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Interest in alkali-activated materials (AAMs) has increased because of their effectiveness as adsorbents and
their low cost. An additional advantage of AAMs is that raw materials obtained from industrial side streams
can support a circular economy. In this study, slags from the steel industry were used as raw materials for an
AAM. As the material was highly alkaline, prewashing was mandatory before adsorption studies to avoid
precipitation of hydroxides. As washing agents, different concentrations of several chemicals (strong and
weak acids) were used. Among them, oxalic acid performed the best by stabilizing the pH near neutral
during adsorption and minimizing mass loss. Thus, using oxalic acid, prewashing was optimized in
relation to the time and concentration. In adsorption experiments, the adsorption capacity was 78 mg
g~! for zinc, which was 18 times higher than that without optimization. The AAM adsorbent was also
regenerable with oxalic acid because its adsorption efficiency remained stable in the next adsorption
cycle. The AAM was characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-
ray fluorescence (XRF), field emission scanning electron microscopy with energy dispersive X-ray

, 4 20th March 2025 spectrometry (FESEM-EDS), and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).
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Accepted 19th May 2025 Analyses showed how prewashing affected the surface structure and functional groups in different

process stages. The adsorption mechanism was determined to be complex formation. This study not
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1. Introduction

In the European Union, 25.5 million m® of industrial waste-
water is produced each year, of which only 2.5% is reused."
There are many wastewater treatment methods. Among them,
adsorption is an effective and a low-cost method for large
volumes of water with low concentrations of heavy metals.>* Key
factors in the adsorption process are the pH, concentration,
adsorbent dosage, and time.* Activated carbon, zeolites, geo-
polymers, and alkali-activated materials (AAMs) are the most
common absorbents. Interest in developing adsorbents from
side streams has increased. These adsorbents not only can be
efficient but also can support a circular economy.?

The steel industry produces 190-290 million tons of steel
slag as a side stream,® which is classified as a by-product.”
Examples of steel slag are blast furnace slag (BFS) and ladle slag
(LS). Steel slag has several properties suitable for an adsorbent
raw material: high porosity, high specific surface area, and high

Research Unit of Sustainable Chemistry, University of Oulu, P.O. Box: 4300, FI-90014,
Oulu, Finland. E-mail: hanna.runtti@oulu.fi
DOI:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d5ta02291f

(ES)

20984 | J Mater. Chem. A, 2025, 13, 20984-20997

only revealed more environmentally friendly options for material preparation but also showed how to
improve environment quality with more advanced material preparation and process optimization methods.

density.® The use of slag in adsorbent applications is econom-
ically viable, as it is widely available, and its utilization does not
produce secondary waste.® Slags that may require alkali activa-
tion are called AAMs and are considered as adsorbents. At
present, AAMs are used to remove various impurities, such as
heavy metals (e.g., zinc), from wastewater.®

Zinc is a toxic pollutant, which enters the environmental
system via industrial discharges and mining operations.'>'* The
amount of zinc in the industrial wastewaters depends on the
operation, but usually the range is from a couple mg L™ to 200
mg L' when adsorption is used.’? Zinc is a potential risk for
human health even at low concentrations, and for that reason it
is crucial to remove it from aquatic systems to promote cleaner
ecosystems.™ One challenge in zinc removal is that zinc may act
differently when competing metal cations and other interfering
ions are available."" Industrial scale wastewater matrix is usually
quite complex. However, in this study, zinc was investigated
individually to obtain trustworthy data from experimental
design tools. Another challenge is that alkali activation makes
the AAMs highly alkaline, which causes the precipitation of
metal ions as hydroxides. For example, zinc precipitation occurs
at pH 8. Accordingly, AAMs must be neutralized after

This journal is © The Royal Society of Chemistry 2025
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production by environmentally friendly preliminary washing
(prewashing) prior to their use in water treatment.

To effectively study the adsorption conditions and mecha-
nism, it is important to use prewashing of the AAM to ensure
that the contaminant is adsorbed. Only a few publications in
the literature have examined prewashing of the material. In
terms of prewashing agents, acetic acid,"'® nitric acid,"”
hydrochloric acid,"" or water has only been used to obtain
neutral materials.>*** Using the latter agent, a lot of water is
consumed. The other agents affect the structure of the AAM by
breaking its bonds.?* Thus, prewashing has a significant effect
on the material's adsorption properties, and it may have nega-
tive environmental impacts as such. Information on prewash-
ing and its effects on the AAMs is incomplete. By filling the gap
in the current knowledge, not only water consumption in
material preparation can be decreased but also greener options
for pretreatment can be applied to improve global environ-
mental management and efforts in sustainability.

The aim of this study was to investigate the effect of different
prewashing agents on the use of an AAM as an adsorbent to
offer more environmentally viable methods. The AAM was
prepared from an industrial side stream slag (BFS and LS). It
was used to adsorb zinc in batch mode adsorption experiments
to examine its adsorption efficiency. This study focused on
different prewashing chemicals (nitric acid, hydrochloric acid,
acetic acid, and oxalic acid). To the best of our knowledge, oxalic
acid has not previously been used as a prewashing agent.
Comparison of prewashing agents was done by evaluating
material loss and the pH change during the prewashing
process. In zinc adsorption experiments, the most promising
prewashing chemical (i.e., oxalic acid) was then optimized in
terms of washing time and concentration. The aim was to
achieve the highest adsorption capacity (q-value). A face-
centered central composite design (CCF) was selected as
a model for the optimization studies using the selected pre-
washing agent. Regeneration was studied using oxalic acid at
concentrations of 0.05-0.2 M (pH of approximately 6). The
efficiency was estimated based on the adsorption efficiency
achieved after regeneration. Finally, the AAM was studied by X-
ray diffraction (XRD), X-ray fluorescence (XRF), X-ray photo-
electron spectroscopy (XPS), field emission scanning electron
microscopy with energy dispersive X-ray spectrometry (FESEM-
EDS), and diffuse reflectance infrared Fourier transform
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spectroscopy (DRIFTS). The adsorption mechanism of the AAM
is discussed based on the results of this study.

2. Materials and methods

2.1. Chemicals

In this study, BFS and LS were used as raw materials for
adsorbent preparation. Both slags were obtained from a Euro-
pean steel producer. Elemental analysis of both slags is pre-
sented in an earlier study.** For adsorbent preparation, sodium
hydroxide (NaOH) (VWR Chemicals, Belgium) and sodium
silicate (Na,SiO3;) (VWR International, USA) were used in the
alkali-activation process. An adsorbate solution was prepared
from zinc chloride salt (ZnCl,) (VWR Chemicals, Belgium).

For prewashing and regeneration, nitric acid (HNOs3)
(Thermo Fisher Scientific, Germany), hydrochloric acid (HCI)
(FF Chemicals), acetic acid (CH;COOH) (VWR Chemicals, Bel-
gium), and oxalic acid dihydrate ((COOH), 2H,0) (VWR
Chemicals, Belgium) were used. For pH adjustment, NaOH
(VWR Chemicals, Belgium) was used.

2.2. Preparation of the adsorbent

The adsorbent material was prepared from BFS and LS via the
alkali-activation process, using a method from previous studies
with modification.'®*' The preparation procedure is presented
in Fig. 1. Before alkali activation, the LS slag was sieved to
particle size below 0.125 mm and then mixed with the BFS slag
(w/w 1:1). For alkali activation, the alkaline solution was
prepared by mixing 10 M NaOH and Na,SiOj; solutions (w/w 1:
1). The alkaline solution was stirred using a homogenizer (Velp
Scientifica OV5 Homogenizer, Italy), and the BFS/LS mix was
slowly added (w/w 2 : 3). After addition, stirring was continued
for 10 minutes at full speed (1250 rpm). The material was then
added into silicone molds and kept at 25 °C for one week for
hardening.

The AAM was first crushed using a jaw crusher (Jaw Crusher,
BB51) and then sieved to particle size below 4 mm. After pre-
crushing, the AAM was crushed using a rod mill (Rod Mill,
Wedag) to 0.125-0.5 mm particle size. The AAM was then dried
in an oven at 105 °C for 48 hours.

Ladle slag furnB;ca:tsIa Alkaline Curingin Crushing and Drvin

(LS) (BFS) ¢ salutlont molds sievin vine Granular

€ 105°C
* Jawcrusher form AAM

) for 48h

*  Rod mill
- ——d | adyr
25°C P

Fig. 1 Preparation of the AAM.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 20984-20997 | 20985


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02291f

Open Access Article. Published on 06 June 2025. Downloaded on 4/6/2026 7:49:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

2.3. Characterization of the material

To shed light on the adsorption mechanism and functionality
changes during processing, the adsorbent material was char-
acterized by XRD, XRF, XPS, FESEM-EDS, and DRIFTS. All
samples were analyzed before oxalic acid prewashing and also
before and after adsorption.

The XRD patterns were recorded with a PANalytical X'Pert
Pro X-ray diffractometer (Malvern Panalytical, Almelo, The
Netherlands) using monochromatic Cu Ke; radiation (A =
1.5406 A) at 45 kv and 40 mA. Diffractograms were collected
over the 26 range of 6-90° at 0.017° intervals and with a scan
step time of 60 seconds. The crystalline phases and structures
were analyzed using HighScore Plus software. The XRF results
were measured with a PANalytical Axios mAX 4 kW Wave-
length Dispersive X-ray fluorescence spectrometer (Malvern
Panalytical, Almelo, The Netherlands). The measurements
were done using loose powders through a Mylar film in a He
atmosphere. Elemental mapping and composition analysis
were carried out by FESEM-EDS using a Zeiss Ultra Plus (Carl
Zeiss Microscopy GmbH, Jena, Germany) with AZtec software
(Oxford Instruments) at the Centre for Material Analysis in the
University of Oulu, Finland. The instrument was operated at
15 kv and a working distance of 8.5 mm. XPS analysis was
performed at the Centre for Material Analysis, University of
Oulu, Finland, using an ESCALAB 250Xi XPS System (Thermo
Fisher Scientific, Waltham, MA, USA). The samples were
placed on a gold sample holder. A high-resolution scan was
then conducted using a pass energy of 20 eV, and a survey scan
was conducted using a pass energy of 150 eV. The mono-
chromatic Al Ko radiation (1486.7 eV) source was operated at
20 mA and 15 kV with an X-ray spot size of 900 pm. The
concentrations of oxygen, calcium, silica, magnesium, and
carbon were measured for all samples, and the measured data
were analyzed using the Avantage V5 program. Charge
compensation was performed by applying the C 1s line at
284.8 eV as a reference. DRIFTS was used to analyze the degree
of polymerization and the effect of oxalic acid on the structure
of the prepared AAM. A Bruker PMA 50 Vertex 80 V (Bruker,
Billerica, MA, USA) equipped with a Harrick Praying Mantis
diffuse reflection accessory and a high-temperature reaction
chamber was utilized to scan the DRIFT spectra at 400-
4000 cm ™' with a resolution of 4 cm ™' and 500 scans per
minute. The baseline was measured using potassium
bromide.

2.4. Prewashing of the material

For prewashing, different acids (nitric acid, hydrochloric acid,
acetic acid, and oxalic acid) were used. Prewashing took place
at 25 °C, and the reaction time was 24 h. Mass loss and pH
change served as indicators of the suitability of different pre-
washing agents. The most promising prewashing agent was
then optimized in terms of the prewashing time and acid
concentration.

2.4.1. Strong acids. Nitric acid and hydrochloric acid with
concentrations of 0.01 M and 0.05 M, respectively, were studied
for prewashing in batch mode. The AAM was weighed and
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placed in a beaker, and the prewashing chemical was added in
a ratio of 5.8 ¢ L™". The mixture was stirred with a magnetic
stirrer at 300 rpm for 24 hours, and the AAM was then rinsed
with water until the pH was stable.

2.4.2. Acetic acid. Experiments with different concentra-
tions of acetic acid (0.01 M, 0.05 M, and 0.1 M) as a prewashing
chemical were conducted as described in Section 2.4.1.

2.4.3.
prewashing times (2, 4, 6, 18, and 24 h) and concentrations
(0.05 M, 0.07 M, 0.1 M, 0.2 M, 0.3 M, 0.4 M, and 0.5 M). Batch
experiments were done by adding 0.2 g of AAM and 35 ml of
oxalic acid to a 50 ml Falcon tube. The Falcon tube was then
placed in a shaker at 300 rpm for the selected time. The mass
loss and pH were then measured, followed by adsorption
experiments.

Oxalic acid. Oxalic acid was studied with different

2.5. Adsorption experiments

Adsorption was studied at different levels. First, the optimiza-
tion of prewashing time and concentration of prewashing agent
was investigated. How the prewashing affect the AAMs’ ability to
adsorb was studied. After that, adsorption conditions were
optimized by using an experimental design tool. All the samples
from the adsorption tests were preserved with strong nitric acid
and analyzed by flame atomic absorption spectroscopy (Varian
AA240FS; Varian Inc. Palo Alto, CA, USA).

2.5.1. The effect of oxalic acid prewashing concentration
on adsorption. Adsorption experiments of the prewashed AAMs
were conducted as described in Section 2.4.3. Zinc was used as
an adsorbate to be attached to the AAM. The concentration of
zine was 80 mg L™, All adsorption tests were done in 50 ml
Falcon tubes. The adsorbent/adsorbate ratio (5 g L"), agitation
rate (300 rpm), and adsorption time (24 hours) were kept
constant at 25 °C. The pH was measured at the beginning of the
experiment and at the end of the experiment to ensure that zinc
removal was not caused by precipitation.

2.5.2. Optimizing the adsorption conditions by using an
experimental design. The adsorption experiments were opti-
mized in batch mode, keeping the adsorbate solution volume
(0.15 L) and adsorption time (24 hours) constant. A face-
centered central composite design (CCF) was selected as
a model for optimization studies. The run order was random-
ized, and the model included 14 runs and three center points.
Adsorption efficiency (g.) and removal percentage (R-%) were
selected as the main responses, which were determined using
eqn (1) and (2), respectively.

g= (=) x¥ (1)

m

O 100% @)
Co

R-Y% =

where ¢, is the initial concentration (mg L), ¢ is the concen-
tration after adsorption (mg L"), m is the adsorbent mass (g),
and V is the volume of the adsorbate solution (L).>***

MODDE Pro 13 software was used for the experimental
design setup and analysis. Table 1 shows the variables included
in the optimization experiments.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Factors input for adsorption optimization in the CCF

Factor Low High
Concentration (mg L") 100 500
Dosage (g L") 2 10
Initial pH 4 6

2.6. Regeneration

To determine the regenerative potential of the AAM, it was first
prewashed with 0.05 M oxalic acid. Prewashing was done in
batch mode in a Flocculator 2000 (Kemira AB, Sweden) to
prevent mechanical grinding. Batch adsorption experiments
were then done using zinc solution (100 mg L") for the pre-
washed AAMs. Regeneration experiments were conducted in
50 ml Falcon tubes. In the regeneration experiments, 0.4 g of
zinc-adsorbed AAM and 20 ml of regeneration solution (oxalic
acid at concentrations of 0.05 M, 0.1 M, and 0.2 M) were
combined. They were placed in a shaker at 300 rpm for different
times (10, 30, 60, 120, and 240 minutes). The pH was adjusted in
the beginning to 6 with NaOH. Further adsorption batch

8a
13
8a

13
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experiments were conducted by using the regenerated AAM. The
impact of the regeneration chemical's (oxalic acid) concentra-
tion and regeneration time on the efficiency of the next
adsorption cycle was investigated. Regeneration efficiency was
calculated as presented in eqn (3).

R = (ﬂ) x 100% 3)

9
where ¢, is the initial adsorbed amount (mg g™ *) and g, is the
adsorbed amount after the nth cycle (mg g~ *).%°

3. Results and discussion

3.1. Characterization of the AAM

To shed light on the adsorption mechanism, different charac-
terization analyses were done on the AAM. The AAM was char-
acterized before and after prewashing and also after adsorption
of zinc. The aim of this study was to reveal what is removed from
the AAM during washing and how the zinc is adsorbed to the
AAM.

1. Calcium Aluminum Silicate Hydroxide

2, Caleium Aluminum Hydroxide

3. Calcium Silicale

4. Sodium Calcium Silicate

5. Caleium Magnesium Silicate

6. Magnesium ITydroxide

7. Caleium Magnesium Manganese Aluminum Iron Silicon Oxide Hydroxide

8a
14 13 . 8. Caleium Oxalate Hydrate
14 ;" 9. Calcium Aluminum Oxide
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Fig. 2 Results of XRD analysis of the unwashed, oxalic acid-washed, and zinc-adsorbed AAM (a—c are the same compound with different

reference numbers).
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Table 2 XRF analysis of the unwashed, oxalic acid-washed, and zinc-adsorbed AAM

Metal oxide CO, SO, H,O Na,O MgO Al O, SiO, P,0s5 K,O CaO TiO, MnO Fe,O3 ZnO
Unwashed 6.5 1.8 34.8 8.2 3.2 6.8 15.5 0.6 0.2 20.9 0.6 0.3 0.4 0.0
Washed 14.9 0.9 56.4 0.0 0.3 2.4 7.1 0.4 0.0 16.6 0.4 0.1 0.3 0.0
Zinc adsorbed 12.6 0.8 55.6 0.0 0.4 3.4 8.6 0.5 0.0 15.8 0.5 0.2 0.3 1.3

3.1.1. X-ray diffraction. The XRD results are presented in
Fig. 2. More detailed information on the reference data of the
XRD can be found in the ESL{ The results showed that pre-
washing with oxalic acid affected calcium-containing groups on
the surface of AAM. It was also seen that calcium oxalate hydrate
formed. In addition, the calcium aluminum hydroxide content
decreased in relation to calcium aluminum oxide. Based on the
XRD results, oxalic acid washing oxidized the surface of the
AAM. A small amount of calcium magnesium manganese
aluminum iron silicon oxide hydroxide was present in the
material before washing. After washing, magnesium, manga-
nese, and iron were removed from this specific phase where it
was attached. As calcium had strong bonds with aluminum and
silica in the material, it was not removed. Comparison of the
prewashed material and the material after zinc adsorption
revealed that zinc was attached to calcium aluminum oxide. In
addition, zinc was also attached to calcium oxalate hydrate on
the surface. XRD analysis revealed that zinc doped calcium
oxalate hydrate overlapped with the calcium oxalate hydrate
peak at 14.9°. The formation of calcium oxalate hydrate on the
surface of AAM affected the adsorption mechanism of zinc.

3.1.2. X-ray fluorescence. To reveal the metal oxide content
and how it changed during washing and adsorption, XRF
analysis was conducted. The XRF results are presented in Table
2. Washing affected both the carbon dioxide and water contents
due to the attachment of oxalic acid hydrate to the calcium-
containing groups on the surface of AAM. In addition,
washing led to a decrease in the aluminum oxide, magnesium

g5 _x10°

Ols

—— Unwashed
—— Washed
After adsorption

4 Nals

NaKL1

Counts/s

Ca2p

2qMels carv
Zn 2p)}
WL 5 |
-
L Na2s
A

0 T T T T T T T T T T T T T T
1300 1200 1100 1000 900 800 700 600 500 400 300 200 100 0
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Fig. 3 Results of XPS analysis of the unwashed, oxalic acid-washed,
and zinc-adsorbed AAM.

20988 | J Mater. Chem. A, 2025, 13, 20984-20997

oxide, silicate, sodium oxide, and calcium oxide contents,
which resulted in mass loss of the AAM.

3.1.3. X-ray spectroscopy. To shed light on elemental
bonding in the material, XPS analysis was conducted. The
results of XPS analysis and O 1s transformation are presented in
Fig. 3 and 4, respectively. The analysis showed that sodium and
magnesium were washed away from the surface (Fig. 3). Of note,
XPS analysis revealed that the oxygen in the metal carbonate
form was transformed to an oxide form during prewashing.
This can be seen by comparing the unwashed (a) and washed (b)
AAM (Fig. 4). Also, XRF results support these observations. In
addition, the number of C-O-H groups and C=O groups
decreased during adsorption. Due to that, a slight increase in
the C-O peak can be seen when the washed (b) and zinc-
adsorbed (c) AAMs are compared (Fig. 4). Based on these
results, it can be concluded that zinc cations most probably
doped with calcium oxalate, which was also supported by the
XRD results.

3.1.4. Field emission scanning electron microscopy with
energy dispersive X-ray spectrometry. The surface of the AAM
was also characterized by FESEM-EDS. The images are pre-
sented in Fig. 5, and the content table of elements on the
surface is presented in Table 3. The analyses revealed small
crystallite formation during the washing process. Elemental
changes on the surface of the AAM were detected using EDS.
Washing increased the amount of oxygen and carbon although
copper, potassium, titanium, and iron were washed away from
the surface of the AAM. In addition, manganese was removed
from the AAM by washing, and zinc was attached to the place of
magnesium during adsorption. The results indicated that zinc
ions are more likely to attach to surface sites occupied by
aluminum, sodium, and silica. However, as can be seen in
Fig. 5(c and d), zinc is clearly attached to the same sites as
magnesium. Thus, zinc competes with magnesium for adsorp-
tion sites.

3.1.5. Diffuse reflectance infrared Fourier transform spec-
troscopy. DRIFT spectra of unwashed and oxalic acid washed
AAM as well as AAM after zinc adsorption are described in
Fig. 6. The unwashed sample presented several peaks related to
the formation of Si-O-Si and Al-O-Si during preparation of the
material. The peak at around 3660 cm ™' was attributed to the
hydrogen-bonded silanol (vicinal or geminal silanol groups),
while the broad peak at around 3480 cm ™" and another peak at
1640 cm ™ were assigned to the absorbed molecular water in the
sample.”® The peaks observed at around 1535 cm ™' and
1380 cm ™' were attributed to the CO;>~ asymmetric stretch-
ing.* The typical Si-O-Si and Al-O-Si strong asymmetric
stretching were present in the 950-1250 cm ' (ref. 30)

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02291f

Open Access Article. Published on 06 June 2025. Downloaded on 4/6/2026 7:49:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

A
10 Metal Oxides

a
204
Metal carbonate

View Article Online

Journal of Materials Chemistry A

_x10*

w
w«

w
o
I

ed
)
1

el £ 204
z 3
g =
’3 1.0 3 154
1.0
0.5 1
0.5
0.0 T T T — 0.0 T T T 1
540 535 530 525 540 535 530 525
4 .
10 Binding Energy (eV) Binding Energy (eV)
K]
E=1
3
@)
0.0 T T T 1
540 535 530 525

Binding Energy (eV)

Fig. 4 Results of XPS (O 1s) analysis of the (a) unwashed, (b) oxalic acid-washed, and (c) zinc-adsorbed AAM. Note that the X-axis does not start

from zero.

wavenumber region with the peak center at around 1120 cm ™

in the unwashed sample. Moreover, the broad peak with
a center at around 730 cm ™" was related to the Si-O-Si and Al-
O-Si symmetric stretching.®* After oxalic acid washing, the
change in the surface structure before and after zinc adsorption
was obvious compared to the unwashed sample. Both samples
presented several peaks related to oxalic acid treatment. The
peaks at around 3500 cm™ ' and 3080-3095 cm ' were attrib-
uted to the OH stretching and H-bonded OH stretching of
carboxylic acids,* respectively. Moreover, the very strong peak
at around 1723 cm~' was assigned to C=O stretching in
carbonyl compounds, while another strong peak at around
1350 cm ' was attributed to C=O stretching of carboxylic
acids.®? In addition, peaks at around 615 cm™ ' and 484 cm™*
were assigned to O-C=O0 bending and C-C=O bending in
carboxylic acids,** respectively. However, the broad peak at
around 730 cm™* observed for the unwashed sample was split
in the DRIFT spectra of oxalic acid washed sample and sample
after zinc adsorption, revealing that after oxalic acid washing
part of the amorphous structure of the AAM has disappeared.
This can also be observed from the X-ray diffractograms of the
oxalic acid washed sample and sample after adsorption (Fig. 2)

This journal is © The Royal Society of Chemistry 2025

in which the amorphous “hump” in the 26 range of approxi-
mately 27-29° is missing.’***

3.1.6. Adsorption mechanism. In general, adsorption
mechanisms can be divided into two main categories: phys-
isorption and chemisorption. In physisorption, bonds between
the adsorbate and adsorbent are weak compared to chemi-
sorption. Both physisorption and chemisorption can be divided
into subcategories. For physisorption, these subcategories are
attractive electrostatic forces, van der Waals forces, hydro-
phobic interactions and hydrogen bonding. Chemisorption can
be divided into ion-exchange, precipitation, complex formation
and chemical reduction.®* In this study, the adsorption
mechanism was investigated by several characterization
methods to reveal how zinc is adsorbed to the AAM.

XRD and DRIFTS results (Fig. 2 and 6) indicated that, while
prewashing, the anionic oxalate was bound to the calcium on
the AAM surface. This finding was also supported by FESEM-
EDS (Fig. 5), which indicated that due to washing, the amount
of carbon and oxygen increased. XRD results also showed that
after adsorption, calcium oxalate doped with zinc. XPS results
(Fig. 4) showed similar findings. This revealed that zinc was
adsorbed directly onto the carboxylic group on the surface, as
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Fig.5 FESEM-EDS images of (a) unwashed (25 pm), (b) oxalic acid-washed (25 pm) and (c and d) zinc-adsorbed (25 pm and 10 um, respectively)
AAM.

illustrated in Fig. 7. Because of this, the hydroxyl groups the number of C=O groups. In other words, the amount of
transformed into C-O groups.*® Therefore, in the XPS results C=O groups remained the same, even though the ratio of C-O
(Fig. 4b), the ratio of C-O groups increased when compared to and C=O0 groups changed. In summary, these results indicated
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Table 3 Map sum spectrum of unwashed, oxalic acid-washed, and
zinc-adsorbed AAM from FESEM-EDS measurements

Weight%

Element Unwashed Washed Zinc adsorbed
(0] 47.7 58.5 57.6
Ca 19.3 30.4 32.1
Na 11 0.2 0.2
Si 10.8 6.2 5
Al 5 3 2.8
Mg 2.9 0.7 0.3
Cu 1.6 0 0
Ti 0.5 0.3 0.3
S 0.5 0.4 0.1
Mn 0.3 0.2 0
K 0.3 0 0
Fe 0.3 0 0
n 0 0 1.5

1. Unwashed

2. Washed

3. After adsorption

g g © 3
R S N @ ©
M

Intensity a.u.

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

4000

Fig. 6 DRIFT spectra of the unwashed, oxalic acid-washed and zinc-
adsorbed AAM.

Fig. 7 Simplified mechanism of complex formation.

This journal is © The Royal Society of Chemistry 2025
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that zinc cations are adsorbed to the AAM with the mechanism
of complex formation.*® A simplified mechanism of complex
formation is presented in Fig. 7.

3.2. Prewashing

The AAM was prewashed with different chemicals to achieve the
highest adsorption capacity and endurance in the adsorption
process. Without prewashing, the adsorption experiment's pH
would increase over the limit value (pH 8). A too high pH value
would cause zinc precipitation as hydroxide. To avoid precipi-
tation, a large variety of different acids were studied for pre-
washing and compared.

3.2.1. Strong acids. Table 4 presents the results of pre-
washing of the AAM with hydrochloric and nitric acid at
concentrations of 0.01 M and 0.05 M. The results showed that
these strong acids destroyed the AAM due to mass loss, as re-
ported in the literature.*® Prewashing with these strong acids
was not effective enough to stabilize the pH. In addition, when
the material was prewashed with nitric acid (0.05 M), material
loss was high (60-100%). Material loss was assumed to be due
to a neutralization reaction between the AAM and the acid,
which negatively affected the material's mechanical strength.
Thus, in subsequent experiments, the AAM was prewashed with
weak acids.

3.2.2. Acetic acid. In this study, acetic acid as a prewashing
chemical was evaluated at concentrations of 0.01 M, 0.05 M, and
0.1 M. Weak acids are more effective than strong acids in pre-
washing of AAMs. The concentration of the weak acid is also
crucial. In this study, 0.05 M acetic acid was considered the
most effective prewashing agent based on the stabilized pH
value. However, material loss of the AAM was still high (Table 5).
With lower acetic acid concentrations, prewashing did not
stabilize the pH to a neutral level. On the other hand, higher
concentrations of acetic acid destroyed the material. Therefore,
in subsequent experiments, oxalic acid was used as a prewash-
ing agent.

3.2.3. Oxalic acid. Prewashing with oxalic acid was studied
in batch experiments. Table 6 presents the results obtained
using different oxalic acid concentrations (0.05-0.5 M) and
washing times (2-24 hours). At an oxalic acid concentration of
0.05 M, the minimum washing time required to achieve favor-
able pH value and stability was 18 hours. However, when the

e
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Table 4 Strong acids: mass loss during prewashing and the pH after rinsing with deionized water

Washing time (h)

Stabilized pH Mass loss (%)

Chemical Concentration (M)
Hydrochloric acid 0.01
Hydrochloric acid 0.05
Nitric acid 0.01
Nitric acid 0.05

Table 5 Acetic acid: mass loss during washing and the pH after rinsing
with deionized water

Concentration ~Washing time Stabilized Mass loss
Chemical (M) (h) pH (%)
Acetic acid 0.01 24 10.17 22.4
Acetic acid 0.05 24 6.37 72.5
Acetic acid 0.1 24 6.12 100

concentration was increased to 0.5 M, a washing time of 2 hours
was sufficient to stabilize the pH to a neutral value. However, at
a concentration of 0.05 M, mass loss was slightly lower. In
addition, the particle size remained unchanged with 0.05 M
oxalic acid compared to those which were prewashed with
higher concentrations. Mass loss in oxalic acid prewashing was
lower despite the concentration. Also, the pH value was more
stable and mass loss was lower when compared to other pre-
washing chemicals. Mass loss varied between 4.98% and 28.2%
(Fig. 7) with oxalic acid. As shown in Fig. 8, neither the
concentration nor time affected the mass loss linearly. Although
the concentration and time affected the stabilized pH value
linearly. Taken together, the results indicated that a combina-
tion of 0.05 M oxalic acid and a prewashing time of 18 hours
were optimum to minimize mass loss and maintain pH
stability.

Fig. 9 shows changes in color and form in the AAM after
oxalic acid and acetic acid prewashing. The material washed
with oxalic acid (b) was most similar in terms of form to the
unwashed material (a), although the color of the oxalic acid
washed material was lighter. Oxidation of the surface might
have caused the change in color. Prewashing with acetic acid (c)
led to a decrease in particle size and AAM breakdown.

Table 6 Stabilized pH and mass loss after oxalic acid washing

24 9.83 73.1
24 9.01 100
24 10.19 33.1
24 9.22 60.9
10 4
—u— (0.05M
o (0.07M
9 = 0.1M
\ v 02M
0.3M
8 < 04M
T
o
7 4
o
6 U
5 T T T

T T T T T T T T
10 12 14 16 18 20 22 24
Time (h)

T
0 2 4 6 8

Fig. 8 Effect of oxalic acid concentration and time on pH stability.
Note that the Y-axis does not start from zero. The liquid to solid ratio
was 5g L™t and temperature was 25 °C.

3.3. Adsorption experiments

The AAM showed high adsorption efficiency for zinc. Selecting
the optimum prewashing chemical, concentration, and pre-
washing time had a significant impact on its adsorption effi-
ciency. In the literature, there is only a limited amount of
information on prewashing highly alkaline AAMs. Usually, pure
water is used for prewashing. No studies have focused on the
washing time and the amount of water usage.

3.3.1. Prewashing with oxalic acid: the effect of oxalic acid
concentration on adsorption. Prewashed AAMs were used in
adsorption experiments to ensure that the pH did not rise above

Washing time 2h 4h 6h 18 h 24 h

Concentration Mass loss Mass loss Mass loss Mass loss Mass loss
(M) pchd (D/D) pchd (%) pHend (OA)) pchd (Ob) pHend (0/0)

0.05 9.04 20.05 7.79 20.84 7.92 22.46 6.06 21.61 5.83 12.40
0.07 9.03 21.02 7.72 20.05 6.42 20.00 5.84 16.35 5.67 13.05

0.1 7.86 19.82 6.54 21.84 6.20 20.39 5.63 16.99 5.54 4.98

0.2 6.86 19.64 5.97 15.52 5.94 10.58 5.58 16.3 5.53 15.99

0.3 6.49 17.60 6.03 16.88 5.92 17.85 5.55 16.01 5.49 12.33

0.4 6.43 18.46 6.03 17.45 5.81 15.55 5.43 12.25 5.47 16.63

0.5 6.25 28.21 5.88 23.02 5.83 17.14 5.58 23.37 5.52 20.37

20992 | J Mater. Chem. A, 2025, 13, 20984-20997
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Fig. 9 The AAM (a) before prewashing, (b) 18 hours after prewashing
with 0.05 M oxalic acid, and (c) 24 hours after prewashing with 0.05 M
acetic acid.

View Article Online
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8. The adsorption efficiencies and pH values after adsorption
are presented in Table 7. By lowering the prewashing chemical
concentration and increasing the prewashing time, the
adsorption capacity was increased almost 18 times. This result
is notable because in a previous study the authors reported that
slag-based adsorbents did adsorb effectively metal cations,
although oxalate ions were present in adsorption.>*

3.3.2. Optimizing the adsorption conditions in an experi-
mental design. The adsorption conditions were optimized in
batch mode using a CCF design plan. This design had 14 runs
and three center points. Two runs were excluded as outliers. The
design matrix and responses are included in the ESL.{ Based on

Table 7 The effect of the selected prewashing concentration and time on the adsorption capacity and pH at the end of adsorption

Washing time 2h 4h 6h 18 h 24 h
Concentration
(M) pHend qe (Il’lg gil) pHend qe (mg gil) pHend qe (l’l’lg gil) pHend 9e (mg gil) pHend qe (mg gil)
0.05 6.67 14.28 6.94 12.31
0.07 6.95 12.20 6.59 10.52
0.1 7.38 14.09 6.67 10.03 6.23 8.05
0.2 7.11 12.88 6.94 11.31 6.27 5.96 5.76 4.03
0.3 6.86 11.00 6.95 10.87 5.91 4.52 5.65 3.00
0.4 7.21 13.31 6.96 11.24 6.81 9.16 5.65 3.18 5.35 1.47
0.5 6.16 12.95 6.37 8.02 6.59 7.37 5.25 2.18 5.13 0.80
80 -
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Fig. 10 Effect of concentration and adsorbent dosage on the adsorption efficiency and removal percentage using the CCF experimental design.
The temperature was kept constant at 25 °C and adsorption time was 24 h. Note that the axes do not start from zero.
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Table 8 AAM zinc adsorption capacity in the experimental study

AAM raw material g (mgg™ Type Ref.
BFS/LS 2.92 Column 21
Natural volcanic tuff 14.7 Batch 40
BFS/LS 17.27 Column 16
Metakaolin/fly ash 23.3 Batch 41
Metakaolin 35.88 Batch 42
Fly ash 47.1 Batch 43
Fly ash/chitosan 49-50 Batch 44
Fly ash 66.67 Batch 45
Metakaolin 74.53 Batch 25
BFS/LS 78.96 Batch This study

the results, pH did not significantly affect the adsorption effi-
ciency or removal percentage. The concentration of zinc was
found to be the most important factor affecting the adsorption
efficiency. By increasing the concentration, the removal
percentage decreased, although the g-value increased. The
opposite trend was seen when considering the effect of adsor-
bent dosage on the adsorption efficiency and removal
percentage, as shown in Fig. 10.

The optimal conditions for zinc adsorption by the AAM were
as follows: concentration of zinc of 500 mg L', adsorbent
dosage of 2 g L™, and pH of 5.9. A high adsorption capacity (78
mg g~ ') was achieved experimentally in this study. The capacity
achieved was better than that reported in similar studies on
AAM-based materials (Table 8).

3.4. Regeneration of the used AAM

After the adsorption experiment, oxalic acid was also studied for
regeneration of the AAM. The AAM used in the regeneration
experiment adsorbed zinc (15 mg g~'). Three different oxalic
acid concentrations and five regeneration times were investi-
gated. Higher concentrations and longer regeneration times
increased the regeneration efficiency. The results are presented
in Table 9.

In the second adsorption cycle, the same zinc concentration
and adsorbent dosage were used. The regeneration time and
oxalic acid concentration had a substantial impact on the
adsorption efficiency achieved. At an oxalic acid concentration
of 0.05 M, the regeneration efficiency was slightly lower than
that with concentrations of 0.1 M or 0.2 M. However, a huge
difference between the g-values in second adsorption was
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Fig. 11 The effect of the regeneration time (minutes) and oxalic acid
concentration on the regeneration and adsorption efficiencies after
the first adsorption cycle (gags = 15 mg g%). The liquid to solid ratio
was 10 g L™! and temperature was 25 °C.

detected. The adsorption efficiency was four times greater when
using oxalic acid with higher concentrations for regeneration.
The adsorption efficiency achieved in the second cycle was close
to the value obtained in the first cycle, when regenerated with
0.1 M or 0.2 M oxalic acid. The effects of different regeneration
times and regeneration chemical concentrations on the removal
efficiency (g.s) and adsorption efficiency in the second cycle
(gaas) are illustrated in Fig. 11.

In the literature, regeneration efficiency is usually classified
according to how many impurities can be removed from an
adsorbent material with the regeneration chemical. However,
the removal of impurities is not always the best indicator of
regeneration efficiency.*” Most studies have found that eventu-
ally the adsorption capacity for metals decreases after regener-
ation.*****” Furthermore, some studies have not investigated
the adsorption capacity for the next adsorption cycle at all.*® The
adsorption capacity may decrease because the prewashing
chemical affects the surface of the material, including its
functional groups. Thus, it is important to investigate surface
phenomena and the effect of regeneration on the next adsorp-
tion cycle. A significant finding of this study was that the
selected regeneration chemical did not have a negative impact

Table 9 Effect of the concentration of oxalic acid as a regeneration agent and time on the regeneration efficiency and second cycle adsorption

efficiency with the oxalic acid prewashed AAM

Regeneration chemical

0.05 M oxalic acid

0.1 M oxalic acid

0.2 M oxalic acid

treg (Min) 10 30 60 120 240 10 30 60 120 240 10 30 60 120 240
18t goas (mg g™ 150 150 150 150 150 150 150 150 150 150 150 150 150 150  15.0
15t greg (Mg g7 2.0 2.6 2.8 3.0 3.1 2.7 3.4 3.6 3.5 4.0 3.3 4.2 4.8 5.4 5.9
2nd gags (mg g7 1) 5.8 5.2 4.4 4.0 40 129 146 146 141 158 135 13.9 147 145  15.6
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on the material's surface functionality. The adsorption capacity
remained the same in the second adsorption cycle, despite
regeneration.

4. Conclusions

The AAM prepared from industrial steel slag side streams was
found to be an effective adsorbent. The type of prewashing
agent selected had a significant effect on adsorption efficiency
achieved. The use of strong (hydrochloric acid and nitric acid)
and weak (acetic acid) acids as prewashing agents damaged the
material. Oxalic acid as a prewashing agent did not cause
material damage. However, the oxalic acid concentration and
washing time selected influenced its adsorption efficiency. For
AAM, the most promising prewashing concentration and
washing time were 0.05 M and 18 h, respectively. Using these
prewashing parameters, the adsorption efficiency increased 18
times for zinc, from 0.8 mg g~ to 14.28 mg g~ '. Adsorption was
optimized via an experimental design tool. After optimization,
the highest adsorption capacity achieved was 78 mg g~ '. As
shown by the adsorption and regeneration studies, the regen-
eration ability of the AAM was good when oxalic acid at
concentrations higher than 0.1 M were used. At these concen-
trations, the efficiency of the adsorbent remained unchanged in
subsequent adsorption-regeneration cycles. The AAM was
characterized by XRD, XRF, XPS, FESEM-EDS, and DRIFTS. The
results showed that washing with oxalic acid affected calcium-
containing groups on the surface of the AAM. Based on this
and the other surface analyses, the adsorption mechanism is
most likely complex formation. From environmental view-
points, this study convinced that effective material for zinc
removal can be produced in a more environmentally friendly
way, without harsh acids or huge consumption of pure water.
Also, the material showed regenerability, which makes it stand
out for the longer usage and zero-waste strategy, key charac-
teristics needed for future materials for water purification. This
affects the environment in the long term not only by effective
water purification methods but also because of the minimiza-
tion of steel industry waste by using it as a secondary resource.
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