* water

Article

Adsorption of Heavy Metals and Biocides from Building
Runoff onto Granular Activated Carbon—The Influence of
Different Fractions of Dissolved Organic Matter

Panfeng Zhu, Ignacio Sottorff, Tong Zhang and Brigitte Helmreich *

check for
updates

Citation: Zhu, P; Sottorff, I.; Zhang,
T.; Helmreich, B. Adsorption of
Heavy Metals and Biocides from
Building Runoff onto Granular
Activated Carbon—The Influence of
Different Fractions of Dissolved
Organic Matter. Water 2023, 15, 2099.
https:/ /doi.org/10.3390/w15112099

Academic Editor: Laura Bulgariu

Received: 12 May 2023
Revised: 30 May 2023

Accepted: 31 May 2023
Published: 1 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Chair of Urban Water Systems Engineering, TUM School of Engineering and Design,

Technical University of Munich, Am Coulombwall 3, 85748 Garching, Germany; panfeng.zhu@tum.de (P.Z.);
i.sottorff@tum.de (1.S.); t.zhang@tum.de (T.Z.)

* Correspondence: b.helmreich@tum.de; Tel.: +49-89-289-13719

Abstract: Building runoff presents a good opportunity for water reuse in urban infrastructures;
however, it is often polluted by biocides and heavy metals. In order to mitigate the pollution and
improve water quality, we analysed the adsorption of heavy metals and biocides onto granular
activated carbon (GAC) and investigated the influence of dissolved organic matter (DOM) fractions
(>100 kDa, 10-30 kDa, and 3-10 kDa). In addition to our experimental work, we also studied the
adsorption process by applying the Langmuir and Freundlich models. The results showed that
>50% of DOM was adsorbed at low concentrations (5 mgC/L). We also observed that DOM at
a small molecular size exhibits improved adsorption. The adsorption capacity estimated by the
Langmuir equation for Cu?* and Zn?* in the absence of DOM influence was 157 and 85.7 umol/g,
respectively. The presence of DOM at 5 mgC/L improved the adsorption of Cu?*. Zn?* adsorption
was less sensitive to the presence of DOM than Cu?*. Interestingly, without the influence of DOM,
diuron-related compounds have a higher affinity toward GAC than terbutryn-related compounds.
DOM affected the adsorption of diuron slightly. For terbutryn, the adsorption was enhanced, whereas
mecoprop-p exhibited a strong competition with DOM. The presence of Cu>* and Zn?* presented a
similar effect on the adsorption of biocides like DOM. Overall, GAC is an ideal adsorbent material for
use in retaining building runoff pollutants.

Keywords: building runoff; biocides; DOM; heavy-metals; GAC; transformation products;
water reuse

1. Introduction

Runoff from buildings (roof and facade runoff) is a non-negligible part of urban
stormwater runoff. It can be considered a water supply source for the urban water cycle [1,2].
A basic requirement for the utilization of runoff water is its good quality. However, building
runoff presents drawbacks, including heavy metal and biocide pollution. The release of
heavy metals comes from metal roofs, gutters, chimneys, and dormers as a result of
corrosion [3]. The main players are Cu?>* and Zn?*. The reported concentrations of these
two heavy metals can be up to 4.9 mg/L for Cu?* [4] and 32 mg/L for Zn?* [5] in copper
and zinc roof runoff, respectively. It has been observed that more than 80% of copper and
zinc were in the dissolved form as Cu?* and Zn?* ions [5]. This finding indicates that the
majority of copper and zinc in metal roof runoff is bioavailable. A high proportion (>90%)
of dissolved heavy metals in metal roof runoff was also reported by Miiller et al., 2019 [6].
This untreated metal roof runoff poses a huge threat to surface water quality and even to
groundwater. The appropriate removal of heavy metals is required before the runoff water
enters the environment and/or the runoff is reused.

Additionally found in building runoff are biocides, which leach from the building
fagades during rain events [7-10] through the water-filled pores [7,10]. In general, biocides
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are described as substances used to control unwanted organisms that are harmful to human
or animal health or to the environment, or that cause damage to human activities. Some
well-known biocides found in construction materials include isoproturon, diuron, carben-
dazim, terbutryn, and others. [7,10-12]. The concentration of these chemicals in facade
runoff is high in the early lifetime of the painting material and decreases with increasing
exposure time. Previous research has shown that the diuron and terbutryn concentration in
runoff can reach around 20 mg/L and 2 mg/L, separately, upon initial contact of the fagade
with rainwater [13]. In a case study with an exposure time of 1.5-3 years, it was discovered
that diuron and terbutryn in the facade runoff still yielded concentrations around 900 ng/L
and 20 ug/L, respectively [12].

Also noteworthy is the biocide mecoprop-p, which is used on roofing materials. This
biocide is added to bitumen roof sealing membranes in the form of esters in order to protect
them against root penetration on flat green roofs [14]. The amount of mecoprop-p emitted
in runoff is not always constant and largely depends on the rain event [8,15,16]. In a given
roof, a higher emission level is initially observed after the new installation [16], followed
by a decrease in the washout concentration and load after several years [15].

Considering the damaging effects of biocides on the ecosystem (e.g., the inhibition of
soil microbial activity [17]), their penetration through sand/clayey soil [18], and the unre-
liable retention by urban stormwater infiltration systems [19], an appropriate mitigation
method for the biocides from runoff is needed to prevent the contamination of soil, aquatic
environment, and groundwater.

In this context, a granular activated carbon (GAC)-based decentralized on-site runoff
treatment is a promising option in the mitigation of building runoff pollution because such
a system has the advantages of high efficiency, cost-effective, and flexibility in construction.
As a porous material with a large surface ratio, GAC has been previously applied in
stormwater pollution elimination [20-23] and water quality assurance [24-27].

Research on building runoff has thus far mainly focused on the filed pollution survey,
pollutant leaching simulations, and modelling. Less effort has been made regarding the
aspect of decentralized on-site building runoff treatments or to the aspect that both heavy
metals and biocides are present in the runoff, not just one or the other. Moreover, there is
also the possibility of an additional influence from naturally occurring dissolved organic
matter (DOM) on the sorption behaviour onto GAC, which could lead to a reduction in
sorption capacity. The utilization of building runoff has been limited by insufficient study
of above aspects; therefore, our study aims to fulfil the knowledge gaps and remove the
barrier in building runoff reuse.

In this research, we evaluated the adsorption capacity of pollutants in building runoff
toward GAC, with a particular focus on biocides, biocide transformation products (BTPs),
heavy metals, and DOM occurring both alone and simultaneously. The present study
consists of three main parts. Firstly, the investigation of the adsorption of each pollutant
onto GAC at different concentrations. Secondly, the quantitative description of adsorption
processes via the Langmuir and Freundlich models. Thirdly, studying the influence of the
presence of DOM on the adsorption of heavy metals and biocides. We further study the
influence of heavy metals on the adsorption of biocides without DOM. The results from this
research will contribute to the development of new strategies for the treatment of building
runoff, thus achieving pollution source control and the protection of urban environment.

2. Materials and Methods
2.1. DOM Fractionation via Centrifugation

DOM was obtained from Carl Roth® (Karlsruhe, Germany) in the form of humic acid
sodium salt, which was previously used in a study focused on proving the interaction
between biocides and DOM via fluorescence changes [28]. The fractionation of DOM was
performed using centrifugation according to their differences in molecular weight. Before
the centrifugal fractionation, DOM stock solution (around 2 g/L) was first particle-cleaned
via centrifugation (Centrifuge 5804R; Eppendorf, Berzdorf, Germany) twice in 50 mL tube
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at 5000 g for 10 min. The supernatant was then filtered through a 0.45 pm nitrocellulose
membrane (Sartorius®, Goettingen, Germany) to remove the remaining particles and to
avoid clogging the membranes for further fractionation. The fractionation membranes used
(from Pall®, Ann Arbor, MI, USA and Sartorius®) had molecular weight cut offs at 100 kDa,
30 kDa, 10 kDa, and 3 kDa. A sequential centrifugation process was accordingly adopted,
where the centrifugation speed was 6000 x g, the time of centrifugation ranged from 4 to
60 min, which increased with decreasing DOM fraction size. At the end, the DOM fractions
> 100 kDa, 30-100 kDa, 10-30 kDa, 3-10 kDa, and <3 kDa were obtained and stored in
glass bottles at 4 °C. After an appropriate dilution, the concentrations of dissolved organic
carbon (DOC) in these five DOM fractions were measured using a total organic carbon
(TOC) analyser (vario, Elementar®, Langenselbold, Germany).

2.2. Granular Activated Carbon Preparation

The GAC used in this study was Cyclecarb 301 (Chemviron®, Hattersheim, Germany).
In order to avoid the influence from large GAC particles and maintain consistency between
each experiment, the GAC in the adsorption experiments was separated using a vibratory
sieve shaker (AS200, RETSCH®, Haan, Germany). The sieves used had four different mesh
sizes, 0.5, 0.71, 1.0, and 1.4 mm, respectively. The parameters used for the vibratory sieve
shaker were 10 min for the sieving process with a 10 s interval, and the amplitude for
sieving was 1.2 mm. The GAC used for sieving was around 250 g. All fractions were
weighed after the separation process to calculate the ratio between each part to the total
amount (this step was repeated three times). Of the five fractions thereby obtained, one or
two fractions, which accounted for more than 50% of the total GAC, were selected as the
working adsorbent (0.71-1.4 mm). Before applying the GAC in adsorption experiment, the
GAC was dried at 105 £ 1 °C to a constant weight and later stored in a desiccator.

2.3. Adsorption of Fractionated DOM and Pollutants onto GAC

In order to study the adsorption of pollutants in building runoff onto GAC, we selected
three fractionated DOM (>100 kDa, 10-30 kDa, and 3-10 kDa), two heavy metals (Cu?* and
Zn?*) relevant to metal roof runoff, as well as three different biocides and their respective
biocide transformation products (BTPs). See Table 1. All experiments were performed
in triplicate.

The investigation of the adsorption of fractionated DOM onto GAC was performed
in glass bottles under shaking conditions of 120 rpm, 24 h (Orbital shaker, SM25, Biihler®,
Bodelshausen, Germany). The solid-to-liquid ratio (GAC/Milli-Q water) of this reaction
system was maintained at 2 mg/mL. The concentrations of DOM in the adsorption batch
tests were 2, 4, 6, 8, 10, 20, 30, 40, 50, 100, 200, 400, and 600 mgC/L (DOM fraction 3-10 kDa
did not include the maximum concentration). For samples with a DOM concentration of
less than 40 mgC/L, the test volume was 100 mL (200 mg GAC added); for samples with a
DOM concentration of 50 and 100 mgC/L, it was 50 mL (100 mg GAC added); the remaining
tests were performed using a volume of 15 mL (30 mg GAC added). The decline in test
volume was determined by the limited amount of fractionated DOM stock solution. All of
the samples in these experiments contained 10 mM NaCl (Merck®, Darmstadt, Germany)
in order to simulate environmental ionic strength. The pH value of samples with a volume
larger than 50 mL was adjusted to 7.0 & 0.2. Since the sieved GAC comprised some fine
particles which could not be removed using a 0.45 um filter, measurement of the remaining
DOM after adsorption was achieved by calibrating the sample (0.45 pum filtered) absorbance
through calibration curves, which were acquired at 254 nm.

The experiments concerning the adsorption of Cu?* and Zn?* onto GAC were similar
to the DOM adsorption experiments. The study was carried out in glass bottles, and
the heavy metals added were CuCl, (Merck®, Darmstadt, Germany) and ZnCl, (Merck®,
Darmstadt, Germany). The stock solutions were at a concentration of 5 g/L. In the experi-
ments, 200 £ 0.2 mg GAC was added into 100 mL Milli-Q water containing 10 mM NaClL
The concentration of Cu%* and Zn?* in the samples was 5, 10, 15, 20, 30, and 40 mg/L,
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respectively. The pH value of the samples was adjusted to 6.0 & 0.2 to minimize the
precipitation of Cu?*. All of the samples were shaken at 120 rpm for 24 h to achieve
adequate adsorption. The concentration of the remaining heavy metals in each sample was
determined via atomic absorption spectroscopy analysis after filtration through a 0.45 um
syringe filter and acidification with HNO; (Merck®, Darmstadt, Germany) [29].

Table 1. The biocides/BTPs used and their physicochemical properties.

Chemicals Molecular Molecular Molecular Water Solubility LogD
Structure P Formula ? Weight 2 (mg/L) 2 (pH=7)Y
/K 37.4-42
Diuron J;j CoH19CLN,O 233.09 Ca11)¢ 2.53
I 880
Mecoprop-p C1oH11ClO3 214.64 (0.0) € —0.25
T 35.9
Terbutryn YT C10H19N5S 241.36 3. 65) . 2.7

1-(3,4-Dichlorophenyl)-3-
methylurea
(DCPMU)

1-(3,4-Dichlorophenyl)urea

CsHsCLN,O 219.06 (—3.08) 231

@
’ 5%
@ C7HgCLLN,0 205.04 (—3.08) 2.09

(DCPU)
3,4-Dichloroaniline c
(DCA) CsHsCLN 162.01 (—2.75) 2.35
Atrazine-desisopropyl-2-hydroxy %\(\( 3 e
(DHT) ' C5HoN50 155.16 (—1.8) 0.59
Terbutylazine-2-hydroxy XYYV CoHyN50 21126 (—267)¢ 1.94
(HAT) HYN 9L1174N5 . . .

Notes: a: data from Pubchem; b: calculated data from ChemAxon; c: calculated solubility LogS from ChemAxon.

The organic chemicals used to study the adsorption of biocides and their BTPs onto
GAC were purchased from Dr. Ehrenstorfer® (Augsburg, Germany). In the experiment,
10 £ 0.2 mg of GAC was weighed and added into a 100 mL solution of 10 mM NaCl. The
concentrations of biocides and BTPs in the experiments were 5, 10, 15, 20, 30, and 40 mg/L.
The stock solution of biocides and BTPs was prepared in methanol (Merck®, Darmstadt,
Germany) at a concentration of 10 g/L, except for atrazine-desisopropyl-2-hydroxy and
terbutylazine-2-hydroxy. These two chemicals had lower solubility in methanol; therefore,
their stock solutions were prepared at a lower concentration of 2 g/L and was dissolved in
a mix of water/MeOH (1:1) containing 0.4% formic acid (Merck®, Darmstadt, Germany).
The pH value of the samples was adjusted to 7.0 &= 0.2 before shaking at 120 rpm for 24 h.
Regarding those samples containing Terbutylazine-2-hydroxy, it was observed that the
chemical formed a floccule after pH adjustment. To overcome this issue, we added 20 uL
of formic acid (Merck®, Darmstadt, Germany) into these samples (V1 = 100 mL) after the
shaking process and before sampling in order to return it to a dissolved form. The collected
samples were analysed via liquid chromatography coupled with mass spectrometry (LC-
MS) after a filtration step using 0.22 pum syringe filters.
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2.4. Pollutants Co-Presence during the Adsorption Process

The evaluation mainly focused on the influence of DOM on the adsorption of heavy
metals and biocides onto GAC. We also studied the influence of heavy metals on the
adsorption of biocides onto GAC. The concentrations of DOM fractions in the experiments
were maintained at 5 mgC/L, which approached the actual concentration in building
runoff [30]. The concentration of heavy metals and biocides was 40 mg/L. The experimental
settings were the same as those in Section 2.3 with the highest pollutant concentration, i.e.,
40 mg/L of heavy metals and biocides. With regard to studying the influence of heavy
metals on biocide adsorption onto GAC, the experiment setting was similar. The heavy
metals concentration was set to 2 mg/L, which mimics the concentration found in metal
roof runoff [3]. The biocide concentrations were prepared at 40 mg/L. Bearing in mind
the similarity between BTPs and their parent compounds, only the parent biocides were
studied in this section. All experiments were performed in triplicate.

2.5. Liquid Chromatography—Mass Spectrometry Analysis

Targeted LC-MS analysis features high levels of resolution and accuracy for detecting
trace organic pollutants in environmental and experimental samples, and it has been
widely used to analyse biocides [31-33]. In the present study, it was applied in order to
quantify the concentrations of biocides and their transformation products (BTPs) in our
samples. The UPLC system used was a PLATINblue from Knauer® (Berlin, Germany). The
chromatographic column was a 150 x 3 mm, Kinetex® 2.6 um PFP 100 A from Phenomenex®
(Aschaffenburg, Germany).

The mass spectrometer used was a triple Quad 6500 from Sciex® operated with Analyst
(version, 1.6.2, Sciex®, Framingham, MA, USA). The instrument was operated using a Turbo
V® jon source with a TurbolonSpray® ESI probe (Framingham, MA, USA). For the detection
of the analytes, we used a targeted MRM method with optimized values for DP, CE, and
CXP. Each analyte was identified using a quantifier and qualifier transition, in addition to a
heavy isotope internal standard. The mobile phase was composed of a gradient of Milli-Q
water and LC-MS grade methanol (Merck®, Darmstadt, Germany). Both solvents were
supplemented with formic acid to reach a final concentration of 0.1%. The flow rate used
was 0.7 mL/min.

2.6. Adsorption Modelling using Freundlich and Langmuir Equations

The Langmuir and Freundlich equations are the two most frequently used models in
adsorption studies [34], in the literature; they have been used to describe the adsorption of
pollutants onto GAC [35,36], powder activated carbon [37], and biochar [38].

The expression of the Langmuir model (1) is as follows:

de = (qo x Kp x Ce)/(1+ K x Ce), M

where “q.” is the adsorbed amount of pollutant at equilibrium in mg/g, “qo” is the
maximum adsorption of pollutants to a given adsorbent in mg/g, and “Ky,” is the Langmuir
constant in L/mg, which means the affinity of adsorbate to the adsorbent [39]. “C,” is the
equilibrium concentration of adsorbate.

The expression of the Freundlich model (2) is as follows:

Jde = b x Cel/n/ (2)

where “q.” and “C.” are the same variables as in the Langmuir model, “b” and “n”
are constants for a given adsorbate and adsorbent at a given experimental condition, in
which “b” means the adsorption affinity and “n” means the heterogeneity of the adsorbent
surface [40].
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3. Results and Discussion
3.1. DOM and Granular Activated Carbon Prepared

After the centrifugation process, five different DOM fractions were obtained (>100 kDa,
30-100 kDa, 10-30 kDa, 3-10 kDa, and <3 kDa). The DOM fractionation results showed that
the majority of the obtained DOM belonged to the fractions >100 kDa (60.8%), 10-30 kDa
(15.4%) and 3-10 kDa (20.6%), where they accounted for 96.8% of total DOM, while the
fractions in the range of 30-100 kDa (1.4%) and <3 kDa (1.8%) exhibited significantly lower
values. Hence, we decided to only use the more significant part of the DOM fractions, in
this case >100 kDa, 10-30 kDa, and 3-10 kDa.

The separation of GAC according to particle size was successfully achieved by sieving.
We thus obtained five different fractions, which were classified as: >1.4 mm, 1.0-1.4 mm,
0.71-1.0 mm, 0.5-0.71 mm, and <0.5 mm. The respective fractions accounted for 23.3 £ 2.8%,
39.4 + 0.6%, 26.0 == 1.7%, 9.3 & 1.3%, and 1.9 & 0.5% of the total GAC. It was noteworthy
that no single fraction accounted for more than 50% by itself. This last finding made it
necessary to mix at least two fractions together in order to prepare a representative GAC for
the experiments. We therefore selected the fractions 1.0-1.4 mm and 0.71-1.0 mm, which
together accounted for around 65.4% of the total GAC. Given its large size, the fraction
>1.4 mm was not appropriate for our experiments, thus leading to weighing difficulties
along with uniformity issues when compared with the whole set of GAC. We also found
difficulties in working with fractions in the range of <0.71 mm, which was scarce and not
representative of the experiment. Therefore, both fractions were discarded.

3.2. The Adsorption of DOM onto GAC

Figure 1a shows the results of the adsorption of DOM fractions >100 kDa, 10-30 kDa,
and 3-10 kDa onto GAC. Unsurprisingly, DOM adsorption exhibited a correlation with con-
centration. The 3-10 kDa fraction appears to have reached a saturation at 400-500 mgC/L,
whereas the other fractions continued to adsorb DOM at the concentrations studied. Ap-
plying DOM at a concentration <400 mgC/L clearly showed a descending adsorption
tendency of the DOM fractions onto the GAC, in which the 3-10 kDa fraction was the most
efficient, followed by 10-30 kDa, and >100 kDa. Such a tendency was also reflected by the
half adsorption of DOM, where 50% adsorption for DOM fraction 3-10 kDa, 10-30 kDa,
and >100 kDa was found at around 20 mgC/L, 8 mgC/L, and 5 mgC/L, respectively.

40 12
o
—~ 32 ) L]
2 E 94 .
% © p
S 8
=24 1 5 %
= 1S
9 2 6 A i{' t
i) (0] S
3 16 1 ho .
e o i
3 3
2 —=— DOM >100 kDa g 34 T
< 8 —e— DOM 10-30 kDa 2 ’ 4 cu?
—4— DOM 3-10 kDa < ’
0 T T T T T T T 0 T T T T
0 100 200 300 400 500 600 0 10 20 30 40
Applied DOM concentration (mgC/L) Applied heavy metals (mg/L)
(a) (b)

Figure 1. Adsorption curve for DOM and heavy metals. (a) The adsorption of different DOM fractions
to 200 mg GAC at various concentrations in 100 mL Milli-Q water (The data point at 600 mgC/L for
the 3-10 kDa fraction is an estimated result according to the Langmuir modelling equation, because
the stock solution concentration of this fraction was only 567 mgC/L). (b) The adsorption of Cu?*
and Zn?* to 200 mg GAC at various concentration in 100 mL Milli-Q water.
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The preferential adsorption of small-size DOM fraction onto GAC has also been
reported by Schreiber et al., 2005 [41] and Shimabuku et al., 2017 [42]. The reason is that
GAC is a porous material, which facilitates the interaction with the smaller DOM fraction
(3-10 kDa) due to its size. As a result, it is quite likely that the smaller DOM fraction is
able to access binding sites in the GAC pores not available to the large molecules. By
increasing the concentration from 2 to 600 mgC/L, the adsorption difference between
different fractions onto the GAC grows until 200 mgC/L; above 200 mgC/L, the variance
initially shrinks before reversing at around 500 mgC/L, finally exhibiting the highest
adsorption tendency from the >100 kDa fraction, with the lowest being the 3-10 kDa
fraction. The change during the adsorption process is very likely due to the gradual
saturation of GAC. The added DOM concentration was initially low, which meant that the
binding sites at the surface of the GAC were sufficient to adsorb the DOM fractions. It is
therefore proposed that, at low concentrations, a substantial amount of DOM is attached
on the surface of GAC, while a minor portion of DOM is accessing the pores of the GAC.
Considering the low DOM concentration added (2 mgC/L), the difference between DOM
fractions adsorption was very small. For example, at 2 mgC/L, the 3-10 kDa fraction
adsorbed 79%, while the 10-30 kDa fraction adsorbed 78%. The >100 kDa fraction adsorbed
an amount of around 70%. By increasing the DOM concentration, the surface binding
sites are gradually occupied. Due to the clogging effect, which prevents the entrance of
other large DOM molecules into the GAC pores, however, smaller DOM fractions are still
able to access the binding sites inside the pores. The result was an adsorption difference
between DOM fractions, which reached a maximum at 200 mgC/L in the experiment.
At this concentration, the GAC adsorbed 3.35 mg/g more DOM of 3-10 kDa than of
>100 kDa. When the DOM concentration continued to increase, the MW of DOM began
to play an important role, i.e., that a large molecular weight for DOM will produce more
carbon absorption due to its polymeric carbon contain. As before, at concentrations larger
than 200 mgC/L, an increasing DOM concentration enhances the adsorption of all DOM
fractions onto the GAC. However, the feature of large DOM fraction containing more
carbon atoms in one molecule outweighs the adsorption enhancement by accessing the
pores. Consequently, at 600 mgC /L, the highest adsorption was observed for the DOM
fraction > 100 kDa of 35.5 mg/g, followed by 33.0 mg/g for 10-30 kDa. In the case of
the 3-10 kDa fraction, we estimated the value of 30.5 mg/g using the Langmuir equation
(Figure 1a) because the stock solution concentration of this fraction was only 567 mgC/L.

The Langmuir modelling results determined the estimated maximum adsorption of
each DOM fraction onto the GAC, whereby we found that the >100 kDa fraction can adsorb
59.4 £ 5.2 mg/g. The DOM 10-30 kDa fraction can adsorb 41.3 = 2.4 mg/g, and the amount
able to be adsorbed in the 3-10 kDa fraction was 34.3 &+ 1.7 mg/g. These results are in
accordance with previous research studying the adsorption of algal organic matter onto
GAC, which obtained an adsorption of 31.45 mg/g [43]. The affinity of the adsorbate to
the adsorbent (“Ky,” value) increases with a decreasing DOM MW, which means that the
smaller DOM fraction has a higher affinity for the GAC. The minimum R? value in the
Langmuir modelling is 0.985, which suggests that the adsorption processes are well-fitted
using the Langmuir equation. The “n” constant based on Freundlich modelling for the
adsorption of DOM > 100 kDa fraction onto the GAC was 1.50 &= 0.03. The results from the
DOM 10-30 kDa and 3-10 kDa fractions were 1.89 &= 0.08 and 2.15 = 0.14, respectively. Since
the “n” value represents the heterogeneity in the adsorption process, a larger value means
that the system is more heterogeneous [40]. The difference between “n” values implies that
the smallest DOM fraction had different binding sites than the large ones. This conclusion
is supported by the result in Figure 1a, which shows that, at the same concentration below
200 mgC/L, the pore structure in the GAC provided additional binding sites for the smaller
DOM fractions. The ascending “b” values along with the descending DOM MW leads to
the same conclusion of the Langmuir modelling, i.e., that the smaller fraction interacts
more with the GAC than the large fractions. The R? values of the Freundlich modelling are
above 0.975, which meant a good adsorption fitting result for each fraction.
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3.3. The Adsorption of Heavy Metals onto GAC

The adsorption of heavy metals onto the GAC behaves similarly to the adsorption
of DOM onto the GAC (Figure 1b). Strong adsorption was observed at the beginning,
with a low concentration of heavy metals. For both Cu?* and Zn?*, at 5 mg/L, only 5%
of the heavy metals was still found in the dissolved form. With the increase in the heavy
metal concentration, the adsorption increased gradually for both Cu?* and Zn?*. In the
experiment at concentrations higher than 5 mg/L, Cu?* exhibited a higher affinity to the
GAC than Zn?*. At 40 mg/L heavy metal concentration, we observed the largest affinity
difference in the adsorption of 60 umol/g; at this concentration, 50% of applied Cu?*
was adsorbed and the amount adsorbed for Zn?* was 30%. The Langmuir and Freundlich
modelling results are shown in Table 2. According to the Langmuir modelling, the estimated
maximum adsorption of Cu?* and Zn?* onto the GAC is around 157 and 85.7 umol/g,
respectively. This result is in accordance with the results found by Sounthararajah et al.,
2015 [44], who reported a Langmuir maximum adsorption of Cu?* and Zn?* onto the GAC
at 186 and 50.5 umol/g, respectively. It has been noted that the adsorption of Cu?* onto the
GAC is always stronger than that of Zn?*. The higher adsorption affinity of Cu?* has also
been reported by studies investigating Cu?* and Zn?* adsorption onto biochars [45-47].
Interestingly, the adsorption affinity difference between Cu®* and Zn?* is well described by
the “b” value in the Freundlich model (a higher value represents a stronger adsorption), but
the “Ky” values in the Langmuir model failed to explain the absorption difference between
the Cu?* and Zn?*. This is because several kinds of polar functional groups in the GAC
are involved in the adsorption of Cu?* and Zn?*, e.g., phenolic and carboxylic groups [48].
Different functional groups provide different binding sites, i.e., a heterogeneous GAC
surface to catch heavy metal cations. As previously mentioned, the Freundlich model is
proposed for heterogeneous adsorption, and the Langmuir model is more appropriate for
homogeneous adsorption. Therefore, the Freundlich model fits the Cu?* /Zn?* adsorption
data well (R2 = 0.984/0.961), as expected. Theoretically, the Langmuir model should
provide a less satisfactory result for both Cu?* and Zn?*. However, the fitting for Cu?*
adsorption onto GAC was still quite good and was due to the strong binding affinity of Cu?*
toward GAC (the heterogeneity at the GAC surface becomes relatively not significant for
Cu?*). At the same time, this was not the case for the Zn?* for reason of its weaker binding
capability (the GAC surface is heterogeneous for Zn?*). Consequently, the Langmuir model
poorly describes the adsorption affinity difference between Cu?* and Zn?* onto the GAC
by way of the “Ki” value. The relative difference at the surface of the GAC for Cu?* and
Zn?* is proved by the “n” values from the Freundlich model, in which case the Zn?* had a
higher value, i.e., a more heterogeneous surface.

Table 2. Pollutants GAC adsorption modelling results by the Langmuir and Freundlich equations.

Langmuir Modelling Freundlich Modelling
Compounds
qo (mg/g, pmol/g) Kp R? b n R?

DOM > 100 K 594 £522 (258 +0.42) x 1073 0.991 0.55 £ 0.04 1.50 4 0.03 0.998
DOM 10-30 K 414+24° (6.33 £0.92) x 1073 0.986 123 £0.15 1.89 £0.08 0.990
DOM 3-10 K 343£17°2 (15.6 +2.02) x 1073 0.985 2.09 £0.31 2.15£0.14 0.975
Cu?t 15744 05° 0.724+0.16 0.974 442 4+0.25 3.52+0.31 0.984
Zn?* 85.7 +4.6° 2.56 £ 1.15 0.823 3.49 £0.17 5.72 £ 0.61 0.961
Diuron 1621.7 4+ 437.6° 0.026 £ 0.01 0.978 1.41+0.25 1.35+0.11 0.983
Mecoprop N.A. N.A. N.A. 0.222 £ 0.06 0.992 + 0.09 0.981
Terbutryn 219.2 +46.0° 0.29 £0.27 0.707 23.7 £11.0 496 +4.01 0.623
DCPMU 2506.2 + 310.4 P 0.021 £ 0.004 0.997 148 +£1.2 1.25 4+ 0.05 0.997
DHT 495.6 +362.9 P 0.04 & 0.05 0.763 50+£3.6 1.56 £ 0.61 0.785
DCPU 3043 +17.9° 0.64 £0.20 0.970 342 +£6.0 5.65 £ 2.26 0.919
DCA 2888.8 + 191.3 P 0.059 £ 0.01 0.997 354+15 1.48 £ 0.04 0.998
HAT N.A. N.A. N.A. 9.76 £1.7 1.52+£0.13 0.982

Notes: N.A. means not available; a: the unit is mg/g; b: the unit is pmol/g.
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3.4. The Adsorption of Biocides and Biocide Transformation Products onto GAC

Figure 2 illustrates the results of biocides and biocides transformation products (BTPs)
being adsorbed onto GAC. In our study, we applied three biocides with different chemical
natures. We therefore used two main groups, benzene and triazine derivatives (Figure 2C).
Hence, we tested terbutryn, diuron, and mecoprop-p. In the case of BTPs, we used diuron
(DCPMU, DCPU DCA) and terbutryn (DHT, HAT) derivatives.
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Figure 2. The adsorption of biocides/BTPs onto GAC and biocides/BTPs charge distribution. (A) The
adsorption of benzene related biocides and BTPs onto 10 mg GAC in 100 mL Milli-Q water; (B) The ad-
sorption of triazine related biocides and BTPs onto 10 mg GAC in 100 mL Milli-Q water. (C,D) Charge
distribution of biocides and their BTPs used in this study, calculated via Materials Studio with module
DMol3; blue indicates a charge abundant area.

In contrast to the adsorption of DOM or heavy metals onto GAC, the adsorption of
biocides and BTPs toward GAC commonly exhibits no clear saturation trend, except for
terbutryn, which had a saturation point at 0.125 mmol/L (Figure 2B). At higher concentra-
tions, DHT presented a behaviour which was not informative in determining whether GAC
reached a saturation point (Figure 2B). For the other biocides and transformation products,
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we observed a collinearity between concentration and absorption (Figure 2A,B). In the
experiment, the highest adsorption onto GAC was found for the chemical DCA, followed
by (in decreasing order) DCPMU, diuron, DCPU, HAT, mecoprop-p, DHT, and terbutryn.
It is noteworthy that the parent biocide and its transformation products presented similar
adsorption capacities. In addition, the benzene-derived biocides (Figure 2C: diuron related
chemicals) exhibited a higher adsorption ability than triazine-derived biocides (Figure 2D:
terbutryn-related chemicals). The discovery of an adsorption difference between biocide
groups (benzene and triazine derivatives) is similar to the result obtained by Baup et al.,
2002 [49], who reported a higher adsorption for diuron onto the GAC than atrazine (the
atrazine has the same core structure as terbutryn).

The analysis also found that the difference between chemicals adsorption onto GAC
cannot be explained by their different LogD values, which is in accordance with findings
by Tang et al., 2020 [25]. Usually, a higher LogD value implies a higher hydrophobicity
of a molecule and a stronger hydrophobic interaction with GAC; however, the results in
this experiment did not fit the LogD prediction because the expected behaviour was not
observed when compared with the adsorption. For example, the LogD values for terbutryn,
diuron, and mecoprop-p are 2.7, 2.53, and —0.25, respectively, and the adsorption sequence
for them from high to low is diuron > mecoprop-p > terbutryn. This inconsistency is also
found between diuron/terbutryn and their own transformation products (TP) (see Table 1
and Figure 2). This phenomenon is mainly due to the involvement of spatial hindrance from
biocides and the BTPs. For all three biocides and their TPs, they have benzene or triazine
ring structures, thus enabling the interaction with GAC through 7 interactions [50]. How-
ever, their contact with the surface of GAC is influenced by their own three-dimensional
molecular structure. For example, as shown in Figure 2C,D, terbutryn, mecoprop-p, and
HAT have a bulky structure, which very likely plays a detrimental role in the interaction
between the molecules and the GAC surface. In contrast, diuron and DCPMU have a planar
three-dimensional distribution due to the absence of bulky groups (iso-propyl at terbutryn),
which enhances the interaction between the adsorbent surface (GAC) and diuron and
DCPMU. Consequently, diuron-like compounds can attach to the GAC surface more easily
and exhibit a higher adsorption capacity—despite benzene and triazine derived biocides
supposedly having a similar 7— interaction ability based on the similar charge distribu-
tion around the ring structures. The DCA exhibited the highest adsorption among these
compounds, which further confirms the above assumption that planar three-dimensional
distribution can directly affect the interaction between biocides/BTPs and the GAC. The
influence of the three-dimensional molecular structure was also proposed by Apul et al.,
2013 [51] after they normalized the properties of phenanthrene and biphenyl and found
that the hydrophobic interaction was not the only factor controlling the adsorption process.
Mecoprop-p, which has a negative LogD value (—0.25), nevertheless presented a higher ad-
sorption ability than terbutryn; this outcome can be attributed to the carboxylic acid-related
hydrogen bonding [52] and the possible anion— interaction [53] with GAC.

The Langmuir and Freundlich fitting results of biocides and BTPs adsorption onto
GAC are listed in Table 2. Not all of the data were as satisfactory as those obtained from
the DOM fractions and heavy metals adsorption experiments, but the data still described
most of the adsorption processes in a quantitative way. The estimated diuron adsorption
capacity was around 1622 umol/g, which is higher than the result reported by Al Bahri et al.,
2016 [54], but closer to the data from de Souza and dos Santos, 2020 [55] using commercial
organophilic clay as an adsorbent. The estimated adsorption capacity for DCA, the chemical
with the highest adsorption, was around 2900 umol/g, which was significantly higher
than the data from terbutryn (219 umol/g). By comparing the Langmuir and Freundlich
modelling results, we observed that the Freundlich model fits better than the Langmuir
model due to the heterogeneity in the adsorption process (GAC surface), which is similar
to the result obtained by McGinley et al., 2022 [56], who claimed that the Freundlich model
was the best one for describing the adsorption of herbicides onto GAC.
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Adsorbed heavy metals (mg/g)

3.5. The Influence of Co-Presence on the Adsorption Processes

In evaluating the influence of other substances (DOM and heavy metals) also present
in the building runoff on the adsorption of target substance onto GAC, the concentration of
the influencing factor was designed to mimic that found in the runoff, as shown in Figure 3.

15
[ ]Blank
b 1000+ I with Cu?*
I vith >100 kDa DOM ith Cu™
[ with 10-30 kDa DOM|| & ] ] with Zn
121 [_] with 3-10 kDa DOM 3 [ ith >100 kDa DOM
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Figure 3. Influence of co-presence on the adsorption processes. (a) The influence of the presence of
various DOM fractions (5 mg/L) on the adsorption of heavy metals (40 mg/L) onto 200 mg GAC
in 100 mL Milli-Q water. (b) The influence of the presence of heavy metals (2 mg/L) and various
DOM fractions (5 mg/L) on the adsorption of diuron, terbutryn, and mecoprop-p (40 mg/L) onto
10 mg GAC in 100 mL Milli-Q water. The large deviation for mecoprop-p could also be a result of
methodological error.

According to the adsorption curves in Figure 1a, the application of 5 mgC/L of various
DOM fractions were easily absorbed by 200 mg GAC, which means that more than 50%
of the DOM fractions were adsorbed. It is also noteworthy that, as shown in Figure 3a,
the presence of DOM was able to enhance the adsorption of heavy metals. For Cu?*, the
greatest enhancement was found in the 10-30 kDa fraction (25.8%) followed by >100 kDa
fraction (11.9%) and 3-10 kDa fraction (2.7%). This outcome is likely due to the oxygen-
containing functional groups in the adsorbed DOM providing additional binding sites for
Cu?* [57], thus increasing its adsorption onto the GAC. The slightly smaller adsorption of
the >100 kDa fraction than the 10-30 kDa fraction can be explained by the severer blockage
effect of larger DOM molecules at the entrance of GAC pores, which results in a higher loss
of binding sites inside the GAC pore structures for Cu?*, thus leading to the observation of a
reduced Cu?* adsorption. The 3-10 kDa fraction showed no clear enhancement in the Cu?*
adsorption because it presents a more severe blockage effect than the other two fractions.
The 3-10 kDa fraction has the smallest molecular size. When applying DOM fractions
at the same concentration (milligram carbon per liter), it provides the largest number of
molecules, i.e., the most severe blockage effect. Furthermore, the increased binding sites
from 3-10 kDa fraction cannot offset the above side effect. Eventually, the presence of the
smallest DOM fraction exhibits little promotion of Cu?* adsorption. By way of comparison
with previous studies, Geng-Fuhrman et al., 2016 [58] and Esfandiar et al., 2022 [59] reported
a negative impact of DOM on the adsorption of Cu?* to adsorbents, which is the opposite of
the results obtained in this study. The main reason for these conflicting results is the higher
concentration of the applied DOM (around 20 mgC/L) or the use of a less active adsorbent
such as biochar. As a result, a major part of DOM was in dissolved form; thus, DOM and
GAC competed for Cu®*, which reduced the Cu?* adsorption. Given that Zn?* showed a
minor affinity to adsorption onto the GAC, it was less affected (average adsorption increase
of 0.75 mg/g) by the presence of DOM and the blockage effect in the small pores.
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Figure 3b illustrates the influence of heavy metals on the adsorption of biocides onto
the GAC. The adsorption of diuron onto GAC was enhanced by 14.8% in the presence of
Cu?* but almost unaffected by the Zn?*. Regarding terbutryn, the presence of heavy metals
doubled its adsorption onto the GAC (increasing 120% for Cu?* and 138% for Zn?*). As for
mecoprop-p, the presence of Cu?* did not considerably affect its average adsorption (with
a big deviation in the data set). However, in the presence of Zn?*, mecoprop-p decreased
the adsorption by 26.2%. As previously mentioned, the heavy metals interact with the
GAC through the oxygen-containing functional groups. In fact, these functional groups are
related to hydrogen bonding, which can be formed inter- and intramolecularly. The binding
of heavy metals with GAC means the destruction of intramolecular hydrogen bonding
inside the GAC, as well the hydrogen bonding between the GAC and the biocides. The
result of the H bonding destruction is the exposure of electric charge abundant interaction
sites. This change explains the alteration of biocide adsorption onto the GAC in the
presence of heavy metals. For example, diuron and its slightly improved adsorption in
the presence of Cu?* is the result of increased 7 interaction sites due to the destruction
of intramolecular hydrogen bonding. The minor affinity of Zn?* toward the GAC led to
insignificant changes in the adsorption of diuron onto GAC, with values almost identical to
those found in the control condition (blank). Correspondingly, the significant enhancement
of terbutryn adsorption can also be explained by the increased interaction sites originating
from the intramolecular hydrogen bonding due to the binding of heavy metals. The
reason for an adverse effect of the Zn?* presence on the mecoprop-p adsorption is that
some binding sites at the GAC surface were no longer able to act as hydrogen bonding
donor because they were occupied by Zn?*. The role that Cu?* plays in the mecoprop-p
adsorption is complex, as it competes with the mecoprop-p for the functional groups. At
the same time, it can be assumed that Cu?* is able to build a cation bridge to connect the
mecoprop-p and the GAC. An insignificant effect on the adsorption of mecoprop-p caused
by the presence of Cu?* is therefore also reasonable. It should be noted that the different
reaction of biocides adsorbing onto the GAC in the presence of heavy metals is due to the
combined effect of m—m interaction and hydrogen bonding. A few similar positive and
negative effects have been reported in previous studies. For instance, Zheng et al., 2018 [60]
found that Cu?* increased the adsorption of methyl orange onto a modified GAC material.
The presence of heavy metals reduced the adsorption of polycyclic aromatic hydrocarbons
onto the GAC [61]. Cr(IIl) and atrazine together exhibited a competitive adsorption onto
the activated carbons [62], and others.

Similar to the influence of heavy metals on the adsorption of biocides onto the GAC,
DOM fractions have a differing effect on the biocide adsorption processes (Figure 3b). The
adsorption of diuron was inhibited by 25.1% in the presence of the DOM > 100 kDa fraction.
The 10-30 kDa fraction did not exhibit much inhibition, and an inhibition of 7.3% was
observed in the 3-10 kDa fraction. For terbutryn, the adsorption onto GAC was enhanced
by all three DOM fractions. It was observed that the smaller MW of DOM has the best
enhancement for the terbutryn adsorption onto GAC. The enhanced adsorptions were
37% (>100 kDa), 106% (10-30 kDa), and 122% (3-10 kDa), respectively. In contrast with
terbutryn adsorption, the adsorption of mecoprop-p was clearly inhibited by the DOM
fractions. The smaller of DOM MW the more inhibition was found. These three DOM
fractions inhibited the mecoprop-p adsorption by 39.4% (>100 kDa), 54.5% (10-30 kDa), and
78.9% (3-10 kDa), respectively. Of all three biocides, the less affected adsorption of diuron
in the presence of DOM is because of its strong 7— interaction with the GAC, which resists
the competition from DOM (except for >100 kDa DOM, since the polymeric form covers up
some active sites). The enhanced terbutryn adsorption was due to the intramolecular hy-
drogen bonding inside the GAC being destroyed by forming new intermolecular hydrogen
bonding between the GAC and the DOM. As a result, the GAC provides additional 7t—m
interaction binding sites for terbutryn. The inhibition of mecoprop-p adsorption resulted
from the direct competition of hydrogen bonding sites at the GAC surface with DOM.
The varying influence of DOM on the adsorption of biocides onto the GAC was similar
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to that observed in previous studies. For example, Radian and Mishael, 2012 [63] found
that the GAC adsorption kinetic of pyrene at equilibrium did not exhibit much difference
when the DOM was added. However, a study by Lin et al., 2017 [64] reported that the
presence of DOM hindered the removal of ibuprofen and sulfamethoxazole by way of the
biochar. At the same time, the result by Jin et al., 2018 [65] implied that the presence of
humic acid increased the adsorption of tetracycline and ciprofloxacin onto the activated
carbon. Overall, the DOM affects the biocides adsorption by competing and providing the
hydrogen bonding/7t— interaction sites at the same time, thus resulting in different or
even adverse biocide adsorption responses.

4. Conclusions

The adsorption of DOM onto GAC is related to both their MW and the DOM concen-
tration applied in the adsorption experiment. At low DOM concentrations, the smaller
fraction of DOM adsorbs more because it is able to access to the small pores inside the
GAC. At high DOM concentrations, the larger fraction adsorbs more because the larger
DOM molecule carries more carbon atoms. The adsorption behaviour of heavy metals as
pollutants onto GAC differs: Cu®* showed a higher affinity for GAC than Zn?*. In this
study, the Langmuir and Freundlich equations were good models for describing the adsorp-
tion of DOM and heavy metals onto GAC. The Langmuir equation successfully provided
the estimated maximum adsorption of pollutants onto GAC. The Freundlich equation
effectively described the heterogeneity of the GAC surface to the adsorbates. Regarding
the adsorption of biocides and the corresponding TPs as pollutants onto GAC, they had a
strong correlation in their adsorption capacity. At the same time, we conclude that the LogD
values of biocides/BTPs themselves were not enough to explain the adsorption differences.
Another key factor in describing the biocides/BTPs adsorption is their three-dimensional
molecular structure. Biocides/BTPs having a more planar 3D structure, which will tend to
facilitate the 7t— interactions between GAC and the biocides/BTPs.

The influence of the simultaneous occurrence of different substances on the adsorption
of target pollutants onto GAC was able to be demonstrated. (1) The presence of DOM
enhanced the adsorption of heavy metals onto GAC at low DOM concentrations. (2) The
DOM influence on the adsorption of biocides differs depending on the compounds used
because both hydrophobic interaction and hydrogen bonding are involved in the adsorption
process and these two mechanisms respond differently to the presence of DOM. As a result,
no clear trend was observed. (3) The influence of the presence of heavy metals on the
adsorption of biocides also depends on the chemical structure of the biocides, which is due
to the same reason as described in (2). Based on these findings, it can be stated that, in
adsorption experiments used to develop decentralized stormwater treatment facilities, it is
important that experiments be performed using individual substances while also taking
matrix influences into consideration.

Overall, the GAC is an ideal adsorbent material for the retention of pollutants in
building runoff with great potential. When analysing the adsorption of biocides, it is
important to consider the influence of biocides molecular 3D structure. The effect of the
presence of DOM and heavy metals on the adsorption of biocides should be carefully
distinguished according to the biocides used. This study is a fundamental part of building
runoff treatment system design. The follow-up work will focus on studying the adsorption
of biocides at real runoff concentration, optimizing the conditions for GAC utilization,
studying the effect of temperature on adsorption, and analysing the regeneration and
desorption of the GAC.
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