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ARTICLE INFO ABSTRACT

Keywords: The interest in the reuse of water treatment residuals (WTR) as a low-cost alternative to commercial adsorbents
Water treatment residuals for metal removal from aqueous solutions has been growing in recent years. In this study, Fe-WTR and Mn-WTR
Groundwater from a pilot-scale groundwater treatment plant were investigated for their potential to remove As(IIl), Cd(II), Cu
Ix;:sgﬁon (I, Ni(II) and Pb(II) from different water matrices and at different pH values in batch tests. WTR compositions
Langmuir were compared with chemical and microscopic analyses, revealing that Mn-WTR had a higher Mn content and a
Freundlich slightly higher pHpzc than Fe-WTR. In kinetic experiments at pH 7.0, metal adsorption onto Fe-WTR was faster

than adsorption onto Mn-WTR, while final loadings were higher on Mn-WTR. Ni(II) and Cd(II) showed higher
affinities for Mn-WTR, while the adsorption capacity of Fe-WTR was exhausted after short contact times. The
Elovich model was best suited to describe experimental data, indicating chemisorption as the dominant
adsorption mechanism. Isotherm experiments in multi-solute solutions showed that As(III) and Pb(II) removals
increased with decreasing pH, while Cd(II) and Ni(II) removals increased with increasing pH. Except for Pb(II),
adsorption could be explained with electrostatic interactions between adsorbate and adsorbent, and precipitation
likely played a role in metal removal. The Langmuir model described the data better than the Freundlich model
in most cases. However, models were unable to represent competition that clearly occurred at higher initial
concentrations. Fe-WTR was better suited for metal adsorption in most cases; yet Mn-WTR was more effective for
the adsorption of Cd(II) and Ni(II).

1. Introduction

Water treatment residuals (WTR) are waste products that are
removed from drinking water treatment filters through flushing.
Depending on the type of water treated and the treatment substances
used (such as flocculants), WTR are high in metal content such as iron
(Fe), aluminium (Al), or manganese (Mn) [1].

During groundwater treatment, soluble Fe(II) and Mn(II) species are
oxidized to insoluble Fe(III) and Mn(IV), which remain in subsequent
filters as flocs and are removed during filter backwash. The main
component of these WTR solids is usually Fe and the percentage is highly
dependent on the raw water quality. Recently, WTR have been studied
for their use as a cost-efficient alternative to commercial adsorbents for
heavy metal removal from aqueous solutions [1-8].

A great variety of adsorbents have been studied for metal removal
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from water, such as zeolite [9], biochar [10], and layered double hy-
droxide [11]. Adsorption studies onto WTR have been limited in recent
years.

In laboratory settings, such WTR have been studied for removal of Ni
[12] and As [13] in single-solute solutions as well as As, Cd, Cu, Pb, Zn,
and Cr [6,14] in multi-solute solutions. Fe-WTR has been shown to be an
efficient adsorbent for cationic metals with adsorption capacities
ranging from 405 mmol/kg (Cd) to 2760 mmol/kg (Zn), depending on
the target metal, applied concentrations, and the characteristics of the
WTR [6]. Metal adsorption has been reported to depend on pH, adsor-
bent dose, initial metal concentration, and, in some cases, metal
oxidative state [5,6,13,15,16].

Reported removal mechanisms include inner-sphere adsorption,
coprecipitation, and precipitation as mineral phases [6]. Some studies
evaluating multiple WTR have shown that the composition of the WTR
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can impact metal removal [3,6,17].

The use of raw WTR as adsorbents comes with some limitations, such
as poor efficiency due to excessive amounts of organic matter and the
inability to regenerate used WTR [8]. Different techniques are employed
to produce other substances, including thermal modification, acid acti-
vation, surface modification and synthesis of composite materials [8].
These modifications usually lead to an increase of the surface area and
pore volume [18-20], which in turn can increase adsorption capacity.
WTR modification can also lower leaching potential and toxicity [21].
On the other hand, pulverization and granulation can lead to a decrease
of surface area and pore volume [22]. Removal of metals using such
materials has been studied in storm water [8]. In column tests, removal
efficiencies of Fe-WTR coated wood mulches of 88 % for Cu and 92 % for
Pb have been reported [23], while thermally treated
bentonite-corncob-WTR granules reportedly achieved removal effi-
ciencies of 94 % for Cd, 95 % for Cu, and 98 % for Pb [24]. Studies
investigating WTR adsorption of metals from groundwater are scarce
and mainly focus on As [8]. Maximum As(III) loading of 3.4 mg/g onto
calcium alginated WTR was reported [25].

In surface water treatment, aluminium- and iron-based flocculants
are widely used. Consequently, most research has focused on Al- and Fe-
based water treatment residuals (Al-WTR and Fe-WTR), as well as ad-
sorbents derived from these materials, for the removal of metals from
water. Studies on Mn-based WTR (Mn-WTR), on the other hand, remain
limited. This study aims to highlight the potential of Fe-WTR and Mn-
WTR generated from a two-stage groundwater treatment plant oper-
ating without the addition of flocculants for the removal of As, Cd, Cu,
Ni, and Pb from multisolute aqueous solutions. Adsorption kinetics were
studied in both drinking water (DW) and ultrapure water (UW) at pH
7.0. The impact of the pH in DW and UW was studied in isotherm batch
tests. Common adsorption models were fit to experimental data and
relevant model parameters are reported.

2. Material and methods
2.1. Chemicals

For batch tests, As;O3 (Alfa Aesar, Haverhill, USA), CdCl,eH,0
(Sigma-Aldrich, St. Louis, USA), CuClye2 Ho0 (Merck KGaA, Darmstadt,
Germany), NiClye6 Hy0 (Thermo Fisher Scientific, Waltham, USA), Pb
(CH3C0O0)2e3 H20 (Th. Geyer GmbH & Co. KG, Renningen, Germany)
were used. A mixed stock solution was prepared with 10 mg/L of each As
(111), CA(ID), Cu(II), Ni(II), Pb(II).

For sample stabilization and analysis, HCl (32 %, Merck KGaA,
Darmstadt, Germany), NaOH (Merck KGaA, Darmstadt, Germany), and
HNOj3 (65 %, Merck KGaA, Darmstadt, Germany) were used. To buffer
pH values during adsorption tests, 0.5 mol/L N,N-bis(2-hydroxyethyD)-
2-aminoethanesulfonic acid (BES, pH 6, Alfa Aesar, Haverhill, USA),
0.2 mol/L 2-morpholinoethanesulphonic acid (MES, pH 7, Alfa Aesar,
Haverhill, USA) or 0.2 mol/L 3-{[1,3-Dihydroxy-2-(hydroxymethyl)
propan.2yl]amino}propane-1-sulfonic acid (TAPS, pH 8 Alfa Aesar,
Haverhill, USA) were utilized.

2.2. WTR characterization

WTR were collected from a two-stage groundwater pilot plant opti-
mized for Fe and Mn removal, described in detail by Mahringer et al.
[26]. In short, water was treated up-stream in two filters at a filtration
velocity of 15 m/h. Both filters were aerated with oxygen separately,
and the oxygen concentration was set to predominantly remove Fe in the
first filter, and Mn in the second filter. Both filters were backwashed
separately with the respective filter effluent for three minutes. Backwash
water loss made up approximately 1.3 % of Fe filter throughput and
0.8 % of Mn filter throughput, as Fe filters were flushed more frequently.

WTR were collected during backwash after one minute, as suspended
solids concentration was highest at this time point (data not shown).
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Total suspended solids (TSS) concentrations, which were considered as
WTR, were measured according to the respective standard [27] by
filtering the backwash water over a pre-rinsed cellulose filter, drying the
filter at 105°C for 24 h, and calculating the weight difference before and
after drying according to Eq. 1:

@

7SS (ZLE) = MMhwet = Mdried

Vsu.spension
myer = weight of loaded filter before drying (g)

mgreid = Weight of loaded filter after drying (g)

Vsuspension = volume of filtered backwash water (L)

WTR were also dried at 105°C for 24 h and used for the determina-
tion of the point of zero charge (pHpyzc) using the drift method derived
from Tran et al. [28]. 0.01 M NaCl solutions of different pH were pre-
pared by adding HCl or NaOH. Dried WTR were added to set up a
concentration of 4 g/L and the final pH value was measured (SenTix®
electrode WITW Xylem Analytics, Weilheim, Germany) after shaking
(125 rpm) for 24 h. The pHpy is defined as the pH under which surface
charge density is zero, which is observed when the pH does not change
over time [28-30]. The same procedure was conducted with fresh WTR
in suspension, with a final concentration of 0.01 g/L TSS. Dried WTR
were used for surface characterization and to determine the elemental
composition using a scanning electron microscope (SEM, Hitachi
$-2700, K.K. Hitachi Seisakusho, Tokyo, Japan) equipped with an en-
ergy dispersive X-ray (EDX) detector. SEM images were obtained with
secondary electrons and back scatter electrons.

WTR compositions were determined by aqua regia digestion ac-
cording to the respective standard [31]. 0.5 g of WTR were mixed with
2 mL of HNO;3 (63 %) and 6 mL of HCl (32 %). The suspension was
heated to 175°C in a microwave (Mars 6, CEM GmbH, Kamp-Lintfort,
Germany) and kept at temperature for 10 min. After cooling, samples
were filtered over paper and diluted for analysis.

2.3. Batch tests

Kinetic studies for metal adsorption were performed in ultrapure
water in polypropylene conic flasks. A pH buffer was added for a final
concentration of 0.04 mM. The metal concentrations were set to 1.0 mg/
L per metal and pH was set to 7.0 (= 0.1). WTR were added to the pH
adjusted metal solutions and samples were shaken between 10 s and 7
days at 125 rpm, and the WTR were removed via filtration (0.45 ym PET
filters, Machery-Nagel, Diiren, Germany). Samples were prepared in
triplicates per timepoint and additional flasks were prepared without
WTR addition to determine starting concentrations.

The experimental data was fitted with the pseudo-first-order kinetic
model, the pseudo-second-order kinetic model and the Elovich model.
Kinetic modelling was done after removal of outliers according to the
Dixon test [32,33] in R (version 4.3.2) using RStudio (version
2025.05.1 +513). Goodness of fit was evaluated as outlined in the SI
(see Table SI 1).

The pseudo-first-order kinetic model [34] is given in Eq. 2:

9, _
dt

k. = rate constant (1/min)

q. = loading at equilibrium (mg/g)

q: = loading at contact time t (min)

The pseudo-second-order kinetic model [35] is given in Eq. 3:

kl (qe - Qr) (2

da,

— _ 2
@ ka(qe — qv) 3

k, = rate constant (1/min?)
The Elovich model [36] for chemisorption is given in Eq. 4:
dq
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a = initial adsorption rate (mg/g/min)

p = constant (g/mg)

For isotherm tests, metal solutions at different concentrations (0.01 —
3 mg/L) were prepared in both DW and UW and a pH buffer was added
for a concentration of 0.04 mM. To determine the influence of the pH on
adsorption, the pH was set to pH 6.0 (+ 0.1), 7.0 (& 0.1), or 8.0 (£ 0.1)
by adding either HCl or NaOH. Lastly, WTR were added from a sus-
pension for a concentration of 0.01 g/L. Samples were shaken for 24 h at
125 rpm and filtered (0.45 um membranes) at the end of the contact
time.

The Langmuir model and the Freundlich model were fitted to the
experimental data after outlier removal according to the Dixon test [32,
33] in R using RStudio. The Freundlich model [37] is given in formula 5.

1
qe = ksc? (5)

ge = adsorbent loading at equilibrium (mg/g)
¢, = residual concentration at equilibrium (mg/L)
ks = Freundlich coefficient (L/g)
1/n = Freundlich exponent (-)
The Langmuir model [38] is given in formula 6.
quLCe

e = 1+ kLCe 6)

q¢m = monolayer adsorption capacity (mg/g)

ki, = Langmuir constant (L/g)

All samples containing Fe, Mn, and the target metals were filtered
through a 0.45 pm PET syringe filters (Chromafil, Macherey-Nagel,
Diiren, Germany). Metal samples were acidified with HNO3 to a final
volume concentration of 0.6 %, and metal concentrations were
measured using either an ICP-MS (NexION 300 D, Perkin Elmer, Wal-
tham, USA) according to ISO 172942 or an ICP-OES (iCap 7000 Seriesm
Thermo Fisher Scientific, Waltham, USA). Fe samples were measured
immediately using the Spectroquant® test kit 14761 (Merck KGaA,
Darmstadt, Germany) and an UV/VIS spectrometer (Lambda 35, Perkin
Elmer, Waltham, USA) at a wave length of 562 nm. Mn was measured
immediately using the Spectroquant® test kit 114770 (Merck KGaA,
Darmstadt, Germany) and a UV/VIS spectrometer at a wave length of
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505 nm.
3. Results & discussion
3.1. WTR characterization

TSS concentrations of backwash water samples were determined
with 0.8 g/L (n=5) and 0.2 g/L (n =4) in Fe and Mn backwash,
respectively. As the groundwater used in the pilot plant was higher in Fe
(approx. 3.5 mg/L) than Mn (approx. 0.5 mg/L), backwash samples
from the Fe removal step were naturally higher in TSS concentration.

The pHpzc was determined by plotting the change of the pH during
the experiment over the pH at the start in Fig. 1, with no change in the
pH (dashed line) marking the pHpzc. The pH drift behaviour of re-
suspended Fe-WTR, re-suspended Mn-WTR and fresh Mn-WTR was
similar, with a pHpzc of 8.4 was determined. In contrast, fresh Fe-WTR
exhibited a lower pHpyc of 7.1. The pHpy can decrease due to hydration
of oxides and release of weakly bound cations in solution, as was shown
previously for manganese hydroxide [39]. These effects might account
for the difference in pHpyzc between re-suspended Fe-WTR and fresh
Fe-WTR. The results suggest that Mn-WTR had a higher positive surface
charge than Fe-WTR at pH values between 6.0 and 8.0, whereas Fe-WTR
in suspension was likely negative at pH values above 7.1.

The intrinsic metal contents found in WTR as determined using aqua
regia digestion, are shown in Table 1. Most metal concentrations
measured were below the respective limits of quantification, except for
Cu and Pb in Fe-WTR, which were both around 0.5 mg/g. Due to pre-
dominant Fe precipitation in the first filter, Fe-WTR were exposed to
higher metal concentrations, and consequently, intrinsic loadings of
metal on Fe-WTR were higher than on Mn-WTR.

In both WTR, Fe was the most abundant metal detected, as was ex-
pected from the high concentrations in the raw water. Mn was the sec-
ond most abundant metal and Mn concentrations in Mn-WTR were over
35 times higher than in Fe-WTR, resulting in an Fe:Mn mass ratio of
approx. 50:1 in Fe-WTR and approx. 1.5:1 in Mn-WTR. The composi-
tional differences arose from the treatment of raw water in the
groundwater pilot plant, where Mn is only removed in the second filter,
and a controlled breakthrough of Fe through the first filter was allowed.

pH (start) (-)

= = pHpzc

-&- Fe-WTR - Mn-WTR o]

suspension A dried

Fig. 1. pH drifts of WTR after addition of fresh (circles) and re-suspended (triangles) WTR to a 0.1 M NaCl solution. The pHpy is the pH at which no pH drift occurs.
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Table 1

Metals in WTR.
WTR Unit Fe Mn As Cd Cu Ni Pb
Fe-WTR mg/g 96.41 1.85 < 0.29 <0.18 0.56 < 0.26 0.52
Mn-WTR mg/g 105.96 70.07 < 0.29 <0.18 < 0.49 < 0.26 <0.21

SEM images of dried Fe-WTR show a more crystalline surface than
images of Mn-WTR, and the particles were generally larger (Fig. 2). Both
EDX scans revealed a large oxygen peak indicating oxidized substances
(mainly ferric and manganese oxides/hydroxides), and smaller peaks of
C, Si, P, and Ca. The semi-quantitative EDX analysis showed the pres-
ence of Fe in all samples, with stronger peak intensities in the Fe-WTR
sample than the Mn-WTR sample. Mn peaks were clearly detected
only in the Mn-WTR. These findings support the results in Table 1, which
indicate that Fe is present in both WTR, whereas Mn is predominantly
precipitated in the second filter.

3.2. Kinetics of metal adsorption

Metal adsorption curves onto WTR from a multi-solute solution in
UW at pH 7.0 as well as model fittings are depicted in Fig. 3. In all cases,
a fast initial metal adsorption slowed down with increasing contact time
and a final loading was approached asymptotically. This metal adsorp-
tion trend was consistent with other experiments [13,16,39-41] and can

signal intensity (-)

signal intensity (-)

‘ (“LOOOOq

15000 4

10000 4

50004

15000 A

10000 A

5000 1

be attributed to initial bulk adsorption due to a larger concentration
differential between the adsorbent surface and the aqueous phase [5].
Initial adsorption onto Fe-WTR was faster than onto Mn-WTR; however
final metal loadings were higher on Mn-WTR for all metals except As
(II1). Ni(II) and Cd(II) adsorption onto Fe-WTR occurred only in the
beginning and no further increase of loadings was observed after longer
contact times.

Model parameters are summarized in Table 2. The Elovich model,
commonly used to describe chemisorption [36], was the best fit ac-
cording to different goodness of fit calculations in most cases (see
Tables SI2 and SI3 in the supporting information). Initial adsorption, as
described by the Elovich parameter a, was faster for Fe-WTR than for
Mn-WTR. Adsorption kinetics were faster for Fe-WTR in general, as re-
flected by the rate constants k; and k; from the pseudo-first-order and
pseudo-second-order kinetic models. Calculated loadings on Mn-WTR
were higher than on Fe-WTR for most targets (Fig. 3). In the cases of
Pb(II) and Ni(Il), the pseudo-second-order kinetics model best described
the data. Cd(II) adsorption onto Fe-WTR was best described by the

Fe

Fe

5000 7500 10000

50‘00 75’00 10600

energy (keV)

0 25‘00

Fig. 2. SEM and EDX analysis of Fe-WTR (I-II) and Mn-WTR (III-IV).
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Fig. 3. Adsorption of different metals from a multi-solute solution (1 mg/L per metal) onto Fe-WTR (top) and Mn-WTR (bottom) (each at 0.01 g/L) in UW at pH 7.0.

Graphs depict experimental data and model fits.

Table 2

Kinetic parameters derived from the pseudo-first-order kinetic model (PFO), pseudo-second-order kinetic model (PSO) and the Elovich kinetic model. The best-fitting
model was chosen based on multiple goodness of fit estimates (see Tables SI2 and SI3).

PFO PSO Elovich

WTR Analyte Qe (Mg/g) kq (1/min) Qe (Mg/g) ko (mg/g’min) o (mg/g/min) B (g/mg) Best fit

Fe As 38.5 1.8 x 1072 41.6 5.2 x10°* 4.2 x 10° 0.2 Elovich
cd 7.8 1.1 x 10° 7.8 4.5 % 107! 1.0 x 10° 2.4 PFO
Cu 71.1 2.4 x107! 72.9 6.4 x 1072 1.0 x 10* 0.2 Elovich
Ni 1x10°* 9.6 x 1072 0.1 1.0 x 1077 1.0 x 1072 100.0 PSO
Pb 80.0 1.9 x 10° 80.6 6.2 x 1072 1.0 x 10° 0.2 PSO

Mn As 34.7 1.0 x 1072 41.3 2.6 x 107° 7.8 x 1072 0.1 Elovich
cd 46.7 2.5x1073 50.7 7.2 x107° 5.8 x 1072 0.1 Elovich
Cu 82.6 49x107° 86.7 1.0 x 1074 3.8 x 10° 0.1 Elovich
Ni 30.2 1.0 x 1072 35.9 3.1 x107° 5.7 x 1072 0.1 PSO
Pb 85.3 1.1 x 107! 87.4 1.9x10°° 1.5 x 10° 0.1 PSO

pseudo-first-order kinetic model. Model fitting for Cd(II) and Ni(II)
adsorption onto Fe-WTR was poor and loadings were low, as the
adsorption capacity was reached after a short contact time of 30 s. Other
metals may have been preferentially adsorbed, causing Cd(II) and Ni(II)
to be out-competed by metals with a higher adsorption affinity for
Fe-WTR.

3.3. Adsorption isotherms

The influence of pH and water matrix on competitive metal
adsorption was studied, and loadings were plotted over residual con-
centrations along with isotherm model calculations in Fig. 4. For all
investigated pH, Pb(II) loadings were roughly one order of magnitude
higher than As(III), Cd(II), and Ni(II) loadings, and roughly two to three
times as high as Cu(Il) loadings, resulting in much lower final solution
concentrations. As(III) and Pb(II) adsorption decreased with increasing
pH at high initial concentrations, while Cd(II) and Ni(II) adsorption
increased with increasing pH. Cu(Il) adsorption was highest at pH 7.0
and lowest at pH 8.0. Adsorption of As(III), Pb(II), and Cu(II) was higher
onto Fe-WTR, and adsorption of Ni(II) and Cd(II) was higher onto Mn-
WTR. By dosing a multi-solute metal solution, competitive adsorption

occurred, which is displayed by the sharp decrease in loadings at higher
concentrations, especially at pH 8.0, which impacted adsorption of all
metal to some extent.

3.4. Influence of pH on metal adsorption

The adsorption of Cd(II) and Ni(II) increased with increasing pH,
with maximum loadings of 86 mg/g and 58 mg/g, respectively, at pH 8.
Both are present as positive ions (Cd2+ and Niz+) in water at pH values
between 6.0 and 8.0 [42]. As WTR surfaces were more negative at
higher pH, the electrostatic attraction between both WTR and both
metals increased for higher pH. These observations are consistent with
published literature [6,16,39,43].

Thermodynamic modelling of As(II) in water indicates it predomi-
nantly exists as neutral molecules such as As(OH)3 and HAsO; below pH
9.0 [44,45]. For this reason, As(III) adsorption is regarded to be inde-
pendent of pH [13,46]. As(II) can be removed to a high degree by
Fe-containing adsorbents including Fe-WTR [13,45-47], with a
maximum loading of 62 mg/g. Inner-sphere complexation with hy-
droxyl groups on the adsorbent surface has been proposed as a removal
mechanism [45,47].
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The results of the present study show a minor impact of pH on As(III)
adsorption in DW and in UW at low concentrations. However, at higher
As(II) concentrations in UW, adsorption decreased considerably for
higher pH values, especially onto Fe-WTR. Experimental investigation of

this phenomenon exceeded the scope of this study. However, some
studies have shown that As(II) might be oxidized to As(V) before
adsorption, releasing Mn?" or, under alkaline conditions, Fe>* into the
solution [13,48]. In that case and at the investigated pH, As(V) would be
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present as the negatively charged species HyAsOy or HAsOZF [44,49].
Several studies have shown that adsorption of As(V) decreased with
increasing pH, due to its higher negativity and stronger electrostatic
repulsion [13,46,50]. The results presented here show that the pH de-
pendency was more pronounced for Fe-WTR, most likely because its
surface charge was more drastically impacted by solution pH. The
Fe-WTR surface transitioned from positive to negative between pH 6.0
and 8.0, while the Mn-WTR surface remained positive over this range
(Fig. 1), resulting in a stronger electrostatic repulsion of anions from
Fe-WTR than Mn-WTR. Future studies on this observation should
consider Fe(II) and Mn(II) concentration in the liquid phase and inves-
tigate the speciation of adsorbed As, as showcased by Ocinski et al. [13],
to verify the hypothesized mechanisms.

Pb(Il) is present as cations such as Pb%* and Pb(OH)" under the
investigated pH range [44], and can form precipitates (PbO, Pb(OH),,
PbCOs3) at alkaline pH values and high redox potential [5,44]. Based on
electrostatic interactions with the adsorbents’ surfaces, which are more
positive at lower pH [51], Pb(I) adsorption was expected to increase
with increasing pH, as has been shown in other studies [5,39,41,51].
This was not the case in the present study, as Pb(II) loading was highest
at pH 6 (269 mg/g). Likely, Pb(II) precipitated as hydroxides [5,39,40],
and the resulting Pb precipitates may have been sufficiently small (<
0.45 um) to pass the membrane filters and partially re-dissolved when
the sample was acidified before analysis. The observed decrease of Pb(II)
loading with increasing Pb(II) concentration at pH 8.0 could then be
explained by increased precipitation due to the exceeded solubility
limit.

Cu was expected to be present as cations Cut, CuOH" or Cu®* over
the examined pH range [44]. Adsorption was expected to increase for
higher pH for both Fe-WTR and Mn-WTR as was observed for Cd(II) and
Ni(II). With a maximum loading of 158 mg/g, Cu(II) was best adsorbed
at pH 7.0, at which Fe-WTR has a neutral charge and Mn-WTR is slightly
positive. At pH 8.0, where Fe-WTR was negatively charged and Mn-WTR
was neutral, Cu(Il) removal was the lowest. The decrease in Cu(II)
adsorption at higher concentrations suggests a strong competition with
other cations such as Cd(II) and Ni(II). Cu(Il) adsorption has mostly been
evaluated at low pH, as precipitation can occur at higher pH [4,40].
Generally, Cu(Il) adsorption was described in literature to increase with
increasing pH [4,39,40], though Lin et al. [43] observed no pH de-
pendency in UW at pH values between 4.0 and 10.0. El-Kammabh et al.
[15] observed an increase of adsorption only until the pHpzc, and Likus
et al. [6] observed an increase until pHpzc and a drop above pHpyzc.
Similar to Pb(II), Cu(II) might have been precipitated at high pH and
high concentrations and might have passed the membrane filters as
colloids, which were re-dissolved after acidification, causing high con-
centrations in the solutions and low calculated loadings.

3.5. Influence of water matrix on metal adsorption

Maximum loadings were generally higher in UW than DW, indicating
competition between DW components and metal for adsorption on WTR.
With increasing initial concentrations, Cu(II) loading decreased in DW at
pH 8.0 and Pb(II) loadings decreased in DW at pH 7.0 and 8.0. Coex-
isting ions were not analysed in test waters. DW contains ions such as
NO3, Mg?*, SO7, and Ca?™, in concentrations of typically 1.2 — 4.3 mg/L
NO3, 8.5 - 12.2mg/L Mg?*, 64.4 — 152.7 mg/L SOZ, and 91.0 —
145.1 mg/L ca’t [52]. Coexisting ions can compete with metals for
available adsorption sites, reducing the activity and interaction of
metals with the adsorbent surface, and enhance aggregation of particles
by suppression of the electric double layer [53,54]. Furthermore,
adsorption of competing ions may alter the surface charge of the
adsorbent, thereby affecting electrostatic interactions between the
target ions and the surface— for example, the adsorbent surface may
become more positive as the amount of adsorbed cations increases [55,
56]. Studies on the impact of anions on As(III) adsorption revealed a
negative impact of HPO?{ while NO3 and SO% had minor effects [57,58].
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Mg2+ and Ca®" have been shown to greatly decrease Cd(II) and Cu(II)
adsorption while having minor effects on Pb(II) adsorption [53], and an
increased ionic strength has been shown to decrease Cu(Il) and Ni(II)
adsorption [54].

3.6. Influence of WTR characteristics

The WTR differed in composition, with Fe-WTR having a much lower
Mn content than Mn-WTR. The pHpzc of Fe-WTR (7.1) was slightly lower
than Mn-WTR pHpyc (8.4). At the same pH value, Fe-WTR was therefore
expected to be more negative than Mn-WTR, but results did not show
improved adsorptions of cations onto Fe-WTR or of anions onto Mn-
WTR. As(IlI) and Pb(II) were adsorbed to a higher degree onto Fe-
WTR, while Ni(II), Cd(II) and Cu(II) adsorptions were higher onto Mn-
WTR. The affinity of As(IIl) and Pb(Il) for Fe surfaces is well docu-
mented [59-62]. Research on the adsorption of metals onto Mn-WTR is
scarce, and further investigations need to be conducted to explain the
mechanisms that lead to high Cd(II) and Ni(II) adsorption despite the
positive surface charge.

Calculated Ni(II) adsorption onto Fe-WTR from UW was below zero
at pH 6.0 and at higher concentrations at pH 8.0. This indicates the
desorption of Ni(II) from Fe-WTR, which might have been slightly
loaded with Ni(II) before the start of the experiment. Ni(II) and Cd(II)
adsorption onto Fe-WTR decreased drastically at high initial concen-
trations in UW at pH 8.0, indicating that both were misplaced due to the
adsorption of other cationic metal. This effect was not visible for Mn-
WTR, further confirming the preferential adsorption of Ni(II) and Cd
(II) onto Mn-WTR.

The use of raw WTR as adsorbents comes with some limitations, such
as low affinity and reusability. WTR-based adsorbents come with other
drawbacks, such as reduced adsorption capacity through granulation or
thermal treatment [22]. WTR produced during the treatment of Fe- and
Mn-rich groundwater can be used to remove pollutants in-situ without
the need of a further filtration step or any kind of amendment to the
WTR. WTR are then removed during regular filter maintenance. For
groundwater lacking Fe and Mn, Fe(II) can be added as a suspension in
the inflow of the groundwater filter, as has been demonstrated by
Mahringer et al. [63] for the removal of vanadium (V(V)). Potentially,
Mn(II) could also be added. For technical use, the consistently of WTR
quality needs to be studied. While some studies have demonstrated low
toxicity and leaching potential of WTR [64,65], these factors would need
to be examined closely for in-situ-produced WTR before application and
disposal due to the variability of WTR composition.

3.7. Isotherm models of metal adsorption

Langmuir and Freundlich models were fitted to experimental data.
Of the 60 data sets considered (each representing a specific combination
of analyte, WTR, water matrix, and pH), the Langmuir model provided a
better fit in most cases (see Tables SI4 and SI5 and Fig. 3). Based on the
Akaike information criterion (AIC) and the sum of squared residuals
(RSS), 46 data sets were better fit by the Langmuir model, while R?
favoured the Langmuir model in 43 cases. Notably, in the three data sets
for which R? results differed between the AIC and RSS, the R? values for
both models were nearly identical.

The y? analysis identified 34 data sets as better fit by the Langmuir
model. However, the error calculation was affected by negative g, values
in the experimental data, which lead to negative y? Using absolute
values of q in the denominator, 52 data sets were better fit by the
Langmuir model.

The Langmuir parameter gnq, estimates the maximum monolayer
saturation of the adsorbent [30,66]. The pH value was the most
important impact factor on gpqy. Pb(II) adsorption clearly decreased for
higher pH values, while Cu(II) adsorption was highest at pH 7.0 and
lowest at pH 8.0. gnmqx values for Ni(II) generally decreased at lower pH.
For Cd(II) adsorption, gmax Was not different at pH 7.0 and 8.0, but lower
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at pH 6.0, while no clear link between As(III) adsorption and pH was
detected. gmax Was generally higher in UP than DW. Adsorption onto
Fe-WTR was higher in the case of Pb(II), As(Ill) and Cu(Il) than
adsorption onto Mn-WTR. There was no clear impact of WTR composi-
tion on Cd(Il) adsorption, and Ni(Il) adsorption onto Mn-WTR was
higher than onto Fe-WTR.

The Langmuir constant k; provides information about the affinity
between adsorbent and adsorbate, with lower k; values (describing a
steep initial slope) generally describe a strong affinity [30,66]. As for
Qmax> kL was most impacted by pH. In the case of Pb(Il), k; increased for
higher pH. For Cu(Il), k;, was similar at pH 6.0 and pH 7.0, and notably
higher at pH 8.0. k;, showed no clear dependency on pH, water matrix, or
adsorbent composition in the case of As(III), Cd(II), and Ni(Il)
adsorption.

The Freundlich exponent 1/n describes the adsorption intensity or
heterogeneity of the adsorbent surface [13,30,67]. 1/n values below 1
indicate favourable adsorption characteristics, while 1/n values above 1
indicate unfavourable characteristics [30,56]. 1/n was below 1 in most
cases, except for Cd(1I) and Ni(II) adsorption onto Fe-WTR at pH 7.0. 1/n
was pH dependent in a few cases. It increased at higher pH in the case of
Pb(II) adsorption and did not differ greatly at pH 6.0 and 7.0 for Cu(II)
adsorption, but was lowest at pH 8.0. Water matrix had a clear impact on
1/n in the cases of As(III) and Cd(II), with 1/n being higher in DW than
UW. 1/n indicated more favourable adsorption onto Mn-WTR than
Fe-WTR for the adsorbates Cd(II) and Ni(II).

As the Langmuir model better described the data than the Freundlich
model in most cases, the adsorption of the investigated metals onto the
WTR was better described by monolayer adsorption than multilayer
adsorption [30]. The model parameters, especially gmqy, did not describe
the experimental data accurately in all cases. The competition between
the metal strongly influenced the adsorption capacity, but was not
considered in these single-solute models. Single-solute isotherm data
should be collected for all metals to accurately describe competition.
Based on experimental maximum loadings, the adsorption affinity fol-
lowed the order Pb(II), Cu(II), Cd(II), As(IIl), Ni(II), while according to
Langmuir qmqy, the order was Ni(II), Pb(I),Cu(Il), As (II), Cd(ID).
Excluding the implausible high g, of Ni(II) adsorption onto Fe-WTR
from UW at pH 6.0 (2546 mg/g), which was greatly impacted by
negative q values, the affinity order becomes Pb(Il), Cu(Il), As (II), Cd
(ID, Ni(II), which is better supported by the experimental data.

4. Conclusions

In this study, two WTR from deep-bed filters for Fe and Mn removals
were evaluated for their potential to remove five metals. Both WTR
contained large amounts of Fe, while only one contained large amounts
of Mn. The pHpyc of the suspended WTR differed, with Mn-WTR being
higher at pHpyc 8.4 than Fe-WTR at 7.1. However, after drying and re-
suspension, both WTR revealed pHpz¢ around 8.4.

Adsorption kinetics of the target metals from a multi-solute solution
onto Fe-WTR were faster than onto Mn-WTR However, final loadings
were higher on Mn-WTR. Ni(II) and Cd(II) were adsorbed onto Fe-WTR
only at the beginning, and no further increase of loadings was observed
for longer contact times, showing clear differences in affinity for the two
WTR. The Elovitch model best fit the kinetic data, indicating chemi-
sorption rather than physiosorption.

In isotherm studies, adsorption competition from water components
and other metals was apparent, and adsorption was greatly dependent
on pH. As(Ill) and Pb(II) adsorption onto Fe-WTR decreased with
increasing pH, with maximum loadings of 62 mg/g and 269 mg/g,
respectively. In the case of As(III) adsorption onto Fe-WTR, the pH in-
fluence was only clear at high initial concentrations in ultrapure water.
Ni(II) and Cd(II) adsorption onto Fe-WTR increased at higher pH values,
with maximum loadings of 58 mg/g and 86 mg/g, respectively, at pH
8.0. Cu(II) was best adsorbed onto Fe-WTR at pH 7.0, with a maximum
loading of 158 mg/g. Knowledge of the adsorbent pHpzc and surface
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charge at a given pH was not sufficient to explain WTR affinity for metal
adsorption. The Langmuir model was better suited to describe the
adsorption data, but the Freundlich and Langmuir model as single-solute
models could not accurately describe the competition among the target
metals that was apparent from experimental data.

Both examined WTR showed high potential for metal removal.
Generally, Fe-WTR was more suited to adsorb metals at the pH range
from 6.0 to 8.0, yet Mn-WTR was more favourable for Cd(II) and Ni(II)
adsorption. While this study can lay a foundation for the practical use of
both WTR, further studies are needed to explain the adsorption mech-
anisms and affinity of different WTR for different target metals. Further
points of interest are the technical feasibility of metal removal alongside
Fe and Mn removal, as well as the toxicity and leachability of metals
from WTR.
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