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Abstract: The human-made pollution of surface and ground waters is becoming an inevitable and
persistently urgent problem for humankind and life in general, as these pollutants are also dis-
tributed by their natural circulation. For example, from mining activities and metallurgy, toxic heavy
metals pollute the environment and present material risk for human health and the environment.
Bioadsorbers are an intriguing way to efficiently capture and eliminate these hazards, as they are
environmentally friendly, cheap, abundant, and efficient. In this study, we present brewers’ spent
grain (BSG) as an efficient adsorber for toxic heavy metal ions, based on the examples of iron, man-
ganese, cadmium, and nickel ions. We uncover the adsorption properties of two different BSGs and
investigate thoroughly their chemical and physical properties as well as their efficiency as adsorbers
for simulated and real surface waters. As a result, we found that the adsorption behavior of BSG
types differs despite almost identical chemistry. Elemental mapping reveals that all components
of BSG contribute to the adsorption. Further, both types are not only able to purify water to reach
acceptable levels of cleanness, but also yield outstanding adsorption performance for iron ions of
0.2 mmol/g and for manganese, cadmium, and nickel ions of 0.1 mmol/g.

Keywords: brewers’ spent grain; biosorption; iron; manganese; cadmium; nickel; heavy metal ions;
water treatment

1. Introduction

Surface and ground water are an extremely important resource for humans and any
kind of living organism as a continuous and finite resource for drinking water and natural
habitat. Thus, this water needs to be protected and handled with care. Many surface and
ground water sources all over the world are in great danger due to them exceeding limits
of anions such as sulfate or heavy metal ions by multiple times [1-3]. Mining regions
are especially at risk due to their high concentrations of ores and toxic metals but also
agriculture and overfertilization can be a cause for environmental pollution [1,3,4]. For
example, the presence of iron or manganese impairs organoleptic properties and thus
the adequacy of drinking water, long before health concerning levels are reached [5]. To
overcome these issues, the development of efficient adsorber materials is inevitable and
within those, low-cost regenerative biosorbents are an emerging technology [3,6]. Addition-
ally, by using bio-waste as adsorber material sustainability and circular-economy can be
achieved [7]. In comparison to other techniques such as membranes, adsorption on particles
is a cost-efficient and a commonly used method to remove pollutants [1,3,6]. To purify the
surface water in a safe procedure, bioadsorber materials have promising characteristics
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to avoid secondary pollution due to the disposal of exhausted adsorbents [8,9]. Besides
the warranty of using an environmentally friendly material, the green production of these
bioadsorbers is also guaranteed.

Multiple diverse bioadsorbers, such as lignocellulosic/plant materials such as rice husk,
nut shells, potato peels, starch and olive stones have already been investigated [10-17]. An
extremely efficient adsorber and flocculant for acidic water polluted with FeSOy(,q) is the
biopolymer chitosan. Chitosan possesses the potential to adsorb iron and sulfate ions in
high quantities due to its amino group [18,19]. However, chitosan is, in comparison to
BSG, relatively expensive. Brewers’ spent grain (BSG) is a natural material originating from
leached grains left after wort filtration, consequently featuring a high amount of oxygen
containing functional groups and negative surface charge making it a potential candidate
as an adsorber for toxic heavy metals [9,20,21]. In Germany as well as in many other
countries in the world, BSG is a residual product from the brewing process of beer. Due to
the large amount of beer production each year, [22] a huge amount of BSG is unused and
wasted. Solely in Germany, for example, there are around 1400 breweries with a production
volume of 9.5 GL per year yielding in 2 Mt wet BSG [23]. Thus, BSG is a renewable resource
and a residual product produced in large quantities, [24-28], making it interesting as a
potential natural adsorber for water treatment. Even more, by using residual products, cost
reductions and “circular economy” or “cradle-to-cradle” concepts are followed.

In this study, BSGs of two traditional German beers were investigated towards their
adsorption properties for FeS5Oy4, NiSO4, CdSO4, and MnSOj4. Here, we compare the ad-
sorption properties of two different BSGs, one being Helles a style of pale lager and the
other one a wheat beer, containing up to 50% wheat grains instead of barley malts. Hence,
we aim to clarify whether BSGs from different sources behave significantly differently and
whether all or just one type is able to efficiently purify water from heavy metal contami-
nations. Further, it will be investigated whether all components of the BSGs contribute to
the adsorption process. In closing, we investigate if healthy water qualities can be reached
in order to bridge the gap towards industrial application in future studies. Therefore, in
the first step, the BSGs were thoroughly cleaned and characterized to find the potential
differences between these two materials. Subsequently, batch sorption experiments were
performed to determine the adsorption capacities and the adsorption efficiencies towards
the four different metal salts. Finally, the adsorption performance in real surface water
from a German mining region was investigated for the ions Fe?*/3*, Mn2* and sulfate and
the result was compared to local and international water quality regulations.

2. Materials and Methods
2.1. Materials
2.1.1. Brewers’ Spent Grain

Spent grains were donated by Weihenstephan Brewery, Freising, Germany originating
from HefeweifSbier (WB-BSG) and Original Helles (H-BSG). First, 800 g BSG was suspended
in 6 L of water for 10 min. Excess water was removed by decanting and mechanically

compressing the BSG. The washing procedure was repeated five times. Subsequently, the
BSG was dried at 60 °C for 24 h.

2.1.2. Heavy Metal Salts

Iron (II) heptahydrate (FeSO4-(H,O)7) was obtained from Carl Roth GmbH + CO. KG,
Karlsruhe, Germany. Manganese (II) sulfate monohydrate (MnSO4-H;O) was purchased
from Merck KGaA, Darmstadt, Germany. Cadmium (II) sulfate 8 /3-hydrate (CdSO4-8/3H,0)
was purchased from Merck KGaA, Darmstadt, Germany. Nickel (II) sulfate hexahydrate
(NiSO4-6H,0) was purchased from Merck KGaA, Darmstadt, Germany.
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2.1.3. Ultrapure Water

Ultrapure water (total organic carbon of 5 ppb, resistivity of 18.2 M(Q)-cm at 25 °C) was
provided by a Milli-Q-Advantage A10 system from Merck Millipore, Darmstadt, Germany.
If not specified otherwise, all solutions were prepared using this water.

2.1.4. pH Adjustment

The pH was adjusted with sodium hydroxide (>98%, Honeywell, Offenbach, Germany)
or sulphuric acid (96%, analytical reagent grade, Fisher Scientific, Loughborough, UK).

2.1.5. Real Water Samples

Water samples were taken from two drainage ditches from a former mining region in
Germany. The water was collected in 10 L plastic canisters, transported to the lab; in case
of sample one, sieved to remove crude biomass; and stored for analysis.

2.1.6. ICP-OES Standard Solutions and Nitric Acid

For the ICP-OES analyses, the following standard solutions were used: 9999 mg/L S
(Sigma-Aldrich, Miinchen, Germany), 10,000 mg/Cd in 2 mol/L HNO3 from Bernd Kraft,
10,000 mg/L Fe in 2 mol/L HNOj from Bernd Kraft, 10,000 mg/L Mn in 2 mol/L HNO3
from Bernd Kraft Duisburg, 10,000 mg/L Ni in 2 mol/L HNOj; from Bernd Kraft Germany
and 1000 mg/L multi-element standard solution IV (23 elements in diluted nitric acid) from
Sigma Aldrich. Nitric acid (65%, p.a.) was purchased from VWR, Darmstadt, Germany.

2.2. Characterization
2.2.1. pH Measurements

pH measurements were carried out with the device SevenExcellence pH/Ion/C/DO
meter S975-K equipped with an InLAb Expert Pro-2m-ISM electrode, both from Mettler
Toledo, Gieflen, Germany.

2.2.2. Moisture Analysis

Moisture analysis of dry BSG was carried out at 110 °C with the Halogen Moisture
Analyzer HX204 from Mettler Toledo, Giesen, Germany.

2.2.3. Streaming Potential vs. pH

Streaming potential vs. pH curves were measured from the BSG to determine the
surface charge in dependence of the pH. The pH of the sample was adjusted to pH = 3. The
titration was carried out to pH = 9 with the particle charge Miitek PCD-04 (BTG Instruments
GmbH, Wessling, Germany) with respect to the state of charge. For this purpose, 0.1 g BSG
was added to 15 mL of ultrapure water. After 5 min, the measurement was performed.

2.2.4. Charge Density

Charge density measurements were performed with the particle charge detector
Miitek PCD-04 from BTG Instruments GmbH, Wessling, Germany. Therefore, 0.1 g BSG
was added to 10 mL of ultrapure water. After 5 min, the sample was titrated against
a poly(sodium ethylenesulfonate) (PES-Na) solution or poly(diallyldimethylammonium
chloride) (PDADMAC) solution each with a concentration of 0.001 M until the point of
zero charge was reached. The measurement was taken at the original pH of 5.5 and two
adjusted pH values (pH =3 and pH =7).

2.2.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used for brewers’ grain surface analysis at
nanometric scale (SEM Ultra plus, Carl Zeiss Microscopy GmbH, Oberkochen, Germany)
using a secondary electron detector (SE2). Before each analysis, the samples were attached
to an aluminium pin sample tray with double-sided adhesive carbon tape and coated with
3 nm platinum to avoid electrostatic charging.
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2.2.6. Thermogravimetric Analysis

Thermogravimetric analysis (TG) was performed by using the device 1 Star System
from Mettler Toledo Giefien, Germany. The measurements were carried out with approxi-
mately 5 mg of BSG in a platinum crucible. The investigated temperature range was from
30 °C to 1000 °C with a heating rate of 10 °C/min under air atmosphere and also under Np
atmosphere, with a flow rate of 40 mL/min.

2.2.7. Nitrogen Sorption

Nitrogen sorption measurements were performed using the Autosorb iQ MP from
Quantachrome Instruments. The samples were dried in a vacuum oven at 120 °C and were
activated by degassing in vacuum (5 x 10~!9 mbar) at 100 °C for 24 h. Approximately
70 mg of BSG were used for the measurement. The nitrogen sorption measurements were
performed at 77 K.

2.2.8. Carbon Dioxide Sorption

Carbon dioxide sorption measurements were performed using the Autosorb iQ MP
from Quantachrome Instruments. The samples were dried in a vacuum oven at 90 °C and
activated by degassing in vacuum (5 x 101 mbar) at 100 °C for 24 h. Approximately
70 mg of BSG were used for the measurement. The carbon dioxide sorption measurements
were performed at 273 K.

2.2.9. Inductively Coupled Plasma Optical Emission Spectrometry

Inductively coupled plasma optical emission spectrometry (ICP-OES) (iCAP 7400 from
Thermo Scientific) was used to determine the heavy metal ion concentrations in simulated
and real water. Thus, 8 standards were used: standard 1: Mn?* (5 mg/L), Fe?* (10 mg/L),
Si (1 mg/L); standard 2: Mn?* (200 mg/L), Fe?* (200 mg/L), S (200 mg/L); standard 3:
Ni2* (2000 mg/L), S (2000 mg/L); standard 4: Cd?* (300 mg/L), S (300 mg/L); standard 5:
Ni%* (100 mg/L), S (100 mg/L); standard 6: S (500 mg/L); standard 7: Fe** (500 mg/L),
S (500 mg/L); standard 8: Mn?* (500 mg/L), S (500 mg/L) and 2 mL 20 wt.% nitric acid
was added prior to analysis to each sample (8 mL).

2.2.10. Attenuated Total Reflection Infrared Spectroscopy

Attenuated total reflection infrared spectroscopy (ATR-FTIR) measurements were
performed using a Tensor 27 device equipped with a Platinum ATR module, both from
Bruker Corporation, Billerica, MA, USA. All samples were measured in dry state, powdered
using mortar and pestle with a resolution of 2 cm~! and with 100 scans. The acquired
spectra were subjected to an atmospheric compensation to remove the rotation bands
of water.

2.2.11. Scanning Electron Microscope with Energy-Dispersive X-ray Spectroscopy

Scanning electron microscope with energy-dispersive X-ray spectroscopy (SEM-EDX):
the elemental mapping of the samples after adsorptions was carried out using a Phenom XL
Workstation from Thermo Scientific (Waltham, MA, USA) with an energy-dispersive X-ray
spectroscopy detector (Silicon Drift Detector SDD, thermoelectrically cooled (LN2free),
25 mm? detector active area). The samples were fixed on a double-sided adhesive carbon
tape on an aluminium pin sample tray. The measurements were carried out in high vacuum
mode (p = 0.1 Pa) with an acceleration voltage of 10 keV at different magnifications.

2.2.12. Elemental Analysis

Elemental analysis was carried out using a vario MICRO cube from the company
Elementar, Langenselbold, Germany.
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2.2.13. Elemental Content

The concentration of mineral elements (Ca, K, Na, Si, P, S, Se) and some heavy metals
(Fe, Mn, Zn, Cu) in the BSG were determined using ICP-OES, following a procedure from
Su and Bohm 2020 [24]. Briefly, 100 mg BSG was placed in a 35 mL reaction vial, 10 mL
HNOj3 (65%, p.a.) and stirred at room temperature for 15 min. Then the vial was placed in
a microwave (CEM GmbH, Kamp-Lintfort, Discover) and heated up in a dynamic program.
After reaching the set parameter of 210 °C or 17 bar, it was held for 15 min, followed by a
cool down. The obtained solution was transferred into a 25 mL volumetric flask and filled
to the exact volume with water prior to ICP-OES analysis.

2.2.14. Centrifugation

The adsorber materials were separated from their supernatants by centrifugation at
11,000 rpm at room temperature with the devices 5804 from Eppendorf (Leipzig, Germany)
or 3-18KS from Sigma Laborzentrifugen (Osterode am Harz, Germany).

2.3. Adsorption Experiments
2.3.1. Batch Adsorption Experiments

Preliminary batch experiments and adsorption isotherms were carried out with various
heavy metal salts. Stock solutions of each heavy metal salt were prepared in a 500 mL
volumetric flask. Therefore, the salts were dissolved in water. The pH of the resulting
solutions was not adjusted. A measure of 100 mg of each of the respective BSGs was placed
into a 50 mL poly(propylene) centrifuge tube. Subsequently, 30 mL of the respective heavy
metal salt solutions was added. The samples were stirred for 24 h at room temperature
with a magnetic stirrer. After the centrifugation, the pH of the supernatant was analyzed.
A sample of 8 mL of the supernatant was taken and mixed with 2 mL of 20 wt.% nitric acid
for ICP-OES analysis.

2.3.2. Time-Dependent Adsorption Experiments

A stock solution of 20 mg/L of each heavy metal salt was prepared in a 500 mL
volumetric flask. Therefore, the respective amount of heavy metal salt was dissolved in
water. The pH of the resulting solutions was not adjusted. A measured 100 mg of each
adsorber material was placed into a 50 mL poly(propylene) centrifuge tube. Subsequently,
30 mL of the respective heavy metal ion solutions was added. The samples were stirred
for varying times from 5 min to 48 h with a magnetic stirrer. Subsequently, the samples
were centrifuged and the pH of the supernatant was analyzed. A sample of 8 mL of the
supernatant was taken and mixed with 2 mL of 20 wt.% nitric acid for ICP-OES analysis.

2.3.3. Adsorption Isotherms

A stock solution of 1500 mg/L of the respective heavy metal salt was prepared in a
250 mL volumetric flask by dissolving the salt in water. From this, a concentration series
was prepared by dilution with water in 250 mL volumetric flasks.

The remaining solid was washed three times with water, by suspending it and dis-
carding the supernatant after sedimentation, and then dried for 24 h at 60 °C.

2.3.4. pH-Dependent Adsorption Experiments

Stock solutions of 0.5 mmol/L FeSO4 or MnSO4 were prepared from the salt. The pH
of the solution was adjusted with sulfuric acid and sodium hydroxide to obtain initial pH
values of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0, for MnSO,4 pH 7 and 8 were included as well.
Adsorption was tested in batch experiments as described in Section 2.3.

2.3.5. Swelling-Dependent Adsorption Experiments

BSG was soaked for 24 h in 15 mL water, then 15 mL salt solution was added to reach
concentrations of 1 mmol/L FeSOy or 0.73 mmol/L MnSQy, respectively, then adsorption
was studied as described in Section 2.3.1.



Polysaccharides 2022, 3

361

2.3.6. Real Water Adsorption Experiments
The adsorption was studied as specified in Section 2.4.1, with the difference that the

BSG was placed in 30 mL of real water samples. The experiment was performed six times.
The adsorption of Fe, Mn, Si, and sulfate was measured using ICP-OES.

2.4. Calculation and Theoretical Models
2.4.1. Sorption Efficiency and Sorption Capacity

The sorption efficiency of H-BSG and WB-BSG for the metal ions and SO~ in equilib-
rium was determined using Equation (1). The initial concentrations ¢y and the concentration

after reaching equilibrium ceq were detected by ICP-OES and the percentage removed cal-
culated as follows:

adsorption in % = 100% - COZ& 1)
0
The respective sorption capacity q in equilibrium was calculated through:
€0 — Ceq) " VL
SRS RY )

ma

with Vi, referring to the given volume of the adsorptive solution and my to the mass of the
sorbent material used in the experiment.

2.4.2. Kinetic Models

Kinetic models for pseudo-first-order (PFO), pseudo-second-order (PSO) and intra-
particle diffusion (IPD) were applied in nonlinear fit. The individual equations are shown
as nonlinear form, integrated under the condition q, = 0, see Equations (3)—(5).

Pseudo-first-order (PFO) [29].

9t = Yeq (1 - e7k1t> ®3)
Pseudo-second-order (PSO) [30].

ngkzt

- L= 4
1+ qeqkzt @

9

Intraparticle diffusion (IPD) by Weber and Morris [31].
qt is the adsorbent loading at a given time t, while geq is the adsorption capacity at
equilibrium. kyq, ky and kyyy are the pseudo-first, pseudo-second, and IPD rate constants

qe = kwmt'/2+C ©)
and C is a constant defined by Equation (5).

2.4.3. Isotherm Models

To model the sorption process, different fitting models were used, they were the Lang-
muir, Freundlich, Sips, Elovich and Dubinin—Radushkevich (Equations (6)—(10)) models.
Langmuir model [32].

. Qm - Kr- Ceq
qeq - l + KL . Ceq (6)
Freundlich [33].
Geq = Kg - Céc/ln @)
Sips model [34].
Qm - Ks - cg
%= Tr Ko ®)

1+K5'Crelq
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Elovich model [35,36].

qeq
qeq =QnKg- Ceq - EXP ( Qsat) )

For the non-linear fitting of the Elovich model, the Lambert W function (W, product
logarithm) was integrated as displayed in Equation (10):

qeq = Qm ' WO (K . Ceq) (10)

Dubinin—Radushkevich model [37].
Qeq = Q- exp(—Bor - ) an

The term ¢ is given by Equation (12) and can be substituted for the numerically
equivalent term in Equation (13) when two requirements are met: First, the solution is
only viable for equilibrium concentrations much smaller than the saturation concentration
(ceq << cs) and that the modelling of the isotherm is conducted in molar units (mol/L) [38].
In our work, we have implemented both. With these requirements, the energy of adsorption
can be expressed by the relation to g, given in Equation (14).

e = RT~ln<CS) (12)
s—RT~1n(1+1> (13)
Ceq
1

E = — 14
ads,DR m ( )
KL, Kg, Kg, and Kg thereby represent the respective model equilibrium constants, Qm
the maximum adsorption capacity, n the Freundlich or Sips model exponent, respectively,
Bpr the activity coefficient which is related via Equation (13) to the mean free energy of
adsorption E,qs pr.
AG? = —RTInK, (15)

For weakly charged adsorbate or dilute solutions, AG® can reasonably be calculated
from Ky, (Equation (15)), deliberately ignoring mismatched units between dimensionless
thermodynamic equilibrium constants K, and Ky, in L per mole [39].

3. Results and Discussion
3.1. Characterization of Brewers’ Spent Grains

The two different brewers’ spent grains H-BSG (Helles-style lager BSG-H-BSG) and
WB-BSG (wheat beer BSG-WB-BSG) were received from a brewery in Germany and sub-
sequently washed and dried for further characterization and sorption experiments. To
analyze the chemical composition of the two brewery grains ATR-FTIR, elemental analysis
and ICP-OES measurements were conducted. ATR-FTIR spectra provide information about
the functional groups present on the surface of the BSGs, Figure 1. The bands were assigned
to CH, symmetric (2854 cm~ 1) and asymmetric (2924 cm~!) stretching vibration [9,24,40].
The broad band at 3305 cm ™! was assigned to overlapping stretching vibrations of pri-
mary alcohols, primary amines and Si-OH [26,40]. Further, signals assigned to hydroxylic
functionalities were v C-O (1156 cm~!) and stretching vibrations C-O-C of the cellulose
(1035 cm™1). The peak at 1239 cm ™! can be attributed to phenolic C-C-O stretching vibra-
tions possibly from monolignols in hemicellulose and lignin. Protein-related peaks were
observed at 1645 cm ™! and 1517 cm ! and assigned to amide I and II, respectively [24,41].
Further, carboxylic bands were ascribed to v C=0 (1741 cm~!) and v COO- ( 1377 cm ™).
The observed O-containing functionalities observed at the BSG surface are potential metal
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binding sites for the aspired adsorption process. There was no visible difference between
the spectra of WB-BSG and H-BSG, indicating similar functionalities in both BSG samples.

——H-BSG——WB-BSG

Absorbance (a.u.)
o o =
@D o (=]
1 1 1
T T T

<
'S
1
T

0.2 o -

0.0 P

1 I T T T T T T 1 T T T T 1 !
4000 3800 3600 3400 3200 3000 2800 2600 1800 1600 1400 1200 1000 800 600

Wavenumber (cm ™)

Figure 1. ATR-FTIR spectra of H-BSG (red) and WB-BSG (grey). Spectra were normalized to vas CHp
(2924 cm~1) and isolated by an offset. CH, symmetric (2854 cm~1) and asymmetric (2924 cm 1)
stretching vibration, overlapping stretching vibrations of primary alcohols, primary amines and
Si-OH (3305 cm™1), carboxylic bands v C=0 (1741 cm™1) and v COO- (1377 cm 1), amide I and
IT (1645 cm~! and 1517 ecm™!, respectively) phenolic C-C-O stretching vibrations (1239 cm™1),
hydroxylic functionalities v C-O (1156 cm~!) and stretching vibrations C-O-C (1035 cm~1).

Elemental analysis of the BSG samples was performed to estimate the number of
functional groups in the polymeric structure, see Table 1. The BSG samples exhibited
approximately 50 wt.% carbon content and 3.6 wt.% nitrogen arising from the protein
groups as shown in the IR spectra. The values of the elemental analysis were in line with
other references [21,24,42].

Table 1. Elemental analysis of Helles brewers’ spent grain (H-BSG, top) and wheat beer-BSG
(WB-BSG, bottom).

Samples C (wt.%) H (wt.%) N (wt.%) S (wt.%) Residue (wt.%)
H-BSG 48.1 6.1 3.6 n.a.l 422
WB-BSG 47.6 6.2 3.7 n.a.l 425

1 below limit of detection (LOD = 1 wt.%).

To investigate the inorganic content of the BSG samples, thermogravimetry analysis
and ICP-OES measurements were conducted, see Figure 2. The thermogravimetry analysis
under air atmosphere featured a residual mass of 2-5 wt.% at 1000 °C confirming the purely
organic nature of the samples. More detailed insights into the elemental composition
of the BSGs were gained using ICP-OES after microwave-assisted digestion. Highest
concentrations were found for mineral elements (P, Ca, S, Mg, Na). Other metal ions (K,
Fe, Zn, Cu, Mn) and the element silicon were detected in lower concentrations, which is
in agreement with the literature (see Table 54) [24]. Minerals can originate from the water
used in mashing as well as from the malt itself, e.g., in plant physiology such as phosphorus
in DNA or silicon in cell walls. WB-BSG contained higher amounts of the ions P, Ca, Mg,
K, Fe, Zn in comparison to H-BSG. Furthermore, H-BSG featured a higher content of the
ions S, Na, and Si (see Table 54). WB-BSG possessed three times higher Mg2+ content than
H-BSG, nevertheless, still in trace levels.
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Figure 2. Thermogravimetric analysis of H-BSG (red) and WB-BSG (grey) studied in the range from
30 °C to 1000 °C with a heating rate of 10 °C/min under (a) atmospheric conditions and (b) N, at
constant flow of 40 mL/min.

Naturally the cereals used in the beer formulation, such as barley, wheat, oats or
rice have an impact [43] on the differences between H-BSG and WB-BSG [43]. Even for
the same grain species, the chemical composition varies strongly due to reasons such
as growing conditions, harvesting time, and quality of the grains, followed by different
specific treatments such as germination, malting, and the brewing process itself [43,44].
Importantly, as indicated by the chemical characterization, BSG in general mainly consists
of carbon, accompanied by a high amount of oxygen containing functional groups for
the targeted adsorption of pollutants. Further, due to the lack of pollutants in the initial
material and as a bio-based and bio-degradable material, the material represents no danger
for the environment. Hence, no harmful secondary pollution of surface waters is to be
expected either.

The BSG comprises different parts of the grain and husks of barley malt for H-BSG
and barley as well as wheat for WB-BSG but they are indistinguishable to the naked eye,
see Figure 3a,d. The BSG samples featured a broad particle size distribution with undefined
shapes in the mm range, as shown by their morphology and topological features in the SEM
images in Figure 3b—f. Figure 3b shows a complete husk of WB-BSG. The close-up image of
the husk fragment (Figure 3e,f) in the cross-section presents cavities, caused by empty cell
walls and vascular structures [9]. These cavities, however, present large macropores in the
range of 20 um. Thus, the pores are too large to have an impact on the specific surface area
which is an important parameter for an adsorber material. With a diameter of several pm,
the pores might contribute to a good diffusion of the water through the material, as it is
also its original function in nature.
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Figure 3. Images of WB-BSG (top row) and H-BSG (bottom row) at different magnifications (a) and
(d) from conventional SLR camera; (b—f) SEM images of two different magnifications.

To investigate the specific surface area of the material, N, and CO; sorption measure-
ments were conducted. The BET fitting did not indicate any noteworthy pores in the micro
or mesoporous range in the material (see Figures S1 and S2).

SEM-EDX micrographs (Figures S3-S5) affirm the morphological heterogeneity of the
BSG. The performed elemental mapping only represents sections of individual particles
and are not representative of the whole bulk material as elemental analysis or ICP-OES. It
helps rather in elucidating the distribution of elements.

The bulk of the material consists of the elements carbon and oxygen, as expected for
plants. The C content was in the range of the elemental analysis and the residue of the
EA correlated with the O-content found in EDX. Ions of Mg, P, Ca, and Si detected with
ICP-OES were presented as clusters in SEM-EDX. On the surface of several particles of
both BSG samples, silicon-rich domains were present in spike-like structures, which could
be identified as papillae of the inflorescence bracts [45]. The elements Mg, P, and Ca were
found in round clusters as substructures in what appear to be plant cells. In the Fe-loaded
samples, an aggregation of iron in those clusters could be observed, but precipitation of
iron in individual clusters or crystallites was not visible. It rather covers the particles with
a slight prevalence for rougher topologies.

As presented in Figure 4, to estimate the surface charge and thus, sorption properties
of the BSG particles, streaming potential measurements were conducted. WB-BSG and
H-BSG featured an isoelectric point (IEP) at pH = 4.35 and 4.0, respectively. Thus, the BSG
samples featured a comparable positive surface charge for pH values below the IEP. At
natural pH, the samples possessed a negative surface charge leading to ionic interactions
with positively charged ions such as metal ions (e.g., Fe?*/3* and Mn?*). Furthermore, for
both samples, the charge density was analyzed for pH 3, 5.5, and 7. At pH 5.5 and 7, H-BSG
featured a distinctly higher negative charge density in comparison to WB-BSG. For both
BSGs the charge density was higher than that of native starch. However, in comparison to
chitosan, as an established biopolymer in water treatment, both BSGs exhibited very low
charge densities due to the small number of functional groups (see Table 2). For comparison,
chitosan is up to pH 7.5 positively charged.
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Figure 4. Streaming potential and charge density for H-BSG (red) and WB-BSG (grey). The streaming
potential (a) was measured as a function of the pH value and the z potential for H-BSG and WB-BSG
was thus determined. The charge density values (b) as a function of pH are in Table 2.

Table 2. Charge densities of BSG and other different biopolymers for comparison.

Charge Density in peq/g

Material pH=3 pH=55 pH=7
H-BSG +0.64 —4.20 —7.67
WB-BSG +0.54 —-1.09 —2.46
Native wheat starch [17] +0.21 —0.82 (at pH = 5.0) n.a.
Native corn starch [17] +0.10 —0.28 (at pH =5.0) n.a.
Chitosan +5907 +5833 +3486

3.2. Sorption Experiments
3.2.1. Time and pH-Dependent Experiments

The adsorption kinetics of iron and manganese ions onto BSG were studied in batch
experiments for a period of 48 h. The resulting removal efficiencies are presented in Figure 5.
After fast initial adsorption, a plateau was reached after 8 to 10 h. Of the initial 0.38 mmol/L
Mn?*, 26% was removed from solution by H-BSG within the first 30 min, followed by a
small increase over 48 h to 39%. WB-BSG featured better adsorption performance, starting
from 31% (cp = 0.38 mmol/L), increasing up to 57% after 24 h, and reaching 63% after
48 h. The study by Fontana et al. found plateau after 5 h contact for manganese and
iron ions [9]. We observed the same tendency for Mn?* removal. In contrast, Fe2*/3* was
adsorbed slower but with higher efficiency. Fe?*/3* was almost completely (97%) removed
from solution after 24 h by both types of BSG. The fast kinetics detected reduced the time
needed for treatment, thus facilitating higher process throughput, resulting in smaller
reactor design and good efficiency [46].

In order to determine the characteristic kinetic parameters (Table 3), kinetic models
were fitted to the sorption data in Figure 5. Based on the best fitting model, the underlying
mechanism of the kinetic model can be assumed, resulting in characteristic features, as
follows. Modelling showed that adsorption of iron ions follows pseudo-second-order
kinetics, based on the coefficient of determination R? (see Table 3). Whereas adsorption
kinetics for manganese ions is best fitted using the intraparticle diffusion model, R* > 0.8
is not satisfied for Mn?* on H-BSG [47].
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Table 3. Fitting parameters for Fe>*/3* and Mn?* adsorption onto H-BSG and WB-BSG for different
kinetic models. Data from batch experiments as presented in Figure 5.

Kinetic Model Fe2+/3+ Mn?2+
Parameters H-BSG WB-BSG H-BSG WB-BSG
Pseudo-First Order
Jeq (mmol/g) 0.100 0.101 0.040 0.057
K; (g/mmol-h) 0.904 0.691 2.477 1.375
R? 0.90 0.83 0.53 0.47
Pseudo-Second Order
Geq (mmol/g) 0.107 0.108 0.041 0.061
K; (g/mmol-h) 138.448 115.854 530.518 186.752
R? 0.96 0.91 0.67 0.68
Intraparticle Diffusion
kwn(mmol/(g-h1/2)) 0.013 0.013 0.002 0.006
C (mmol/g) 0.044 0.042 0.032 0.034
R? 0.65 0.72 0.75 0.94
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Figure 5. Adsorption kinetics of FeZ*/3+ and Mn?* onto H-BSG (red) and WB-BSG (grey). From batch
experiments with ¢y = 0.36 mmol /L Fe?*/3* or Mn?*, a BSG dosage of 3.33 g/L, stirred at r.t. and
measured at respective times. Curves present respective fitted kinetic models, model parameters
given in Table 3. The respective pH values are given in Figure S6.

The prerequisites for the pseudo-second order (PSO), as observed for the adsorption
kinetics of both BSG types, are as follows: the first condition for the PSO model is that ¢y is
low. Secondly, the adsorption is assumed to be at a final stage of the process because of a
rapid initial phase. The third condition is that the material is abundant with active sites [48].
All conditions seemed to be fulfilled. Equilibrium adsorption amount geq estimated by
PSO model was consistent with q (48 h).

PFO and PSO are both empirical models and hence, do not provide deeper insights
into physical mass transfer mechanisms [48]. The three general mass transfer steps of
adsorption are external diffusion, internal diffusion, and adsorption on active sites, each
can control the rate of sorption [48]. The plot q vs. t'/2 (Figure 6) shows a multilinear
behavior, each straight line is representing a controlling process [48]. The initial stage
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until 2 h, is typical for adsorption controlled by adsorbate diffusion to the outer surface
of the adsorbent [9]. As shown in Figure 6, this was pronounced for Fe?+/3+, Intraparticle
diffusion is rate limiting for the final stage, as described by the Weber Morris model [9].
For the herein presented BSGs, the adsorption of Mn?* almost exclusively fell into this final
stage, hence the Mn?* adsorption kinetic is best represented by the intraparticle diffusion
model (Table 3).
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Figure 6. Adsorption kinetics of Fe>*/3* and Mn?* onto H-BSG and WB-BSG transformed as q vs.
t /. From batch experiments with ¢y = 0.36 mmol/L Fe?*/3* or Mn?*, a BSG dosage of 3.33 g/L,
stirred at r.t. and measured at respective times. Curves present respective fitted kinetic models, model
parameters given in Table Sé6.

The effect of adsorbent particle size can supply more insight into the limiting factors
in the adsorption process [47], especially if it is rate controlled by intraparticle diffusion.
Although grinding of the BSG would result in faster kinetics [20,25], since the diffusion
dependences limit the kinetic rate [49] grinding BSG would add additional processing steps
and fine adsorber particles suffer from diffusion pressure and removability issues after
adsorption.

As the natural pH of surface water changes considerably with seasons and environ-
mental conditions, the adsorption properties in dependent on the pH value of the solution
are an important parameter to consider. Hence, for both BSG types, the adsorption perfor-
mance dependent on the pH was investigated to define the ideal pH range for potential
usage in practical adsorption applications (Figure 7).



Polysaccharides 2022, 3

369

3) 100 1 ik 1 100 ! ! ‘ !
@ ol (b) HBSG WBBSG
ull AAda , i 90 807 from FeSO, & A 3
801 4 A 3 8o~ 307 from MnSQ, © o L
A
Loy A 3 70 L
EN ®
=" 4 [ = ™ -
§ 501 L 5§ so- L
b=t ® =
g 40 s * ® s + g 40 4 L
30 oo ® 3 30 L
P
20+ L] Fe 2473+ Mn2* b 20 L
A HBSG @
Ly ¢ A WBBSG e 4= go . -
—F—‘—! w
D- T T T 0 T T A ] T

2 4 8 8 10 2 4 B 8 10
pH, pH,

Figure 7. Influence of the initial pH on ions adsorbed onto BSG. (a) Metal ions Fe?*/3* and Mn2*,
(b) corresponding sulfate ions. Batch experiments performed with solutions of FeSO4 and MnSOy4
(0.5 mmol/L) and 3.33 g/L dosage of H-BSG or WB-BSG for 24 h at r.t. The initial pH was adjusted
with HySOy(aq) and NaOH,,q), respectively.

The adsorption of MnSO, and FeSO4 was studied in the pH range from 2 to 9, respectively
(Figure 6). The pHy of the FeSO4 solution did not exceed its natural pH, because increasing the
pH value with NaOH would lead to a visible precipitation of Fe(OH); or MnO,, respectively.
This is in accordance with the chemical speciation that at pH > 6 almost all iron ions are
present as Fe(OH), ™ [9]. Starting from the lowest pH 2, the adsorption efficiency of Mn?* and
Fe?*/3* increased until a plateau was reached at around pH 4. This trend is in accordance with
the streaming potential vs. pH curves featuring an IEP at pH = 4.0 (H-BSG) and pH = 4.35
(WB-BSG), see Figure 6. Thus, Mn?* and Fe?*/3* were adsorbed by ionic and coordinative
interactions on the BSG surface. However, at a pH < 4 the surface of BSG becomes positively
charged, prohibiting ionic and coordinative interaction with the positively charged metal
ions. The lower the pH < 4, the larger the positive surface charge on the BSG surface and
thus the lower the sorption efficiency of the metal ions at the remaining active sites on the
BSG. The early decrease of sorption for both metal ion species is an important factor to
account for when planning simultaneous removal from acid mine drainage water, which
are defined by low pH values.

With increasing acidity of the solution, the Fe removal decreases to 55% and
73% with H-BSG and WB-BSG, respectively. The general difference in sorption efficiency
between Mn?* and Fe?*/3* was consistent throughout the full pH range. The significantly
higher sorption efficiency of Fe?*/3* in comparison to Mn2* can be explained by the higher
oxidation of iron, which is favoured for the adsorption process. Mn?* was adsorbed less
effectively, independent of the initial pH of the solution, which is in accordance with the
trend shown in Figure 4. Below pHy 3, Mn?* adsorption no longer occurred. The most
stable oxidation state of manganese is Mn?* featuring a typical octahedral coordination.
In neutral or acidic solutions, Mn?* builds [Mn(H;0)¢]?>* complexes, which have stronger
oxidation resistance in comparison to Fe?* due to the stable d° configuration.

However, the positively charged BSG surface yielded in a minor adsorption of pos-
itively charged sulfate ions. Although, theoretically, the fully protonated surface of BSG
at low pH should facilitate the adsorption of sulfate, this effect is minor compared to the
metal ion adsorption (Figure 7b), even though below pH 3 the sulfate adsorption from
FeSOy(aq) gradually increases to reach 0.216 mmol/g at WB-BSG and 0.097 mmol/g at
H-BSG, reaching the maximum at pH = 2.0. Since the pH was lowered by the addition of
sulfuric acid, the concentration of sulfate ions increased with decreasing pH values. Hence,
in comparison to the constant metal ion concentration, the initial sulfate concentration
is dependent on the pH. This is explained by lowering the pH using sulfuric acid and is
cancelled out in the percentage removed.

2+/3+
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3.2.2. Batch Adsorption Experiments with Simulated Water
The adsorption dependency of Mn?* and Fe?*/3* on the initial concentration was

investigated in batch experiments (see Figure 8). To investigate the adsorption process, the
obtained isotherms were fitted with different models (as summarized in Table 4 and Table S6).

Table 4. Fitting parameters for Fe?*/3* and Mn2* adsorption onto H-BSG and WB-BSG for Sips,
Langmuir, Freundlich, Elovich and Dubinin-Radushkevich isotherm models. Data from batch
experiments as presented in Figure 8. The graphical fitting comparison is given in Figures S9 and S10.

Fe2+/3+ Mn2*
Adsorption Parameters
H-BSG WB-BSG H-BSG WB-BSG
Langmuir
Qm,L (mmol/g) 0.191 0.226 0.0674 0.101
Kt (L/mmol) 9.585 11.443 5.718 8.489
R? 0.884 0.869 0.964 0.951
AG? (k] /mol) —22.72 —23.15 —21.44 —2241
Freundlich
n 3.494 3.852 2.805 2.937
Kg (L/mmol)'/™ 0.153 0.185 0.0561 0.0909
R? 0.791 0.729 091 0.89
Elovich
Qm,e (mmol/g) 0.0474 0.0514 0.0213 0.0301
Kg 103.734 166.266 38.598 63.712
R? 0.844 0.795 0.945 0.942
Sips
Jsats (Mmol/g) 0.182 0.209 0.0678 0.104
Ks (L™ /mmol™) 22.145 786.822 5.471 6.793
n 1.2798 2.6196 0.98428 0.93208
R? 0.888 0.894 0.964 0.952
Dubinin-Radushkevich
Jsat,DR (mmol/g) 0.376 0.417 0.163 0.244
B (1072 mol?/J?) 2.931 2.649 3.616 3.342
R? 0.824 0.773 0.934 0.927
E.qs (kJ/mol) 13.06 13.74 11.76 12.23
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Figure 8. Adsorption isotherms for (a) Fe?*/3* and (b) Mn2* onto H-BSG and WB-BSG, obtained
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from batch experiments with constant BSG dosage (3.33 g/L) and varying initial concentration of
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FeSO4 or MnSOy for 24 h at r.t. Fitted Sips isotherm model is presented as dash-dotted line, curves of
other fitted models are given in Figures S9 and S10.

Best removal of Fe2*/3* (>90%) was achieved at an initial concentration of 0.5 mmol/L,

see Figure S7. The curve geq versus ceq (see Figure 8) indicates a plateau reached above ceq
(Fe?*/3*) = 0.5 mmol /L for both types of BSG. The maximum adsorption capacities gsa; s
from the Sips isotherm model were 0.182 mmol/g and 0.209 mmol/g for Fe?t/ 3+ and 67.8
umol/g and 0.104 mmol/g for Mn?* on H-BSG and WB-BSG, respectively (see Figure 8).
WB-BSG displayed a higher maximum adsorption capacity than H-BSG, which is in line
with the fitted isotherm models (see Figure 8). The difference between WB-BSG and H-BSG
was even more pronounced in respect of Mn?* adsorption, where the maximum removal
efficiency differed by 17% (see Figure S7). The adsorption capacity reached for Mn?* was
only half of the capacity for Fe?*/3*, which is consistent with literature [9]. The presence of
BSG or the adsorption did not noticeably influence the pH value of the solution pH value
(see Figure S8), as reported previously by Akinpelu et al. [20]. This leads to the conclusion
that there is no major involvement of hydronium or hydroxy ions in the adsorption process.

The data of the adsorption isotherm was fitted by various isotherm fitting models.
The Sips isotherm model, resulting from a combination of the Langmuir and Freundlich
model, yielded the highest coefficient of determination (COD) R? for both metal ions and
both types of BSG (see Figure 8). At ng = 1, the Sips model reduces to Langmuir, indicating
monolayer adsorption on a surface of homogenous active sites [50]. For Mn?2* ng is closest
to 1, thus Mn?* adsorption can be equally well described by the Langmuir isotherm model
(see Figure S9). We found qsat,L(Feer/ 3+ of 0.226 mmol/g and 0.191 mmol/g for WB-BSG
and H-BSG, respectively. This exceeded the qsat,L(Fe3+) = 0.149 mmol/g from the FeCly
as well [21].

Supported by SEM-EDX element mapping, BSG showed an equal distribution of Mn?*
in long range scales (um scale and resolution; see Figures S13 and 514 and Table S9). Even
though the BSG morphology appeared heterogeneous in SEM, the surface of active sites for
Mn?* adsorption seem to be homogeneously distributed.

The maximum sorption capacity qgat g (Mn?") derived from the Elovich isotherm model
was three times lower than qg,¢1, from the Langmuir model (see Figure S10). Nevertheless,
Qsat EMMn?") on H-BSG = 0.0213 mmol /g coincided with the value s, (Mn?*) = 0.02 mmol/g
for untreated BSG published by Wierzba and Klos [25].

Between cations of the same valence, those with a smaller hydration ionic radius
are preferred for adsorption, giving priority to Fe>*(0.645 A) over Fe?* (0.78 A) and Mn?*
(0.83 A) [51]. Furthermore, Fe3* is a harder acid than Fe?* and Mn?* and hence, more
likely to form a complex with hard bases such as COO-, as mainly present in BSG [52]. The
general tendency of increasing affinity with charge M* < M?* < M3* also applies for BSG,
as tested by Wierzba and Klos [25]. Since iron (II) readily oxidizes in solution, [52]. the
affinity of Fe?*/3* is additionally increased by higher ionic charge in relation to stable Mn?*.
The claim is further supported by the difference in mean free energy of adsorption E,4s,
obtained through the Dubinin—-Radushkevich model (see Figure 8), i.e., 13.06 k] /mol and
13.74 kJ /mol for Fe?*/3* onto H-BSG and WB-BSG, respectively, as opposed to 11.76 k] /mol
and 12.23 kJ/mol for Mn?*. Generally, E, 45 of both tested metal ions was greater than
8 k] /mol indicating the transition from physisorption to chemisorption or ion exchange [39].
The Gibbs free energy change (AG®) calculated from Langmuir equilibrium constant (K,
see Table 4) were negative, hence the adsorption is spontaneous and thermodynamically
favourable at the tested temperature.

Besides the huge amount of FeSOy,q) in surface water in mining regions, other heavy

aq)

metal ions such as Ni** and Cd?* play a common issue in surface water pollution and
thus, are harmful for their environment as well. To extend the application of BSG as a
natural environmentally friendly adsorber, the adsorption properties for Ni** and Cd?*, as
additional examples of heavy metal ions, were investigated here in a proof-of-concept study.

In Figure 9, the adsorption isotherms of NiSOy(aq) and CdSOy(,q) are presented. The
observed isotherms were fitted with Sips, Langmuir and Freundlich model, see Figure 8
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and Figure 512. Similar to the isotherms of FeSO4(aq) and MnSO4(aq) (see Figure 8), there
is a significant difference in the adsorption performance between H-BSG and WB-BSG.
WB-BSG featured a nearly twice as high adsorption capacity in comparison to H-BSG. The
determined charge density of the two samples in Figure 4 was more than twice as high
for H-BSG in comparison to WB-BSG but in total the charge density was very low for
both samples and, therefore, had no significant impact on the adsorption properties. The
comparison of both samples shows that there can be extensive differences between the
type of BSG used. However, since BSG is a natural material consisting of multiple ions and
functional sites, it is difficult to predict the critical properties for the adsorption. Table S3
shows the different concentrations of elements present in the two BSG samples compared
with other BSG samples from literature. The different concentrations of elements as well as
the brewing procedure might have an impact on the adsorption properties.
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Figure 9. Adsorption isotherms for (a) Ni2* and (b) Cd?* onto H-BSG (red) and WB-BSG (grey) ob-
tained from batch experiments with constant BSG dosage (3.33 g/L) and varying initial concentration
of NiSOy4 or CdSOy for 24 h at r.t. The fitted Sips isotherm model is a solid line and the pH values are
in Figures S18 and S21.

The calculated adsorption capacity of WB-BSG by Sips model was 0.104 mmol/g
and 0.101 mmol/g for Ni** and Cd?*, respectively (Table 5). Although the adsorption
capacities for Ni?* and Cd?* were very similar, the curve progression at low pH values
featured a different trend. This is very important to note since the common heavy metal
ion concentrations in real water will be mostly in the region of lower concentrations. Thus,
the adsorption performance for Cd?* was remarkable due to the extraordinarily steep rise
of the curve resulting in very efficient Cd?* removal (from ¢ = 0.03 until 10 mg/L) of about
90%. In comparison, Mn?* and Ni?* possessed less steep progression.
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Table 5. Fitting parameters for Ni?* and Cd** adsorption onto H-BSG and WB-BSG for Sips, Lang-
muir, Freundlich, Elovich and Dubinin-Radushkevich isotherm models. Data from batch experiments
as presented in Figure 9. The graphical fitting comparisons are given in Figures 521 and S24.

Ni2+ Cd2+
Adsorption; Parameters
H-BSG WB-BSG H-BSG WB-BSG
Sips

Qsats (mmol/g) 0.0476 0.104 0.0595 0.101
Kg (L /mmol™) 20.984 2.730 78.559 92.796

n 1.098 0.849 1.280 1.262

R2 0.9670 0.979 0.969 0.979

Langmuir

Qsat.L (mmol/g) 0.048 0.095 0.061 0.104
Ky, (L/mmol) 15.889 4.017 29.228 34.638
AG® (k] /mol) from Ky, —23.97 —20.56 —25.48 —25.90

R2 0.969 0.977 0.966 0.976

Freundlich

n 4.777 2.930 4.238 4.263

K (L/mmol)!/n 0.045 0.073 0.058 0.100

R2 0.837 0.943 0.833 0.843

Elovich

Qm, (mmol/g) 0.009 0.030 0.012 0.020
Kg 644.423 30.079 751.719 963.399

R? 0.908 0.972 0.908 0.922

Dubinin-Radushkevich

Qm,pr (mmol/g) 0.084 0.215 0.112 0.189

B (1072 mol?/J?) 2.087 3.632 2.165 2.110

R? 0.889 0.963 0.882 0.894

Eds,pr (KJ/mol) 15.48 11.73 15.2 15.39

For both metal ions and both BSG types, the Sips model represents the most accurate
fitting of the isotherms, closely followed by the Langmuir model. This suggests that
adsorption mainly occurs as an evenly distributed monolayer. Nevertheless, the slightly
increased n values of about 1.27 for the Cd?* adsorption showed a minor tendency towards
the Freundlich model. This indicates that some Ni?* adsorption sites may be more favourable
than others. This is also supported by SEM-EDX measurements that showed a mostly
uniform Ni?* distribution on the BSG-surface that was spotted with small sites of preferential
adsorption (Figures 519 and S20). The surface bond Ni?* determined via EDX was around
0.16 atom% (compare Table S11). Cd?* on the other hand showed a homogenous distribution
along the surface (Figures S24 and S25). This is in line with the adsorption models where
the n value of the Sips is close to 1.0, and thereby indicates monolayer adsorption. The
determined bound Cd?* fluctuates around 0.18 atom% (Table S13).

3.2.3. Batch Adsorption Experiments with Surface Water

To further push BSG towards application, adsorption properties from two real water
samples originating from a German mining region were investigated. These samples were
analyzed prior to adsorption (Table S10) and contained elevated levels of typical acid mine
drainage pollutants. To meet the EU Water Framework Directive 2000/60/EC and to achieve
a “good status” of the water quality, levels below 140 mg/L SO4?~ and <1.8 mg/L Fe are
envisaged by the German surface water ordinance (OGewV) [53]. Sulfate (cy = 1811 mg/L)
in water sample 1 far exceeded this level. Iron ions in water sample 2 weere 50 times above
the German guideline (cy = 9 mg/L). Furthermore, the Mn?* concentration in water sample
2 exceeded 6.6-fold the health-based value for manganese (0.4 mg/L) for drinking water
set by WHO [5].
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Despite the presence of the natural matrix, the batch experiments showed that the
BSGs were able to efficiently remove Fe?*/3* (<95%) from real water samples (see Figure 10,
Table S10). After the adsorption process, the national guidelines for Fe?*/3* were satisfied.
Water sample 2 exhibited an initial pH of 3, where adsorption of Fe?*/3* was beginning
to be impaired (Figure 5). Nevertheless, the BSG was able to remove Fe?*/3 sufficiently.
Consequently, this is a first proof of concept that BSG can indeed be used as an efficient
adsorber for Fe>*/3* in the presence of natural matrix with competing ions. Furthermore,
the adsorption is effective in both, high (sample 2) and lower (sample 1) pollution levels,
serving thereby as a link between the herein presented fundamental study towards future
studies aiming at industrial applications.
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& 60 { & 60 i
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Figure 10. Adsorption efficiency of different ions from real water samples onto BSG, averages of six
batches with standard deviation as error bars. Batch experiments performed with real water samples
from two locations (a,b) and 3.33 g/L dosage of H-BSG (red) or WB-BSG (grey) for 24 h at r.t. Real wa-
ter (a) contained 18.850 mmol/L 50427, 0.005 mmol/L FeZ*/3*,0.002 mmol/L Mn?*, 0.176 mmol/L
Si and had a pHj from 6.98, while real water (b) had 3.958 mmol/L SO42~, 1.612 mmol/L Fe?*/3*,
0.048 mmol/L Mn?*, 2.182 mmol/L Si and a pHp from 3.1. The exact numeric values can be seen in
Table S10.

4. Conclusions

In conclusion, BSG, as an abundantly available, cheap, and eco-friendly material, has
proven itself as an efficient adsorber for heavy metal ion pollution. Our study shows not
only the efficient removal of acid mine drainage specific pollutants, i.e., Fe and Mn, by
reaching acceptable levels in real water samples, but that BSG is also capable of adsorbing
other metal ions (Cd and Ni), thereby, proving its general applicability as an adsorber
material. The BSG from wheat beer (WB-BSG), especially, consistently showed significantly
higher adsorption efficiency, which we attribute to nature from the additional wheat
grain content offering additional adsorption sides. Thus, WB-BSG yielded an outstanding
adsorption performance for iron ions of 0.2 mmol/g, and of 0.1 mmol/g for manganese,
cadmium, and nickel ions. As a result, the adsorption behavior of BSG types differs,
despite almost identical chemistry, as shown by our comprehensive characterization, but
still both investigated BSGs were able to purify these waters to reach acceptable levels
of cleanness, as defined be official regulations. Further, elemental mapping revealed that
all subcomponents of BSG contributed to the adsorption process, as observable by the
homogeneous distribution of pollutants after adsorption. As a consequence, environmental
pollution can be tackled by exploiting BSG as a natural adsorbent, while simultaneously
the waste of resources in the brewery industry is reused and reduced.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polysaccharides3020021/s1. References [54-75] are cited in the
supplementary materials. Figure S1. Nitrogen sorption isotherm at 77 K of WB-BSG (grey) and
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H-BSG (red), desorption denoted by hollow symbols; Figure S2. CO, sorption isotherm at 273 K of
WB-BSG (grey) and H-BSG (red), desorption denoted by hollow symbols; Figure S3. H-BSG Map A
prior adsorption SEM-EDX elemental mapping, all scale bars = 50 pm. Subfigure A SEM micrograph
with mapped area (Map A) highlighted as blue rectangles. Subfigures: Al carbon mapping; A2
oxygen mapping; A3 calcium mapping; A4 magnesium mapping; A5 phosphorus mapping; data
summarized in Table S4; Figure S4. H-BSG Map B prior to adsorption SEM-EDX analysis. Subfigure
B showing SEM micrograph, area mapped as Map B highlighted as blue rectangles and magnified as
insert. Subfigure B1 carbon mapping; subfigure B2 oxygen mapping; subfigure B3 silicon mapping;
data summarized in Table 54; Figure S5. SEM-EDX elemental mapping of WB-BSG pre-adsorption, all
scale bars = 200 pm. Subfigures A and B are SEM micrographs, blue rectangles highlighted mapped
areas Map A and Map B. Subfigure X1 carbon mapping; Subfigure X2 oxygen mapping; Subfigure
X3 phosphorus mapping; data summarized in Table S5; Figure S6. pH values before (pHy) and
after (pHeq) adsorption in kinetic experiments with (a) FeSO4 and (b) MnSO, solutions onto H-BSG
and WB-BSG. From batch experiments with ¢y = 0.36 mmol/L Fe?*/3* or Mn?*, a BSG dosage of
3.33 g/L, stirred at r.t. and measured at respective times; Figure S7. Removal rate for Fe>*/3* and
Mn?* ions by adsorption onto H-BSG and WB-BSG, obtained from batch experiments with constant
BSG dosage (3.33 g/L) and varying initial concentration of FeSO, or MnSOy for 24 h at r.t.; Figure
S8. Changes of pH values throughout adsorption isotherm experiments with (a) FeSO,4 and (b)
MnSQOy solutions onto H-BSG and WB-BSG in batch experiments with constant dosage of adsorber
material (3.33 g/L), varying initial concentrations FeSOy4, pH not adjusted 24 h, r.t; Figure S9. Curve
fitting of different isotherm models onto Fe?>*/3* ion adsorption onto H-BSG and WB-BSG in batch
experiments with constant dosage of adsorber material (3.33 g/L), varying initial concentrations
FeSO,, pH not adjusted 24 h, r.t; Figure S10. Curve fitting of different isotherm models onto Mn?* ion
adsorption onto H-BSG and WB-BSG in batch experiments with constant dosage of adsorber material
(3.33 g/L), varying initial concentrations MnSO,4, pH not adjusted 24 h, r.t; Figure S11. SEM-EDX
elemental mapping of H-BSG after adsorption in batch experiments with FeSO, (2.68 mmol/L),
24 h at 23 °C. Top: regions selected for mapping highlighted as blue rectangles, map A and map
B shown below. All subfigure scale bars represent 100 um. Subfigure: Selected element mappings
A1l and B1 iron; A2 carbon, B2 sulfur; A3 calcium; B3 silicon; data summarized in Table S8; Figure
512. SEM-EDX elemental mapping of WB-BSG after adsorption in batch experiments with FeSO,
(2.68 mmol/L), 24 h at 23 °C, all EDX scale bars = 50 um. Subfigures A and B are SEM micrographs,
blue rectangles in A highlight mapped area Map A. Subfigures show selected element mappings: Al
and B1 carbon; A2 and B2 oxygen; A3 and B3 iron; A4 phosphorus; B4 silicon; data summarized in
Table S8; Figure S13. SEM-EDX elemental mapping of H-BSG after adsorption in batch experiments
with MnSOy (2.91 mmol/L), 24 h at 23 °C, universal scale bars = 100 um. Subfigures A and B are
SEM micrographs of mapped areas. Subfigures show selected element mappings: Al und B1 carbon;
A2 und B2 manganese; A3 sulphur; B3 silicon; data summarized in Table S9; Figure S14. SEM-EDX
elemental mapping of WB-BSG after adsorption in batch experiments with MnSOy (2.73 mmol/L),
24 h at 23 °C, universal scale bars = 50 pm. Subfigures A and B are SEM micrographs of mapped
areas. Subfigures show selected element mappings: Al und B1 carbon; A2 und B2 manganese; A3
sulphur; B3 silicon; data summarized in Table S9; Figure S15. Example photograph of the state of
German surface waters in mine drainage regions (real water sample 2); Figure S16. Adsorption in
% for Ni?* and SO42~ ions with H-BSG and WB-BSG, obtained from batch experiments and stirred
for 24 h; Figure S17. pH values before (pHp) and after (pHeq) for the adsorption of Ni%* and SO42~
ions onto H-BSG and WB-BSG, obtained from batch experiments, stirred 24 h and pH not adjusted;
Figure S18. Curve fitting of different isotherm models onto Ni** adsorption onto H-BSG (red) and
WB-BSG (grey) in batch experiments; Figure 519. SEM-EDX elemental mapping of H-BSG after
adsorption in batch experiments with NiSO, (2.5 mmol/L), 24 h at 23 °C, universal scale bars =
50 pm. Subfigures A and B are SEM micrographs of mapped areas. Subfigures show selected element
mappings: Al and Bl carbon; A2 nitrogen and B2 silicon; A3 and B3 sulphur and A4 and B4 nickel;
Figure 520. SEM-EDX elemental mapping of WB-BSG after adsorption in batch experiments with
NiSOy4 (2.5 mmol/L), 24 h at 23 °C, universal scale bars = 50 pm. Subfigures A and B are SEM
micrographs of mapped areas. Subfigures show selected element mappings: Al and Bl carbon;
A2 and B2 nitrogen, A3 and B3 sulphur and A4 and B4 nickel; Figure S21. Adsorption in % for
Cd?* and SO,42~ ions with H-BSG and WB-BSG, obtained from batch experiments and stirred for
24 h; Figure S22. pH values before (pHy) and after (pHeq) for the adsorption of Cd?* and SO4%~
ions onto H-BSG and WB-BSG, obtained from batch experiments, stirred 24 h and pH not adjusted;
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Figure S23. Curve fitting of different isotherm models onto Cd?* jon adsorption onto H-BSG (red)
and WB-BSG (grey) in batch experiments. Isotherm model fitting for CdSO,4 and NiSOy; Figure
524. SEM-EDX elemental mapping of H-BSG after adsorption in batch experiments with CdSOy,
(2.7 mmol/L), 24 h at 23 °C, universal scale bars = 50 pm. Subfigures A and B are SEM micrographs
of mapped areas. Subfigures show selected element mappings: Al and B1 carbon; A2 and B2 silicon;
A3 and B3 sulphur and A4 and B4 cadmium; Figure S25. SEM-EDX elemental mapping of WB-BSG
after adsorption in batch experiments with CdSOy (2.7 mmol/L), 24 h at 23 °C, universal scale bars =
50 pm. Subfigures A and B are SEM micrographs of mapped areas. Subfigures show selected element
mappings: Al and Bl carbon; A2 calcium and B2 phosphorus; A3 and B3 sulphur and A4 and B4
cadmium; Table S1. Measurements of charge densities (q) at pH values 3, 5.5, and 7 of H-BSG and
WB-BSG. V eq Volumes of Polyelectrolyte (poly(sodium ethylenesulfonate) (PES-Na) solution or
poly(diallyldimethylammonium chloride) (PDADMAC)) used until point of zero charge; Table S2.
Moisture analysis performed at 110 °C until mass was constant; Table S3. Relative elemental content
of BSG and comparison to literature; Table S4. Elemental concentration as percentages detected in two
areas of H-BSG prior to adsorption. Selected areas are Map A of Figure S4 and Map B of Figure S5;
Table S5. Elemental concentration as percentages detected in two areas of WB-BSG prior to adsorption.
Selected areas Map A and B shown in Figure S6; Table S6. Parameters for linear fitting shown in
Figure 6; Table S7. Fitting parameters for different adsorption isotherm models. Data from batch
experiments; constant dosage of H-BSG or WB-BSG 3.33 g/L, varying initial concentrations FeSO4 or
MnSOy, pH not adjusted, 24 h, r.t; Table S8. Elemental concentration as percentages detected on BSG
surface after adsorption in batch experiments with FeSO4 (2.68 mmol/L), 24 h at 23 °C. Investigated
in two areas (map A and map B) of H-BSG Figure S and WB-BSG (Figure S); Table S9. Elemental
concentration as percentages detected on BSG surface after adsorption in batch experiments with
MnSOy4 (H-BSG: 2.91 mmol/L; WB-BSG 2.73 mmol/L), 24 h at 23 °C. Investigated in two areas (map A
and map B) of H-BSG (Figure S) and WB-BSG (Figure S); Table S10. Initial concentrations cg of selected
pollutants in 2 water samples from German surface waters and sorption efficiency by H-BSG and
WB-BSG given as averages of six batches with standard deviation. Batch experiments performed with
real water, 3.33 g/L dosage of H-BSG or WB-BSG for 24 h at r.t; Table S11. Elemental concentration
as percentages detected on BSG surface after adsorption in batch experiments with NiSO,4 (H-BSG:
2.5 mmol/L; WB-BSG 2.5 mmol/L), 24 h at 23 °C. Investigated in two areas (map A and map
B) of H-BSG (Figure S) and WB-BSG (Figure S20.); Table S12. Comparison fitting parameters for
different adsorption isotherm models, values for Table S13. Elemental concentration as percentages
detected on BSG surface after adsorption in batch experiments with CdSO,4 (H-BSG: 2.7 mmol/L;
WB-BSG 2.7 mmol/L), 24 h at 23 °C. Investigated in two areas (map A and map B) of H-BSG (Figure
524) and WB-BSG (Figure S25); Table S14. Sorption capacities for FeZt/3* removal from aqueous
solutions with different biosorbents and adsorbent doses (a.d.). The obtained sorption capacities
from this work were achieved in the batch adsorption experiments; Table S15. Sorption capacities
for Mn!*/2+ removal from aqueous solutions with different biosorbents and adsorbent doses (a.d.).
The obtained sorption capacities from this work were achieved in the batch adsorption experiments;
Table S16. Sorption capacities for Ni** removal from aqueous solutions with different biosorbents
and adsorbent doses (a.d.). The obtained sorption capacities from this work were achieved in the
batch adsorption experiments.
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