. This result may be related to the high
water solubility value (Table SM1) for the VLX (572 mg/mL) and sug-
gests that part of the adsorption occurred due to physical interactions.
When the polarity of the solvent was decreased (water-ACN and ACN),
an improvement was observed for FLX and VLX released, with almost
total removal of the adsorbed pollutants over a period of 60 min. FLX
and VLX were easily displaced compounds by acetonitrile ligand in the
adsorbed surface. However, the TRZ was totally adsorbed in the biochar
and this may be related to its high octanol-water partition coefficients.
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The previous information also confirmed that the adsorption mechanism
in the mixture is not the same for all of the pollutants, with VLX and FLX
sharing the main mechanism and explaining a competitive adsorption
among them. On the other hand, TRZ showed a completely different
mechanism. Following the solubility of the pollutants in different sol-
vents (Table SM1), MeOH was selected as the last alternative. Operating
with this solvent the pollutant release was total for FLX, VLX and TRZ
after 90 min, thus attaining the complete regeneration of the adsorbent.
Therefore, the results reinforce the aforementioned difference in the
mechanisms for the pollutants in the mixture.

The solvent employed can be evaporated and recuperated for reuse
in the desorption process and the pollutants can be treated for degra-
dation by other procedures. Once this operation was performed, the
column was operative and could be reused; a two-column system is
proposed for further studies.

4. Conclusions

The removal of a multicomponent mixture of pharmaceuticals in
synthetic and real wastewaters was successfully carried out in fixed-bed
column assays, developed in a continuous mode, simulating a real sce-
nario. The selection of an appropriate adsorbent (EB biochar) facilitates
the process of attaining significant removal levels and proves that there
are different adsorption mechanisms involved in the adsorption, which
are dependent on the selected pollutant properties. This work demon-
strates the suitability of the process developed with a biochar from
agroforestry waste to solve contamination problems at strategic points,
such as hospitals or livestock, or even at the outpoints of WWTPs,
reusing the available natural resources.
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