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 The first meta-analysis and modelling from batch-sorption literature studies of the soil/water partitioning of pharma-
ceuticals is presented. Analysis of the experimental conditions reported in the literature demonstrated that though
batch-sorption studies have value, they are limited in evaluating partitioning under environmentally-relevant condi-
tions. Recommendations are made to utilise environmental relevant pharmaceutical concentrations, perform batch-
sorption studies at temperatures other than 4, 20 and 25 °C to better reflect climate diversity, and utilise the Guideline
106 methodology as a benchmark to enable comparison between future studies (and support modelling and prediction).
The meta-dataset comprised 82 data points, which were modelled using multivariate analysis; where Kd (soil/water
partitioning coefficient)was the independentvariable. Thedependent variablesfit into three categories: 1) pharmaceutical
studied (including physical-chemical properties), 2) soil characteristics and 3) experimental conditions. The pharmaceu-
tical solubility, the soil/liquid equilibration time (prior to adding the pharmaceutical), the soil organic carbon, the soil
sterilisation method and the liquid phase were found to be significantly important variables for predicting Kd.
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1. Introduction

The higher food demand due to increasing human population (UN-
WWAP, 2015), as well as poverty and unequal distribution of resources
(Holt-Giménez et al., 2012) highlights the necessity for more efficient and
sustainable agricultural practices. Wastewater reuse for irrigation can re-
lieve environmental and economic pressures of agriculture and increase
ates Building, University Park,

omes).

26 April 2022; Accepted 29 April

er B.V. This is an open access artic
year-round water accessibility (Holt-Giménez et al., 2012; Jovanovic,
2008; Jaramillo and Restrepo, 2017; Jimenez-Cisneros, 2006). Considered
widespread practice, 65% of irrigated croplands are located in wastewater-
dependent catchments, of which 82% are located in countries where <75%
of wastewater is treated (Thebo et al., 2017). At the global scale, 80% of
wastewater is not treated adequately and is used to irrigate 11% of
croplands on average, with higher proportions for areas such as Latin
America, South Asia and Africa (Kookana et al., 2020).

Wastewater contains a variety of pollutants, with pharmaceuticals occur-
ring at unregulated levels in both treated and untreated wastewater (Petrie
et al., 2015). The presence and environmental fate of pharmaceuticals in
2022
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soils, following irrigation with treated and intreated wastewater has implica-
tions to leaching to ground/surface waters (Paz et al., 2016; Llamas et al.,
2020), bioavailability (Goulas et al., 2018; Li et al., 2019) and uptake by
plants, development of antimicrobial resistance (AMR) (Cen et al., 2020;
Marti et al., 2014), and entering the wider food network (Azanu et al.,
2018; de Santiago-Martín et al., 2020; Kodesova et al., 2019). Given thewide-
spread practice of wastewater irrigation, as well as the negative effects from
pharmaceuticals in wastewaters, there is a pressing need to understand the
fate of pharmaceuticals in agro-ecosystems.

There exist discrepancies when comparing sorption studies in the liter-
ature. For example, the variability of sulfonamides sorbing to soil
(Martínez-Hernández et al., 2016; Andriamalala et al., 2018a) has been
attributed to the extent that these antibiotics engage in covalent cross-
coupling, which depends on the abundance and availability of phenol-
oxidase enzymes and reactive manganese oxide surfaces, as well as the
nature of the soil organic matter (Bialk et al., 2005). There are sorption be-
haviours which can only be observed at field or column level experiments,
such as the sorption affinity of sulfamethoxazole and carbamazepine being
observed to decreasewith soil depth (correlating to decreasing organicmat-
ter content) (Kočárek et al., 2016). Discrepancies will always be reported
when comparing laboratory-scale studies and field observations as it is
not possible to fully emulate field conditions in the laboratory. However,
it is important to identify the experimental conditions that have the most
effect on pharmaceuticals soil/water partitioning in order to make
laboratory-scale studies as environmentally relevant as possible. One way
of prioritising variables important for further study which may help to
bridge the gap between laboratory and field studies is to model a meta-
dataset encompassing a range of experimental conditions.

Modelling of pharmaceutical sorption behaviour in soil has to date only
been undertakenwhere resultswere also obtainedwithin the same research
Table 1
Literature used for meta-analysis and numbering system for the references used for mod

# Reference study obtained from
literature search

1
Martínez-Hernández, V, Meffe, R, Herrera López, S & de Bustamante, S, 2016, ‘The role
acetaminophen, carbamazepine, caffeine, naproxen and sulfamethoxazole during soil c
559, 232–241. DOI: https://doi.org/10.1016/J.SCITOTENV.2013.11.036

2
Durán-Álvarez, J C, Prado-Pano, B & Jiménez-Cisneros, B, 2012, ‘Sorption and desorpt
irrigated with raw wastewater: Estimation of the sorption parameters by considering th
88, pp. 84–90. doi: https://doi.org/10.1016/j.chemosphere.2012.02.067

3
Liang, C, Lan, Z, Zhang, X & Liu, Y, 2016 ‘Mechanism for the primary transformation o
vol.98, pp. 215–224. doi: https://doi.org/10.1016/J.WATRES.2016.04.027

4
Paz, A, Tadmor, G, Malchi, T, Blotevogel, J, Borch, T, Polubesova, T & Chefetz, B, 2016
soils irrigated with reclaimed wastewater: Sorption, leaching and plant uptake’, Chemo
CHEMOSPHERE.2016.06.048

5
Li, J., Carter, L J & Boxall, A B A, 2020, ‘Evaluation and development of models for est
Journal of Hazardous Materials, vol. 392, pp. 122469. doi: https://doi.org/10.1016/j.jh

6
Conde-Cid, M, Ferreira-Coelhob, G, Núñez-Delgadob, A, Fernández-Calviñoa, D, Arias-E
M J, 2019, ‘Competitive adsorption of tetracycline, oxytetracycline and chlortetracyclin
content’, Environmental Research, vol. 178, pp. 108669.doi: https://doi.org/10.1016/j.e

7
Uddin, M, Chen, J, Qiao, X, Tian,R & Zhu, M, 2020, ‘Insight into dynamics and bioavai
sampler’, Science of the Total Environment, vol. 703, pp. 135562.doi: https://doi.org/10

8
Hu, S, Zhang, Y, Shena,G, Zhanga, H, Yuand, Z & Zhang, W, 2019 ‘Adsorption/desorpt
sulfamethoxazole in agricultural soil systems’, Soil and Tillage Research, vol. 186, pp.23

9
Andriamalala, A, Vieublé-Gonod,L, Dumeny,V & Cambier, P, 2018, ‘Fate of sulfametho
ciprofloxacin in agricultural soils amended or not by organic waste products’, Chemosp
CHEMOSPHERE.2017.10.093

10
Wojslawski, J, Białk-Bielińska, A, Stepnowski, P & Dołzonek, J, 2019 ‘Leaching behavio
environment’, Chemosphere, 231, pp. 269–275.doi: https://doi.org/10.1016/j.chemosp

11
Chefetz, B, Mualem, T, & Ben-Ari, J, 2008, ‘Sorption and mobility of pharmaceutical co
Chemosphere, vol. 73, pp. 1335–1343.doi: https://doi.org/10.1016/j.chemosphere.200

12
Kiecaka, A, Sassine, L, Boy-Roura, M, Elsner, M, Mas-Pla, J, Le Gal La Salle, C, & Stump
scale of selected pharmaceuticals using batch experiments’, Journal of Contaminant Hyd
jconhyd.2019.103500

13
Dalkmann, P, Willaschek, E, Schiedung, H, Bornemann, L, Siebe, C& Siemens, J, 2014,
Sorption, but Not Ciprofloxacin Binding, in Mexican Soils’, Journal of Environmental Qu
org/10.2134/jeq2013.11.0473

2

group (Li et al., 2020; Conde-Cid et al., 2020). These modelling studies on
their own data offer value through the mechanistic insights they provide
on sorption. However, a meta-dataset comprising data from across multi-
lab studies can give insights into wider trends, identify literature gaps,
and unveil experimental conditions, which may be disproportionally
impacting on the sorption trends observed. Production and utilising met-
datasets has been undertaken for the sorption of per and polyfluoroalkyl
substances (PFASs) in soil but yet to be carried out for pharmaceuticals in
soil/water (Li et al., 2018a).

Tomodel a meta-dataset, it is necessary to have sufficient and compara-
ble data, which also aligns to modelling needs, especially with predictive
capability. Most sorption studies evaluating the partitioning of pharmaceu-
ticals to soil refer to batch sorption experiments that follow the Organisa-
tion for Economic Co-operation and Development (OECD) 106 Guideline
(Table 1). The similar experimental conditions and standardisation of vari-
ables reported (e.g., soil texture) allows for comparability across the differ-
ing pharmaceuticals (type, concentration) and/or soils used in these
studies. Column percolation experiments have been shown to be more re-
producible and comparable to real world environmental conditions than
batch studies (Wojsławski et al., 2019). Moreover, there is a wide variety
of column experiments setups, which include transport of pharmaceuticals
through undisturbed soil columns with no plants being grown (Durán-
Álvarez et al., 2014) and lysimeters (i.e., a soil column where a plant is
being grown) (Paz et al., 2016; Koroša et al., 2020). Some of the variations
in soil column or lysimeter experiments are quantitative such as the lysim-
eter dimensions (e.g., from 0.1 m (Paz et al., 2016) to 5 m depth (Koroša
et al., 2020)), and these quantitative variations are easy to model. In
contrast, many other variations are qualitative and more challenging to
model. For example, the types of plants being grown in a lysimeter
(e.g., grass surrounded by mixed forest (Koroša et al., 2020), individually
el development.

Stated experiments are
based on organisation
for economic co-operation
and development (OECD)
Guideline 106

of sorption and biodegradation in the removal of
ontact: A kinetics study’, Science of the Total Environment, vol.

Yes

ion of carbamazepine, naproxen and triclosan in a soil
e initial mass of the compounds in the soil’, Chemosphere, vol.

Yes

f acetaminophen in a soil/water system’, Water Research, No

, ‘Fate of carbamazepine, its metabolites, and lamotrigine in
sphere, vol. 160, pp. 22–29. doi: https://doi.org/10.1016/J.

No

imating the sorption behaviour of pharmaceuticals in soils’,
azmat.2020.122469

Yes

stéveza, M, Álvarez-Rodríguezb, E & Fernández-Sanjurjob,
e on soils with different pH value and organic matter
nvres.2019.108669

No

lability of antibiotics in paddy soils by in situ soil moisture
.1016/j.scitotenv.2019.135562.

Yes

ion behaviour and mechanisms of sulfadiazine and
3–241. doi: https://doi.org/10.1016/j.still.2018.10.026

Yes

xazole, its main metabolite N-ac-sulfamethoxazole and
here, vol 191, pp. 607–615.doi: https://doi.org/10.1016/J.

No

ur of pharmaceuticals and their metabolites in the soil
here.2019.05.031

Yes

mpounds in soil irrigated with reclaimed wastewater’,
8.06.070.

No

p, C, 2019, ‘Sorption properties and behaviour at laboratory
rology, vol. 225, pp. 103500.doi: https://doi.org/10.1016/j.

Yes

‘Long-termWastewater Irrigation Reduces Sulfamethoxazole
ality, vol. 43(3), pp. 964–970.doi: https://doi.

Yes
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grown carrot, sweet potato and wheat (Malachi et al., 2014), individually
grown spinach, arugula and radish (Kodesova et al., 2019) or comparing
between rice and no plants (Kodesova et al., 2019)). There are also varia-
tions in terms of different irrigation regimes (e.g., daily (Uddin et al.,
2020), approximately every two days (Kodesova et al., 2019); for 35 min
at a time (Koroša et al., 2020) or until column saturation (Yu et al.,
2020)). Column experimental setups also contact the water with the soil
via different methods, like drip irrigation (Paz et al., 2016), sprinkle irriga-
tion (Koroša et al., 2020), or saturation of the soil column (Uddin et al.,
2020; Yu et al., 2020). It is possible to enter qualitative variables as quanti-
tative variables in a model but only as binary (‘yes or no’) variables
(Agudelo-Jaramillo et al., 2016). It is not easy to adapt such a wide range
of different qualitative variables to quantitative variables. Therefore, the
wider availability of comparable batch sorption data following the OECD
106 Guideline (or similar batch-sorption setups) gives preferences to
these batch studies over column studies for meta-analysis and modelling.
The focus for data collection or this meta-analysis was on carbamazepine
and sulfamethoxazole, due to their persistence and prevalence in the envi-
ronment (Petrie et al., 2015) and given their status as proposed markers of
raw wastewater contamination in natural waters and soil (Hai et al., 2018;
Thiebault, 2020). Other pharmaceuticals were subsequently considered to
encompass a wider range of physical-chemical properties.

Machine learning models, such as principal component analysis (PCA)
and partial least squares (PLS)can quantitatively identify the independent
variables influencing a dependent variable (Li et al., 2020; Syms, 2018).
Both PCA and PLS have been used to identify variables that have a signifi-
cant effect on the sorption behaviour of twenty-one pharmaceuticals to dif-
ferent types of soil (Li et al., 2020). This work is the first-time multivariate
analysis (PCA and PLS) models are developed for a meta-dataset of batch-
sorption studies of pharmaceuticals. Multivariate analysis is used to assess
the effect of independent variables, such as different experimental condi-
tions and soil characteristics, on the extent of pharmaceutical sorption to
soil. Furthermore, the visualization of the PLS score plot is very useful in
identifying underlying similarities and differences between studies (Li
et al., 2020; Syms, 2018). The aim is to zoomout from several sorption stud-
ies in order to gain insights from meta-analysis, which can help to strike a
balance between the advantage of comparability across studies from differ-
ent research groups when performing laboratory-scale batch sorption ex-
periments at standardised conditions (OECD, 2000) and the advantage of
experiments performed at more environmentally relevant conditions.
Therefore, the objectives of this work were to:

1. Identify the variables and ranges studied in the batch sorption literature
from a meta-dataset to inform on the environmental relevance of exper-
iments in the literature.

2. Model data from a meta-dataset to identify and prioritise specific vari-
ables which could be used to guide future laboratory studies and ensure
environmental relevance.

2. Experimental

2.1. Meta-analysis and building the meta-dataset

Using Science Direct, Web of Science and Google Scholar search en-
gines, batch-sorption studies in journal publications were identified. The
following search method was used on Web of Science advanced search
function: {‘sorption’ OR ‘partitioning’} AND {‘soil’ OR ‘solid phase’ OR ‘liq-
uid phase’}, AND {’sulfamethoxazole’ OR ‘carbamazepine’} OR {‘bioactive
chemical pollutant’ OR ‘emerging pollutants’ OR ‘emerging contaminants’
OR ‘pharmaceutical’ OR ‘personal care product’ OR ‘antibiotics’ OR ‘phar-
maceutical and personal care products’}. Sulfamethoxazole and carbamaz-
epine were prioritised due to their environmental prevalence and
persistence (Petrie et al., 2015; Hai et al., 2018; Thiebault, 2020), but
data from other pharmaceuticals was also collected to account for the di-
verse chemical properties of this kind of pollutants (Table S1). Combina-
tions of these keywords were also entered on the Science Direct search
3

engine as well as Google Scholar. The reference papers obtained from this
literature search were screened to ensure that the necessary data formodel-
ling was provided meeting the following criteria:

a) Batch sorption studies either based on the OECDGuideline 106 or using
a similar experimental set-up.

b) An iterative screening process was undertaken in which the most com-
monly reported experimental variables (as well as soil properties)
were noted and then those reports which did not report at least 90%
of the experimental variables of interest were withdrawn from the
pool of references to be revised.

References were screened to ensure that sorption was either i) reported
as Kd for a specific concentration (Eq. (1)); ii) Kd had been derived from a
linear isotherm (the isotherm was deemed to be linear when the corre-
sponding Freundlich N value was between 0.8 and 1 (Tseng and Wu,
2008)) iii) if the isotherm was not linear, then the equilibrium concentra-
tions of the pharmaceutical in the soil and liquid phase could be used to de-
rive Kd at this concentration level using Eq. (1).

Kd ¼ m
1 � mð Þ

v
s

(1)

wherem is the fraction of pharmaceutical sorbed onto soil particles, v is the
volume of liquid phase and s the amount of soil (USEPA, 1999).

When Kd was reported as Koc, it was normalised using the soil organic
matter content as specified in Eq. (2).

Koc ¼ Kd

f oc
(2)

where Koc is the linear approximation of sorption behaviour normalised by
the fraction of organic carbon (foc) in the soil (Chefetz et al., 2008).

The Kd was used as the independent variable and starting point for the
model, as opposed to Freundlich or Langmuir coefficients, because it is
not a fitted curve but rather a number describing the partition at a given
concentration. Furthermore, Kd was used since the sorption capacity of
soil was not surpassed in the range of concentrations of sorbate reported
(i.e., sorption was linear). Table S2 details how each Kd value was obtained
or derived from each reference.

The references remaining after the selection process are given in Table 1,
along with the numbering system with which they will be referred to
throughout the text. The thirteen studies selected were analysed to identify
the independent and dependent variables. Batch experiments consist of
contacting a liquid phase, containing the target pollutant(s), with the soil
and after an equilibration period measuring the amount of pollutant in the
solid and/or liquid phase (mostly determined by difference in the liquid
phase). The dependent variables identified from the studies analysed were
the target pharmaceutical (Table 2), the soil properties (Table 3) and the ex-
perimental conditions (Table 2). To build the meta-dataset and models, the
workflow described in Fig. 1 was undertaken. A table was filled, where
each row was a data point, given by a Kd value obtained under a particular
set of conditions (i.e., a particular pharmaceutical at a specific concentration
in a particular soil under certain experimental conditions). Each of the Kd

values used for the model can be seen in Table S2. The dependent variables
were divided into three categories (Fig. 1, step b). Thefirst category of depen-
dent variables is the pharmaceutical studied, alongwith its physical-chemical
properties (pKa, water solubility and octanol-water portioning coefficient
(LogKow)). These properties were all obtained from DrugBank (Wishart
et al., 2017). The second category was the soil properties (Table 3). The
third category was the experimental conditions (detailed in Table 2). From
Tables 2 and 3, it was possible to determine which soil parameters were uni-
versally reported in themeta-dataset, as well as identifying which dependent
variables were controlled and the range they were studied.
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2.1.1. Conversion of data for comparability and uniformity of the meta-dataset
Following collation of all data points from the 13 reference studies, it

was necessary to ensure the data-set was uniform and therefore
Table 2
Experimental conditions (dependent variables) found reported across the references use

Ref. No. data
points
(distinct
Kd values)

Pharmaceutical
[initial
concentration
(μg L−1)]

Soil type, source, and preparation Liquid phase Ve
an

1 3a Acetaminophen
Carbamazepine
Sulfamethoxazole
[100]1

Loamy sand from aquifer zone in
Spain collected at 10 cm. Air dried
and sieved (2 mm).

Synthetic
reclaimed
waterS

3 L

2 6⁎ Carbamazepine
Naproxen
Triclosan
[0.1]1

Silty clay and clay from wastewater
irrigated agricultural zone in
Mexico at 10 and 40 cm depth. Air
dried and sieved (2 mm).

Aqueous
calcium
chloride
(10 mM)

50
gla

4 3b Carbamazepine
[500]1

Loamy sand, sandy loam, sandy
clay from an agricultural region in
Iran. Preparation not stated.

Aqueous
calcium
chloride
(5 mM)

50

5 5c Carbamazepine
[5000-25,000]1

Sandy clay loam, sandy loam and
clay loam bought from Landlook
(Midlands, UK). Preparation not
stated.

Aqueous
calcium
chloride
(10 mM).

50
po
tub

7 19⁎ Clarithromycin
Florfenicol
Sulfadiazine
Sulfamethoxazole
Trimethoprim
[200]1

Three silt loams from paddy soil in
China collected at 0–20 cm depth.
Air dried and sieved (2 mm).

Aqueous
calcium
chloride
(10 mM).

No

8 4c Sulfamethoxazole
[500-10,000]1

Three silt loams from agricultural
fields in China collected at
0–20 cm depth. Preparation not
stated.

Aqueous
calcium
chloride
(10 mM).

30
ve

9 3⁎ Sulfamethoxazole
(Thebo et al.,
2017) 2

Three silt loams, one amended
with organic waste, one with
compost and sewage sludge and
one with farmyard manure.
Collected at 0–25 cm depth.
Preparation not stated.

Aqueous
calcium
chloride
(10 mM).

No

10 4c Carbamazepine
[250–10,000]1

Tramadol
[625-80,000]1

Loamy sand and clay bought from
a German institute. Preparation
not stated.

Aqueous
calcium
chloride
(10 mM).

Po
tub
no

11 23d Carbamazepine
Diclofenac
Naproxen
[0.5, 5.0]1

Sand and sandy loam from a field
irrigated with wastewater for 25
years from Israel. Collected from
0 to 5 and 15–25 cm depth. Prep-
aration not stated.

Aqueous
calcium
chloride
(5 mM) and
secondary
treated
wastewater

Te
no

12 3c Ofloxacine,
Caffeine
[500–7500]

Technical coarse sand. Sandy
loam, sandy clay loam and clay
from aquifer material in France
and Spain. Preparation not stated.

Aquifer
water

12

13 8⁎ Ciprofloxacin
[0.02]1

Sulfamethoxazole
[0.02]1

Vertisol from agricultural fields in
Mexico under wastewater irriga-
tion for 0, 14, 35 and 100 years.
Collected from 0 to 30 cm depth.
Preparation not stated.

Aqueous
calcium
chloride
(10 mM).

Bo
ve
no

a Kd was calculated based on reported concentrations at equilibrium of a batch-sorpti
b Kd was calculated by extracting the concentration at equilibrium in the liquid and so

concentration (More details in Table S2).
c Reported in the reference for an isotherm, only Kd values corresponding to a linear
d Given in the reference as Koc for a specific concentration and converted to Kd using
1 Mass balance was carried out to calculate the concentration per mass of soil, as it w
2 Unit conversion from μg g−1 to μg kg−1.
⁎ No conversions done, data used as reported for a specific concentration. (see Table

information of the paper).
S Synthetic reclaimedwaterwas composed of: NH4Cl (0.07 g L−1),MgSO4 (0.1 g L−1),

and meat extract (0.01 g L−1) (Martínez-Hernández et al., 2016).

4

comparable (same units and same dependent variables reported for
each data point, Fig. 1c and d). The data points from references () had
to be removed from the meta-dataset because it was not possible to
d for the models developed and the ranges in which they were studied.

ssel volume
d material

Liquid (mL):soil
(g)

pH Temp.
(°C)

Sterilisation
method

Equilibration
time (h)

glass 1200:300 7.98 20 Autoclaved at
121 °C for 15 min.

12

mL amber
ss

15:3 Not
stated

25 Frozen at −10 °C
and air dried for
12 h.

48

mL Teflon 1:1 (stated as
ratio, not as a
volume and mass)

7.6–7.8
(at the
end)

25 Analytes dissolved
in a solution of
100 mg L−1

sodium azide
before being
added to the soil.

168

mL
ly-propylene
es.

10–1200:1–5
(depends on soil
and pollutant,
not stated for
each test)

Not
stated

4 Autoclaved at
105 °C for 3 h.

12

t stated 20:10 Not
stated

Not
stated

Autoclaved
(conditions not
stated).

24

mL glass
ssel.

20:4 Not
stated

20 Autoclaved
(conditions not
stated).

24

t stated. Volume of liquid
phase not
specified and 3 g
of soil.

Not
stated

20 Not specified. 24

ly-propylene
es, volume
t stated.

20–100:1 Not
stated

20 100 mgL−1

sodium azide in
the liquid phase.

24

flon, volume
t specified.

Not stated. Not
stated

25 100 mg L−1

sodium azide in
the liquid phase.

72

0 mL glass 50:10 7–7.5 20 50 mg L−1

sodium azide in
the liquid phase.

96

rosilicate
ssel, volume
t specified.

25:0.5 for
ciprofloxacin
25:1 for
sulfamethoxazole

Not
stated

20 Not stated 48

on experiment with initial aqueous concentration of 100 μg L−1 using Eq. (1).
il phase reported in linear sorption-desorption isotherms for the sedon-lowest initial

isotherm were used (full details in Table S2).
Eq. (2) and the organic carbon content provided in the paper.
as given per liquid volume.

S2 for details on whether data is reported in the main text or in the supplementary

CaCl2 (0.01 g L−1), K2HPO4 (0.02 g L−1), NaHCO3 (0.25 g L−1), peptone (0.01 g−1),



Table 3
Soil properties reported in the batch-sorption references from which the meta-
dataset was built.

Reference number to literature study 1 2 4 5 7 8 9 10 11 12 13

Texture (% sand, silt, and clay) X X X X X X X X X X X
Predominant clay type X X
pH measured in a calcium chloride
solution (pHcacl)

X X X

pH measured in water (pHH2O) X X X X
pH measured in a potassium chloride
solution (pHKCL)

X

pH measurement method not specified X X X X
Fraction of organic content X X X X X X
Total organic carbon X X X X X X X X X
Total dissolved organic carbon X
Total organic matter X X
Total carbon X X
Total nitrogen X X X
Moisture X
Point of zero charge X
Electrical conductivity X X X X X
Cation exchange capacity X X X X X X X X
Exchangeable sodium (Na+) X X X
Exchangeable magnesium (Mg+2) X X X
Exchangeable calcium (Ca+2) X X X
Exchangeable potassium (K+) X X X
Exchangeable aluminium X
Exchangeable iron X
Exchangeable manganese X
Exchangeable acidity X
Aluminium oxide content X
Iron oxide content X
Total potassium content X
Total phosphorus content
Total calcium content X X
Total sodium content X X
Total aluminium content X X
Total iron content X X
Total magnesium content X X
Total manganese content X X
Calcium carbonate content X X X X
Soil bulk density X
Specific surface area X X X
Endogenous sorbate concentration X
Sampling location X X X X X X X X X X X
Sampling depth X X – X X X – X X
Air dried X X X X X X X X
Mesh size of soil sieving (mm) X X X X X X X X X
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extract the linear Kd accurately or because they reported values for
systems of mixtures of pharmaceuticals (versus individual pharmaceuti-
cals) and these were not comparable to the other data points. However,
references () still formed part of the meta-analysis carried out. Depen-
dent variables which were not reported across all references were also
removed. These were all soil properties which are not in bold in
Table 3, as well as five experimental set-up variables: pH during exper-
iment, vessel material, vessel volume, liquid volume, and soil mass
(Table 2). A total of 82 data points from 11 references remained as the
meta-dataset for the model.

Cation exchange capacity (CEC) of soil was not always reported in
the same units and so all CEC data was converted to cmol kg−1. All ex-
cept one study reported organic carbon content of the soil and one
study reported organic matter (Uddin et al., 2020) (Table 3), a factor
of 1.72 was used to convert total organic carbon to organic matter
(Fenton et al., 2008). The soil pH, pollutant's pKa and LogKow were en-
tered as LogD (Schaffer et al., 2012), based on Eqs. (3) to (5), to account
for multiple pKa points of some pharmaceuticals:

LogD ¼ log 10
α0
α1

� �
∑
n

i¼1
i ¼ 1

1þ 10pH � pkan (3)

α0 ¼ ∑
n

pka¼1

1

1þ 10pH � pkan (4)
5

α1 ¼ 1 � α0 (5)

where α1 is the fraction of pharmaceutical ionised in the soil, α0 is the
fraction of neutral pharmaceutical in the soil, pKa

n refers to the pharma-
ceutical pKa values (Schaffer et al., 2012). The pH values of the soil in
the literature are often obtained in different ways (Minasny et al.,
2011), with the 13 references either obtaining pH by preparing a paste
with soil and pure water (pHH2O) or using 0.01 M CaCl2 (pHCaCl2).
Measurements in CaCl2 solution have been shown to be less affected
by soil electrolyte concentration and therefore more stable (Minasny
et al., 2011). The pH values were converted from pHH2O to pHCaCl2 or
pHCaCl2 to pHH2O using a conversion table from the literature, which
was built from comparing 7844 pH measurements obtained in pure
water to the same soil measured using 0.01 M CaCl2 (Henderson and
Bui, 2002). Most of the data used to build this conversion table was in
the pH range of 3.5 to 9.5 and the authors state that their model is
more reliable within this range (Henderson and Bui, 2002). This pH
range is adequate for this meta-dataset, as 99.5% of the pH values
were between 6.8 and 7.8. More accurate conversion models of pHH2O

to pHCaCl2 could not be used as not all references reported the soil elec-
trical conductivity (Minasny et al., 2011), as can be seen in Table 3.
When the solution used to measure the pH was not specified
(Martínez-Hernández et al., 2016; Andriamalala et al., 2018a; Uddin
et al., 2020; Dalkmann et al., 2014a), it was assumed that it was
measured using pure water. To assess the accuracy of this assumption,
three models were developed, one using pH values as reported (no con-
version), the second using all pHH2O values converted to pHCaCl2 and a
third model with all pHCaCl2 values converted to pHH2O.

The qualitative variables were turned into quantitative variables using
the quantification matrix method (Agudelo-Jaramillo et al., 2016). The
type of liquid phase was turned from a qualitative variable to a quantitative
variable by having four variables called a) liquid phase: aqueous calcium
chloride, b) liquid phase: aqueous calcium chloride plus other salts,
c) liquid phase: secondary treated water, and d) liquid phase: well/aquifer
water (Table 4). For each of these variables, 1 or 0 was entered depending
onwhether the liquid phasewas used, following guidance on how tomodel
qualitative data (Agudelo-Jaramillo et al., 2016). This approach was also
applied for the sterilisation method, using two variables: Sterilisation by
autoclaving or Sterilisation by sodium azide addition, and when no
sterilisationmethodwas stated in the study a zero was entered for both var-
iables. All datawas normalised using unit-variance to avoid over-sensibility
towards anyone variable.

2.2. Multivariate analysis of the data collected from the thirteen references

Multivariate analysis was undertaken using the SIMCA Multivariate
Data Analysis Software tool (Umetrics-Sartorius, Sweden, version 16.0.1).
The independent variable (y) was Kd, the dependent variables (x) were:
soil pHCaCl2, soil sand content (%), soil silt content (%), soil clay content
(%), soil organic carbon, liquid phase: aqueous calcium chloride, liquid
phase: aqueous calcium chloride plus other salts, liquid phase: secondary
treatedwater, liquid phase: well/aquiferwater, sterilisation by autoclaving,
sterilisation with sodium azide, equilibration time (just soil and liquid),
time to equilibrium once pollutant was added, initial pharmaceutical con-
centration, pharmaceutical water solubility, pharmaceutical dispersion co-
efficient (LogD), and pharmaceutical octanol-water partitioning coefficient
(LogKow) (Table 4).

The pharmaceutical name, reference number and soil typewere entered
as secondary identifiers in SIMCA. Secondary identifiers can be used to
label individual data point in the visualization plots provided by SIMCA;
e.g., all data points belonging to reference number 12 would have a ‘12’
label next to them. This allows observing if the data points were grouped
according to pollutant, soil type or reference. If the data points were
grouped based on reference number, it would indicate a dependence on
Kd based on experimental conditions, which was not accounted for in the
model. Using this data three different models were built (Table 4), where



Fig. 1. Process undertaken to develop the meta-dataset and models from the 13 references studied.
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Model 1 and Model 2 were for carbamazepine (21 data points) and sulfa-
methoxazole (14 data points) data points, respectively. Model 3 included
other pollutants and comprised all 82 data points, with the proportion of
pollutants presented in Fig. 2.

Principal component analysis (PCA)was applied to the data for all three
models, before applying partial least squares (PLS) regression, as the latter
is an unsupervised model. PLS models have been shown to generate class
separation, even with random data (Worley and Powers, 2013). Therefore,
the PCA model and the PLS were visually compared to ensure similar
grouping or class separation, indicating the PLS was not over-fitting the
model using the data. The PCA score plot of the models can be seen in
Figs. S1 and S3. PCA clusters Y-variables (Kds in this case) on how similar
they are depending on how the X-variables (the experimental conditions
in this case) varied within them. Partial least square (PLS) model was
then used on the same data to identify the variables which have a larger
Table 4
Models developed using the meta-dataset, dependent variables included, number of dat

Model no.

Pharmaceutical
No. of data points
References useda

Dependent variables included in model Pharmaceutical octanol-water partition coefficient (
Pharmaceutical water solubility (mg L−1)
Pharmaceutical speciation depending on soil pH (Lo
Soil sand content (%)
Soil silt content (%)
Soil clay content (%)
Soil fraction of organic carbon (%)
Liquid phase: Aqueous calcium chloride (Yes or no,
Liquid phase: Aqueous calcium chloride plus other s
Liquid phase: Secondary treated water (Yes or no, en
Liquid phase: Well/aquifer water (Yes or no, entered
Sterilisation by autoclaving (Yes or no, entered as 1 o
Sterilisation with sodium azide (Yes or no, entered as
Equilibration time, just soil and liquid (h)
Time to equilibrium once pollutant was added (h)
Initial pharmaceutical concentration (μg kg−1)

a Numbering system for the 13 references used for the meta-analysis is provided in T

6

weigh on the PCA grouping (Umetrics-Sartorious, 2019). PLS is a regres-
sion extension analysis of PCA, where PLS can differentiate between
which X variables predict Y and which do not, and identify the X-
variables important for prediction of the Y-variable (Kd in this case)
(Umetrics-Sartorious, 2019). Variables which have a significant impor-
tance to the prediction of the dependent variable have a value >1
(Umetrics-Sartorious, 2019). For PLS, there are two important statistics
which are indicators of the quality of the model, RX2 is a measure of how
well the model fits the data and Q2 cumulative is a measure of how well
Y can be predicted using X (Umetrics-Sartorious, 2019). Only models
with RX2 and Q2 > 0.5 were considered as valid (Umetrics-Sartorious,
2019). Model validity was also assessed based on the permutation test
(n = 100), where the random RX2 and Q2 values must be lower than
the real model R2 and Q2 values. Permutations for all models can be
found in Figs. S2 and S4.
a points and references use.

1 2 3

Carbamazepine Sulfamethoxazole Multi-pollutant
21 14 82
1,2,4,5,10–12 1,7–9, 13 1,2,4,5,7–13

LogKow) X
X

gD) X X X
X X X
X X X
X X X
X X X

entered as 1 or 0) X X X
alts (Yes or no, entered as 1 or 0) X X X
tered as 1 or 0) X X X
as 1 or 0) X X X
r 0) X X X
1 or 0) X X X

X X X
X X X
X X X

able 1.



Fig. 2. Proportion of pollutants from the literature search that were used for the multi-pollutant model.
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3. Results and discussion

3.1. Parameters and ranges of experimental conditions (dependent variables)
used for batch sorption experiments in the meta-dataset

The studied parameters that can influence Kd and were reported by all
or most papers included in the meta-dataset were divided into pollutant
studied, soil properties, and experimental conditions (Tables 2 and 4).
The Kd is a snapshot of the partitioning of a sorbate in a soil/water system
at a particular set of conditions and, as such, it is amenable for modelling
where each data point is a Kd value at particular experimental conditions
(dependent variables).

3.1.1. Soil properties reported in the meta-dataset
Different references report different soil characteristics (Table 3). Only

the soil characteristics reported across all the references could be included
in the models. These were soil pH, organic carbon content and soil texture
Fig. 3. Range of properties in the soils studied in the literature consulted (Table 1) a) s
carbon.
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(percentage of sand, clay, and silt) (Table 3). According to the OECDGuide-
lines, these are themost important soil characteristics determining the sorp-
tion (OECD, 2000). However, other soil characteristics that affect sorption
are cation exchange capacity (CEC), content of amorphous iron and alumin-
ium oxides, and specific surface area of the soil particles (OECD, 2000). It
would be beneficial for studies to consistently report other soil properties
to allow for more comprehensive meta-analysis in the future.

Soil texture was reported uniformly across all references (Table 3), dis-
playing a wide range of characteristics (e.g., sand <10 to <97%, silt <5 to
75% and clay <5 to 53%, see Fig. 3a). Seven out of the thirteen references
used soils taken from agricultural areas (Table 2). Two references used soil
from the Tula Valley, an agricultural area in Mexico where treated and un-
treated wastewater is used for irrigation (Dalkmann et al., 2014a; Durán-
Álvarez et al., 2012). In one study, soil that had been irrigated with un-
treated water for approximately 85 years was used (Durán-Álvarez et al.,
2012), whilst another study had soils irrigated with untreated wastewater
for 0, 14, 35 or 100 years (Dalkmann et al., 2014a). Two references used
oil texture (percentage content of each component); b) pH and fraction of organic
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agricultural soil form Iran (Paz et al., 2016; Chefetz et al., 2008), in one of
them the soil was from a field irrigated with treated wastewater for over 25
years (Chefetz et al., 2008). Two references used Chinese agricultural soils
(Uddin et al., 2020; Hu et al., 2019). One reference used soil from an exper-
imental field in France to compare soil never amended with organic waste,
soil amended with compost and sewage sludge, and soil amended with ma-
nure (Andriamalala et al., 2018a). Soils were also taken from an aquifer
zone in Spain for two studies (Martínez-Hernández et al., 2016; Kiecak
et al., 2019). Reference soils (Wojsławski et al., 2019) and technical sand
with low clay and organic matter contents were used as a comparison to
aquifer soils in one study (Kiecak et al., 2019). The soil wasmostly collected
from the top layer (0 to 30 cm) (Table 2),with several references comparing
sorption using different soil depths: 10 cm was compared to 40 cm in
(Durán-Álvarez et al., 2012). Some aquifer soils were collected from deeper
layers (80–300 cm) due to a shallow aquifer (Kiecak et al., 2019). The depth
of soil collection was not always specified (Paz et al., 2016). This wide va-
riety of soils (wide texture range, different soil depths, different geographic
locations, and different amendment using either organic solids or wastewa-
ter) provides richness to the meta-dataset. Where conclusions from the
model are only relevant to the dataset used to develop it, and this wide
range of soils allows for comparison of different soils (in terms of texture,
geography and irrigation or amendment history).

The range of soil pHCaCl2 studied was mostly from 6.8 to 7.8 (Fig. 3b).
This is on the higher end of the optimum range for most crops, which is be-
tween 5.5 and 7.5 (Oshunsanya, 2018). Seven out of 13 references used soil
which had been under wastewater irrigation, and wastewater irrigation is
known to affect soil pH (Abd-Elwahed, 2018). In some instances soil pH
has been reported to increase with wastewater irrigation (Abd-Elwahed,
2018; Qian and Mecham, 2005), and in other cases a decrease has been re-
ported (Abd-Elwahed, 2018; Angin et al., 2005). This means the conclu-
sions drawn from the model will not be applicable to the whole range of
pH presented by agricultural soils. However, data availability for soils
that have and have not been under wastewater irrigation provides environ-
mental relevance. The pH during the experiment was not monitored in
most references (Table 2), although in one paper it was controlled
(Martínez-Hernández et al., 2016). Therefore pH could not be accounted
for in the models as most references did not evaluate pH variations during
the experiment. Any changes of pHduring the experiment could affect sorp-
tion, therefore this variable should be monitored or kept constant.

3.1.2. Experimental conditions (dependent variables) reported in the literature
Important variables in batch experiments are the mass of soil and the

volume of liquid used, as well as the initial concentration of the pollutant
studied (OECD, 2000). These were not always specified or were reported
as a range (Table 2), where correlation of results to initial conditions is
not possible (Li et al., 2020). This means that these variables could not be
included in the model. Liquid volume and soil mass ranged from 30 to
3000 mL and 0.5 to 300 g, respectively (Table 2). A recommendation
would be for future studies to state these variables (soil mass, liquid vol-
ume, and initial concentration of the sorbate) corresponding to each Kd

value reported. This would allow for more comprehensive meta-analysis
and provide an understating of the effect of scale (soil mass and volume liq-
uid) on mass transfer of the pharmaceuticals from the liquid phase to the
soil.

Pharmaceutical concentrations were reported by some papers in terms
of pharmaceuticalmass per soilmass and sometimes in terms of pharmaceu-
ticalmass per liquid volume (Table 2). In themodel, all pharmaceutical con-
centrationswere converted to concentrations in a soil mass basis, whichwas
achieved through a mass balance using the soil mass and liquid volumes re-
ported. Carbamazepine initial concentrations in the soil phase ranged from
0.05 to 3,000,000 μg kg−1 (Table 2), while for sulfamethoxazole it ranged
from20 to 22,083.3 μg kg−1 (Table 2). Environmental concentrations in ag-
ricultural soils for sulfamethoxazole have been reported as: 0.2 to 54.5 μg
kg−1 (Christou et al., 2019; Cycoń et al., 2019), while for carbamazepine
concentrations from 1.2 to 98.3 μg kg−1 are presented (Christou et al.,
2019). These concentrations in soil equate to concentrations in the liquid
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phase of 0.1 to 1,000,000 μg L−1 for carbamazepine and 1000 to
1,000,000 μg L−1 for sulfamethoxazole. The lowest sulfamethoxazole con-
centrations are still 3 orders above that reported in wastewater influent
(Petrie et al., 2015; Thiebault, 2020). For carbamazepine, the lowest con-
centration reported is environmentally relevant (Petrie et al., 2015; Hai
et al., 2018), howevermost studies are above this range. The model conclu-
sions are only valid within the concentration ranges in themeta-dataset and
they are mostly higher than those measured in the environment. This dis-
crepancy between environmental concentrations and those studied in
batch-sorption studies is a significant gap in the literature because the per-
centage of pollutant sorption to soil has been shown to be concentration de-
pendent (Kiecak et al., 2019; Singh, 2016).

The type of liquid phase used was specified in 9 out of 13 studies, using
an aqueous calcium chloride (CaCl2) solution (Table 2), with concentra-
tions of either 5 or 10 mM (Table 2). Other liquid phases used were syn-
thetic reclaimed water (Martínez-Hernández et al., 2016), groundwater
(Kiecak et al., 2019) and secondary treated wastewater (Chefetz et al.,
2008). It has been shown that Kd is dependent on the liquid phase utilised
for batch-sorption experiments (Chefetz et al., 2008). This is a gap in the lit-
erature, as most studies perform partitioning experiments in aqueous
calcium chloride, yet agricultural soil is irrigated with either treated/
untreated wastewater or surface water (Table 2), meaning that the meta-
dataset is not fully representative of the real environmental conditions.

Themethod used to sterilise the soil (ruling out biodegradation)was not
specified for 2 out of the 13 references (Table 2). The methods reported in
the meta-dataset were autoclaving and addition of sodium azide (NaN3)
(Table 2). The soil sterilisationmethod can have a significant effect on sorp-
tion by changing soil properties. Autoclaving has been shown to increase
the content coarse-size particles attributed to aggregation (Lotrario et al.,
1995). It can also change the quality of soil organic matter as the content
of the bacterial cells can be released at high temperature and pressure
(Berns et al., 2008). Whilst sodium azide has been reported to increase
soil pH (Skipper and Westermann, 1973). When autoclaving was used,
the conditions were not always specified, and differing temperatures and
time lengths were used among the references (Table 2), which can impact
on the extent to which the soil is affected. The soil sterilisation method
was included as two dependent variables (sterilisation by autoclaving and
sterilisation by sodium azide) in the models as a quantitative binary vari-
able (yes, 1 or no, 0 adapted from a qualitative variable). For the two refer-
ences in which the sterilisationmethod was not specified, 0 was entered for
both options.

The temperature at which the experiment was conducted has an effect
on sorption (OECD, 2000; Li et al., 2018b) and this was not specified in
all the references of the meta-dataset (Table 2) (Uddin et al., 2020).
When it was specified, most experiments were conducted at 20 (six out of
eleven) or 25 °C (three out of eleven) (Table 2), except for one performed
at 4 °C using carbamazepine (Li et al., 2020). TheOECD106Guideline spec-
ify that experiments should be conducted between 20 and 25 °C (OECD,
2000) thus providing comparable results across independent studies, but
this does not account for the full range of environmentally relevant temper-
atures. While the overall temperature range studied (4 to 25 °C) is environ-
mentally relevant, the distribution of temperatureswithin 4 and 20 °C is not
adequate in terms of granularity. It is worth noting both from the perspec-
tive of environmentally relevant conditions in laboratory experiments and
from the relevance of the conclusions drawn from modelling this data
that this does not account for temperature variations, which will occur sea-
sonally and geographically in agro-ecosystems.

The linear soil partitioning coefficient (Kd) is measured at equilibrium,
i.e., when the sorbate concentration in both the liquid and solid phase is
steady (OECD, 2000). This time period is determined prior to the kinetics
and isotherm experiments and depends on the pollutant and soil studied
and on the initial pharmaceutical concentration, liquid volume and soil
amount (OECD, 2000). In the references revised, equilibrium times ranged
from 12 h to 7 days (Table 2). Only two references included an equilibra-
tion period between the liquid and solid phase before adding the pollutant,
to ensure the soil is fully wetted, where one was for 12 h (Kiecak et al.,
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2019) and the other 24 h (Dalkmann et al., 2014a). These variables were
included in the model and so their effect can be assessed.

Methods to prevent photodegradation were mostly stated and included
amber glass (Li et al., 2020; Durán-Álvarez et al., 2012) and wrapping the
containers with aluminium foil (Martínez-Hernández et al., 2016; Uddin
et al., 2020; Hu et al., 2019; Kiecak et al., 2019). However, it was not always
specified (Wojsławski et al., 2019; Chefetz et al., 2008; Dalkmann et al.,
2014b) and subsequently unable to include in the model. Provided
photodegradation has been controlled, the methods to achieve this are
not expected to have an impact on the Kd. Another parameter which was
not always specified is the type of test vessel used (Table 2). The OECD
106 Guideline state that checks should be carried out to rule out adsorption
of the pollutant onto the vessel (OECD, 2000), and previous studies have
shown that vessel material has an effect on pharmaceutical sorption to
soil (Li et al., 2020). Most commonmaterials used are glass and polypropyl-
ene tubes (Table 2). Nevertheless, if preliminary experiments have been
carried out to check for vessel sorption, this variable should not impact Kd.

3.2. Model 1: subset of meta-dataset for carbamazepine

Model 1 was developed for carbamazepine only (Fig. 4). The variable
with the most effect on grouping, of those in the carbamazepine PLS
model, was the organicmatter content (VIP=2.0±0.5). This is consistent
with literature, which has shown increased carbamazepine sorption with
increasing organic matter and previously found strong positive correlations
between both parameters (Paz et al., 2016; Evyatar et al., 2018; Gibson
et al., 2010). Soil clay content had a higher VIP (1.0±0.4) than silt content
(0.9 ± 0.5) and sand (0.8 ± 0.5). This has not been previously observed,
though authors have speculated that clay content in the soil has a signifi-
cant effect on carbamazepine sorption (Gibson et al., 2010).

Using aqueous calcium chloride as the liquid phase appears to have a
more defined impact on Kd (1.25 ± 0.25) compared to using well/aquifer
water or treated wastewater, where the error of the VIP was higher than
the VIP score itself. There are more datapoints using aqueous calcium chlo-
ride as the liquid phase (12 out of 21), while for aqueous CaCl2 with other
salts there were only 5 datapoints and 4 datapoints for secondary treated
water. It is possible that more datapoints are required with these last two
liquid phases to discern how important liquid phase is for prediction of
Kd for carbamazepine. The high variance (coefficients of variation
>100%) in variable importance for prediction value for well/aquifer and
treated water as liquid phasemay be due to unknowns, such as competitive
Fig. 4.Carbamazepine partial least squares scores plot: visualization of principal compon
and labels based on references.

9

sorption, which may be taking place due to other pollutants and dissolved
organic matter present in the liquid phase. Untargeted analysis, when deal-
ing with realistic environmental liquid phases (treated or untreated waste-
water), could provide more environmentally relevant results as it would
allow the elucidation of competitive sorption.

Sterilisation using sodium azide was a variable which was important for
prediction (VIP=0.95±0.20) and sterilisation by autoclaving had a value
of 0.6 ± 0.4, indicating that there may be some effect of the sterilisation
method on the sorption behaviour of carbamazepine. The equilibration
time between the liquid and soil phase (prior to adding the pollutant) had
a VIP of 0.75± 0.30, indicating this step could have some effect on the car-
bamazepine sorption.

3.3. Model 2: subset of meta-dataset for sulfamethoxazole

The sulfamethoxazole model was not valid as it failed on the permuta-
tion test, while the RX2 and Q2 values were both below 0.5. In the PCA
and PLS score plot, reference (Marti et al., 2014) was outside the model
area, so this reference was removed but the model was still not valid. This
could indicate that data points for sulfamethoxazole were not sufficient
for a valid model or the granularity of the data did not allow for valid
model building. The Kd values were between 0.12 and 25.78 L kg−1 with
a mean of 3.46 L kg−1 and a standard deviation of 4.45 L kg−1 (Uddin
et al., 2020; Dalkmann et al., 2014a; Hu et al., 2019; Kiecak et al., 2019;
Andriamalala et al., 2018b), so the limited spread could have affected
data granularity. Correlations between Kd values and percentage of clay,
silt, and sand, pHCaCl2, organic carbon content and initial concentration
were explored but nothing significant was found. Sulfamethoxazole has
been reported to have variable behaviour in soil (Martínez-Hernández
et al., 2016; Andriamalala et al., 2018a) and inconsistencies between lab-
scale and field observations have been reported (Kiecak et al., 2019). All
the references studied for this pollutant used a liquid phase of aqueous
CaCl2 or aqueous CaCl2 plus other salts. The failing of this model indicates
more batch-sorption studies are needed to understand the sorption behav-
iour of sulfamethoxazole, with preference at more environmentally rele-
vant conditions.

3.4. Model 3: multi-pollutant (full meta-dataset) model

Themultipollutant model was subsequently undertaken to explore the ef-
fect of different pharmaceuticals with varied physical-chemical properties on
ent 1 (x-axis) and principal component 2 (y-axis), datapointmarks based on soil type



Fig. 6. Variables of importance >1 for the multi-pollutant partial least squares mode.
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the outcomes of the PCA analysis. The proportion of pollutants studied in the
meta-dataset is summarised in Fig. 2 and their main physical-chemical prop-
erties are given in Table S1.Most data points for each pollutantwere obtained
from only one reference, with the exceptions of carbamazepine (seven refer-
ences), sulfamethoxazole (six references) and two references each for cipro-
floxacin, diclofenac, and naproxen (Table 2). It is important to be aware of
this proportion, as the conclusions drawn fromModel 3maybemore relevant
to the pollutants which had a larger proportion of datapoints, rather than to
all of them.

Model 3 was evaluated using soil pH in three forms, first as stated in the
reference (regardless of whether it was measured in water or in aqueous
calcium chloride), second all pHCaCl2 converted to pHH2O, and third
pHH2O converted to pHCaCl2. The results were very similar with non-
discernible data grouping and RX2 values of 0.640, 0.590 and 0.651, re-
spectively, indicating the buffer inwhich the pHwasmeasured and the con-
version between them does not have a significant impact on the results. Q2

values were of 0.703, 0.698 and 0.712 for the three assessed conditions
(Table S3). Given the higher RX2 and Q2 values obtained for the pHCaCl2,
this model was used for analysis. According to the PLS score plot (Fig. 5),
there was no clear grouping regarding to pharmaceutical or to reference,
there is a need for more data from a wider range of pharmaceuticals.

3.4.1. Variables of importance for prediction of the grouping in Model 3
From the variable importance of prediction scores (Fig. 6) the most im-

portant is the pharmaceutical water solubility, which highlights the impor-
tance of pharmaceutical-specific data and the need for more data amenable
for modelling from a wide range of pharmaceuticals. After that, the vari-
ables for importance of prediction, with values above 1making them signif-
icant for predicting Kd (Umetrics-Sartorious, 2019) were equilibration time
between solid and liquid phase prior to pollutant addition > soil fraction of
organic carbon > sterilisation by autoclaving. These results showed that
performing an equilibration time between the solid and liquid phase prior
to adding the pollutant influences Kd and should therefore be considered
during batch sorption experimental design. This means that it makes a dif-
ference if the soil pores are fullywetted before the pollutant is added, as this
can change the mass transfer of the pollutant from the liquid to soil. This
finding is important as it is an unexplored variable to date in the literature,
and may account for some of the discrepancies observed between lab-scale
and field conditions. This is because in field studies, the agricultural soils
will likely l be wetted (from precipitation or prior irrigation events) prior
to being introduced to the pollutant. Soils are typically dried after collection
and prior to batch-sorption studies, and it would be interesting to further
explore the effect of an equilibration period between the liquid and soil
prior to introducing the pharmaceuticals.

The sterilisation method was also a variable of importance, and requires
further attention as may affect conclusions drawn from experiments using
Fig. 5.Multi-pollutant PLS scores plot: visualization of principal component 1, t (UN-WW
shaped and coloured according to pollutant and labelled according to reference number [
explained by principal component 1 (t (UN-WWAP, 2015)) and R2X (Holt-Giménez et
component.
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different types of sterilisation. Furthermore, it may also contribute to discrep-
ancies observed between lab-scale and field conditions, given that agricul-
tural soil will not have undergone any sterilisation processes. The VIP of
the type of liquid phase used had high error associated so it is not possible
to ascertain their importance for this model. However this should be further
explored to ensure environmental relevance of batch sorption studies. This is
of high relevance for discrepancies between lab-scale and field observations
as in the environment the aqueous phase will be different in ionic strength to
the CaCl2 buffer as well as having other components, including dissolved or-
ganic matter. The initial concentration of the pharmaceutical phase had pre-
sented a VIP just below 1 (Fig. 5). However, considering the error associated,
this variable may be above 1, which further highlights the importance of
batch studies performed at environmentally relevant concentrations.

It is important to highlight that obtaining mechanistic insights into the
sorption of the pollutants in the multi-pharmaceutical model is outside of
the scope of this paper, but rather zooming out of specific studies in order
to observe experimental trends that can inform on how best to increase the
environmental relevance of lab-scale batch sorption studies. A limitation of
the model is that it was not possible to include all the variables known to af-
fect sorption and important sorption mechanisms, such as cation exchange,
AP, 2015), and principal component 2, t (Holt-Giménez et al., 2012),with datapoints
as detailed in Table 1]. R2X (UN-WWAP, 2015) refers to the proportion of variability
al., 2012) refers to the proportion of variability explained by the second principal
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cation bridging on clay surfaces, surface complexation, and hydrogen bond-
ing (Tolls, 2001) are not accounted for in the model. In terms of cation ex-
change, even though LogD was accounted for, the charge at which the
pharmaceuticals would be found was not accounted for in the model.

3.5. Recommendations for future research

Based on the analysis of the meta-dataset, the following recommenda-
tions are proposed to increase the environmental relevance of batch-scale
pharmaceutical sorption studies, and therefore support ‘upscaling’ from
batch to column to field studies. Furthermore, the recommendations also
align with obtaining results more amenable for meta-analysis:

1. More comprehensive soil characteristics consistently reported, such as
CEC, content of amorphous iron and aluminium oxides and specific sur-
face area of soil particles so that future meta-analysis can consider these
variables.

2. Performing an equilibration time between the solid and liquid phase
prior to adding the pollutant, to emulate field conditions in which soil
is likely have been in contact with irrigation water prior to being in con-
tact with the pharmaceutical. Also, comparing with and without this
equilibration stage to understand sorption of pharmaceuticals after
draught, compared to when soil is wet.

3. Reporting volume of vessel, liquid phase volume and soilmass so that fu-
ture meta-analysis may assess the effect of scale on mass transfer and its
relatability to environmental conditions.

4. Monitor pH during kinetics sorption experiment to account for pH
changes due to equilibration with the liquid phase.

5. Specify the method used for soil sterilisation and, when autoclaving is
used, specify the conditions (length and temperature) as this would
allow to understand how soil characteristics could have been changed.

6. As well as following OECD Guideline 106 as a baseline or benchmark, it
would be useful to add one or more set of experiments at more environ-
mentally relevant conditions for example:

• More (often lower) environmentally relevant initial concentrations of
the pharmaceuticals.

• Comparing sorption from calcium chloride buffer to sorption when
using an environmentally relevant liquid phase (e.g., surface water,
wastewater effluent or influent) since CaCl2 buffer has greater ionic
strength and no organic matter, compared to wastewater reused for
irrigation.

• Compare sorption in standard temperature conditions (i.e., 20 or 25 °C)
to other specific temperatures which could be informed by the local cli-
mate where the study is carried out.

4. Conclusion

Ameta-analysis andmeta-dataset machine learning (PCA and PLSmodel-
ling) of batch-sorption studies of pharmaceuticals in soil/water systems for
the first time elucidated important considerations that can inform on specific
variables to target tomake batch-sorption experimentsmore environmentally
relevant. The balance between the advantages of the comparability across
laboratory-scale experiments based on standardised guidelines, such as the
OECD 106 Guideline, needs to be weighed against the importance of
laboratory-scale experiments which better emulate environmental condi-
tions. In terms of the environmental relevance, the three main findings
were: i) Pharmaceutical concentrations in batch studies being 1 to 5 orders
of magnitude above those measured in waters used for soil irrigation; ii) ex-
perimental temperatures did not cover the whole environmental range in
terms of granularity; iii) more studies are necessary using environmentally
relevant aqueous phases. Furthermore, more information could be gained
frommeta-analysis andmodelling of meta-datasets if more references consis-
tently reported soil parameters, such as cation exchange capacity and specific
surface area of the soil particles. The four main dependent variables which
were shown to have a significant impact on Kd through PLS modelling of
11
themeta-dataset were i) pharmaceutical water solubility, ii) the equilibration
time between soil and liquid phase prior to adding the pharmaceuticals; iii)
the soil organic carbon fraction, and iv) the soil sterilisation method. The
equilibration time between the soil and liquid phase prior to pollutant addi-
tion is likely affecting Kd because soil pores are fully wetted before the addi-
tion of the pollutant which can have an impact on mass transfer of the
pollutant through the soil pores. In terms of the sterilisation methods, they
are necessary, and reporting specific conditions at which they were carried
out (e.g., temperature and time) would be beneficial for future meta-
analysis. A further stepwould be tofind relationships between batch, column,
and real field pharmaceutical sorption studies to be able to adequately model
real-life agro-ecosystems and draw conclusionswith less experiments needed.
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