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Abstract
This study investigates the synthesis and characterization of ZnAl-layered double hydroxide (ZnAl@LDH) composites modified
with Eucheuma cottonii (EC) for the adsorption and regeneration of congo red (CR) dye. The ZnAl@LDH was synthesized
using a co-precipitation method, and the composite with EC was prepared via hydrothermal techniques. The structural
properties of the composites were analyzed using XRD and FTIR. Adsorption experiments were conducted to determine
the effects of pH, contact time, concentration, and temperature on dye removal. The adsorption kinetics followed the
pseudo-second-order (PSO) model, while the isotherm data best fitted the Freundlich model, indicating multilayer adsorption.
The ZnAl@EC composite demonstrated superior adsorption capacity (243.902 mg/g at 40 °C) compared to ZnAl@LDH and
EC. Thermodynamic studies revealed that the adsorption process was spontaneous and endothermic for ZnAl@LDH and EC
but exothermic for ZnAl@EC. The regeneration study showed that ZnAl@EC retained significant adsorption capacity even
after seven cycles, indicating its potential for practical applications in wastewater treatment.
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1. INTRODUCTION
A serious global environmental issue is the growing problem
of water pollution and contamination. This issue is caused
by several industrial sectors that release pollutants or waste
into sources of water (Basit et al., 2024). The pharmaceutical
(Jabeen et al., 2024), fertilizer (Noli et al., 2024), mining
(Kang et al., 2023), and textile industries (Sahu and Poler,
2024) are among the various sectors that typically release
their waste into rivers or other bodies of water. These
industries have the potential to contaminate the environment
due to the discharge of effluents containing substances such
as ciprofloxacin antibiotic waste (Rohmatullaili et al., 2024),
phosphate (Tang et al., 2024), heavy metals (Yao et al.,
2024) and congo red dyes (Taher et al., 2021).

Congo red (CR) is an anionic azo dye characterized
by a complicated aromatic structure, which can contribute
to pollution. The dye exhibits non-biodegradability, high
solubility in water, and strong resistance to conventional
degradation (Farghali et al., 2022). CR is an anionic azo dye
that is based on benzidine. It has an aromatic group that
causes significant toxicity, mutagenicity, and carcinogenicity
to both aquatic life and humans. It has been claimed that

CR undergoes metabolism to form benzidine, which gives it
the capacity to accumulate in living organisms and makes
it challenging to eliminate from water. Exposure to CR
toxicity can result in adverse effects on the neurological
system, respiratory system, gastrointestinal system, and
mucosal and membrane tissues, leading to symptoms such
as nervous system damage, respiratory irritation, diarrhea,
vomiting, dizziness, and mucosal and membrane damage. It
is crucial to eliminate harmful dyes from water to prevent
such injury (Cruz et al., 2023).

Previous techniques employed for dye adsorption in-
cluded coagulation-flocculation (Goudjil et al., 2021), biodeg
radation (Eid et al., 2023) and adsorption (Jia and Liu,
2019). However, not all dyes can be efficiently degraded by
microorganisms and certain dyes possess non-biodegradable
properties. The coagulation-flocculation technique has sev-
eral limitations that give rise to environmental difficulties,
including secondary pollutants, reduced removal effective-
ness, and various other limitations (Farghali et al., 2022;
Zong et al., 2022). Among all these options, adsorption is
the most potent. The selection of adsorption as the pre-
ferred method is based on the efficiency, affordability, and

https://doi.org/10.26554/ijems.2024.8.3.126-134


Wibiyan et. al. Indonesian Journal of Environmental Management and Sustainability, 8 (2024) 126-134

sustainability of adsorbents, which are easily accessible and
require simple treatment (Umesh et al., 2024). The option
of adsorbent is crucial for achieving efficient dye adsorption.

Layered double hydroxide (LDH)
[
M2+

1−xM3+
x (OH)2

]x+ ·
Am−

x/m · nH2O is a type of inorganic layered material that is
highly regarded as an exceptional adsorbent for wastewater
treatment. It has a large surface area, allows anions to move
easily between layers, is simple to prepare, inexpensive, and
non-toxic (Meili et al., 2019). Nevertheless, there is still a
need to enhance the stability of LDH in order to ease its re-
covery and regeneration. In order to address the limitations
indicated above, it is necessary to enhance the efficiency
of LDH in dye adsorption by modifying it with additional
supporting components (Zhang et al., 2024). In our prior
study, we enhanced LDH by including Spirulina platensis
(Sp) (Lesbani et al., 2024), the outcome of this process is
the formation of NiAl-Sp and ZnAl-Sp composites, which
exhibit adsorption capacities of 478.190 mg/g and 123.457
mg/g, respectively. The utilization of composites made from
natural materials, such as algae, has considerable promise
and presents a viable method to enhance the effectiveness
of LDH as a dye adsorbent and enhance its structural sta-
bility. This, in turn, allows for the repeated utilization of
LDH-algae composites. Consequently, we performed an ex-
periment to alter LDH by utilizing Eucheuma cottonii (EC).
We chose to use EC as a material to modify LDH due to the
unique properties of carrageenan and polysaccharide com-
pounds found in EC, particularly 3,6-anhydro-D-galactose
and D-galactose-4-sulfate. These compounds contribute to
EC’s high thermal stability (Jumaidin et al., 2017; Majid
et al., 2019). By combining EC with LDH, we expect to
create a composite material that has a large adsorption
capacity, exhibits stable heat resistance and can be reused
multiple times.

2. EXPERIMENTAL SECTION
2.1 Chemical and Instrumental
Eucheuma cottonii (EC) obtained from Maluku, Indonesia,
aluminum nitrate (Al(NO3)3 · 9H2O), zinc nitrate hexahy-
drate (Zn(NO3)2 · 6H2O), congo red (C32H22N6Na2O6S2),
sodium hydroxide (NaOH), hydrochloric acid (HCl), and
distilled water used in this study were obtained from Merck
and used without going through the purification process.

The tools used to analyze material characterization are
Rigaku MiniFlex600 x-ray diffractometer and Shimadzu
Prestige-21 Fourier Transform Infrared Spectrophotome-
ter. UV-Vis spectrophotometer EMC-18PC-UV was used
for analysis in the process of adsorption of congo red dye.
The tools used in this research are standard laboratory
equipment such as analytical balances, standard glassware
such as beakers, measuring cups, drop pipettes, volumetric
pipettes, magnetic stirring rods, mortars, ovens, hotplates,
filter paper, Buchner funnels and vacuum pumps, shakers,
pH meters, and hydrothermal steels.

2.2 EC Preparation
Purified water is used to clean the EC from any remaining
contaminants. Next, the EC was dried in an oven at 105
◦C to remove any moisture. The EC was pulverized using a
mortar and sieved using a 200 mesh sieve.

2.3 ZnAl@LDH Preparation
The synthesis of ZnAl@LDH was achieved by the co-precipit
ation method, wherein 30 mL of a 0.75 M solution of
Zn(NO3)2 · 6H2O was combined with 30 mL of a 0.25 M
solution of Al(NO3)3 · 9H2O. The resulting mixture was
stirred for a duration of 30 minutes. Sodium hydroxide
(NaOH) was introduced into the solution until it reached
a pH of 8. The mixture was agitated extensively for a du-
ration of 4 hours at a temperature of 80 ◦C. The mixture
was subjected to filtration and subsequently washed with
distilled water. Additionally, the resultant product was sub-
jected to desiccation in a 100 ◦C oven. The ZnAl@LDH was
ground into a fine powder using a mortar and pestle, and
then filtered through a 200 mesh sieve. X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FT-IR)
were employed to characterize ZnAl@LDH.

2.4 ZnAl@EC Composite Preparation
ZnAl@EC is synthesized using co-precipitation and hydrother-
mal techniques. The ZnAl@EC synthesis was carried out by
reacting 30 mL of a 0.75 M Zn(NO3)2 · 6H2O solution with
30 mL of a 0.25 M Al(NO3)3 · 9H2O solution. Subsequently,
the mixture is stirred for a period of 30 minutes. Sodium
hydroxide (NaOH) is incrementally introduced into the so-
lution until it reaches a pH value of 8. Subsequently, the
mixture is agitated for a period of 15 minutes at a tempera-
ture of 80 ◦C. Afterwards, 3 grams of EC is added to the
mixture and stirred using a mechanical mixer for 15 minutes.
The solution is introduced into a hydrothermal apparatus
and exposed to heating at a temperature of 105 ◦C for a
period of 5 hours. Afterwards, the mixture is filtered and
washed with distilled water, and then dried in the oven at
a temperature of 100 ◦C. Afterwards, the ZnAl@EC was
polished using a mortar and then filtered through a 200
mesh sieve.

2.5 Adsorption Procedure
The pHpzc was determined by creating a 0.1 M NaCl solution
with a volume of 20 mL. The pH of the solution was adjusted
within the range of 2-11 using 0.01 M HCl and NaOH. A
quantity of 0.02 grams of adsorbent was introduced into
the solution, which had been adjusted to the desired pH.
The mixture was then subjected to stirring in a shaker for a
duration of 12 hours. Various factors such as pH, contact
time, concentration, and temperature were manipulated to
determine the best conditions for adsorbing congo red dye.

The pH variation process involved the addition of 20
mL of congo red dye solution with a concentration of 50
mg/L. The pH was then altered from 5 to 10 using 0.01 M
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NaOH and HCl. The initial absorbance was measured using
a UV-Vis spectrophotometer. Subsequently, 0.02 grams
of adsorbent was introduced and agitated for a duration
of 2 hours. After this, the absorbance of the filtrate was
reassessed.

The impact of varying contact time was investigated by
introducing 0.02 grams of adsorbent into 20 mL of congo
red dye solution. After adsorption, the absorbance was
periodically monitored over time intervals ranging from 5
to 210 minutes.

The impact of varying concentration levels was investi-
gated by adding 0.02 grams of adsorbent to 20 mL of dye
solution with concentrations of 40, 70, 100, and 130 mg/L.
The solution was agitated for the predetermined optimal
time, and the absorbance was measured.

The impact of temperature was evaluated by conduct-
ing experiments at 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C. The
solution was agitated for the predetermined optimal time.
The optimal adsorption conditions for dye compounds were
identified by measuring absorbance using a UV-Vis spec-
trophotometer while manipulating the variables of pH, time,
concentration, and temperature.

2.6 Reusability Adsorbent
The regeneration process entails placing the adsorbent,
which has undergone desorption, into a 20 mL solution
containing 100 mg/L of dye. The solution was agitated for a
duration of 2 hours, and the residual concentration was mea-
sured using a UV-Vis spectrophotometer. The adsorbent
was dried and subsequently underwent desorption using an
ultrasonic device. The procedure entailed the addition of
25 mL of an aqueous solvent followed by stirring for a du-
ration of 2 hours. Subsequently, the amount of filtrate was
measured using a UV-Vis spectrophotometer. The leftover
residual substance is thereafter subjected to dehydration
and subsequently utilized in the subsequent regeneration
cycle.

3. RESULT AND DISCUSSION
3.1 Characterization
The purpose of to evaluate the success of the ZnAl@EC
composite synthesis, XRD characterization can be employed
to compare the results obtained from the characterization
of the raw material and precursor with the results of the
composite. The results of XRD analysis of adsorbents can be
seen in Figure 1. The LDH displays characteristic diffraction
peaks can be seen at Figure 1(b), at specific angles, especially
2θ = 11.41°, 23.57°, 34.98°, 39.28°, 46.64°, 60.27°, and 61.63°.
These peaks correspond to specific hkl planes, especially
(003), (006), (012), (015), (018), (110), and (113), which are
typical with ZnAl-LDH (JCPDS No. 48-1022) (Shen et al.,
2022). The XRD pattern of EC at Figure 1(a), had two
peaks at 16.33° and 22.34°, corresponding to the peaks at
(101) and (200) which were determined as type Iβ cellulose
(Han et al., 2022; Nissa et al., 2023). Figure 1(c) displays the

XRD characterization pattern of the composite, ZnAl@EC,
formed by combining EC and ZnAl@LDH. This pattern
represents the combined characteristics of both materials,
confirming the successful synthesis of the composite.

Figure 1. The XRD Patterns of EC (a), ZnAl@LDH (b)
and ZnAl@EC (c)

Figure 2 shows the FTIR spectra of the EC, ZnAl@LDH,
and ZnAl@EC. Figure 2(a) depicts the FTIR spectrum of
EC, which shows the characteristic bands of the functional
group of EC. Wide peaks from 3100 to 3600 cm−1 were
identified as the stretching vibration of hydroxyl groups
related to the hydrophilic ability of carrageenan (Firdayanti
et al., 2023). The presence of a very strong band at 1243
cm−1, which represents the O=S=O stretching vibrations
due to the S=O of the sulfate ester, was observed. In
addition, the region around 1081 cm−1 was identified as
a C-O bond. The signal at 933 cm−1 was identified as
the C-O-C vibrational mode of the 3,6-anhydro-D-galactose
(Yuliarti et al., 2023). The detection of an infrared band at a
wavenumber of 841 cm−1 indicated the presence of C-O-SO3
in D-galactose-4-sulphate. The peak at 1544 cm−1 signaled
the presence of a CH3 group, the peak at 1632 cm−1 was
identified as an OH group, and the peak at 1382 cm−1 was
related to the bending of the CH bond (Li et al., 2018; Tye
et al., 2018; Wulandari et al., 2018).

Figure 2(b) shows the FTIR characterization results of
ZnAl@LDH at specific peaks of 565 cm−1 and 751 cm−1,
which are associated with M-O and M-O-M stretching. The
peak at 751 cm−1 is caused by Zn-O bending, while the peak
at 565 cm−1 is caused by Al-O bending. The sharp peak
at 1381 cm−1 is due to the stretching of NO3 nitrate in the
sample, which confirms the presence of layered regions in the
ZnAl@LDH structure. The results of the FTIR analysis of
ZnAl@EC, identified as having a combined pattern with the
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spectra of EC and ZnAl@LDH, concluded that the functional
groups of EC were not lost when merging into a composite
with ZnAl@LDH Ahmad et al. (2023); Antoniak-Jurak et al.
(2021); Tang et al. (2024).

Figure 2. The FTIR spectrum of EC (a), ZnAl@LDH (b)
and ZnAl@EC (c)

3.2 Effects of pHpzc and pH of Adsorption
Figure 3 shows the combined graph between pHpzc and
the optimum pH variation of congo red dye adsorption.
This graph is joined but not connected between the two
parameters. The x-axis is the initial pH between the two
parameters, while the y-axis is separate pHpzc y-axis ∆pH
and adsorption pH variation y-axis adsorbed concentration.
The pHpzc of EC, ZnAl@LDH and ZnAl@EC materials were
6.24, 6.60 and 6.77 respectively. ZnAl@LDH which has a
brucite interlayer of Zn(OH)2 and Al(OH)4, has a pHpzc
of 6.60 This allows for anion exchange interactions, being
positively charged below pH 6.60 and negatively charged
above also applicable for ZnAl@EC composites (Zhu et al.,
2022). EC, ZnAl@LDH and ZnAl@EC materials are all
optimum at pH 6 with adsorbed CR dye concentrations
of 17.02%, 37.54% and 45.26% respectively. As seen from
Figure 3, all materials have optimum CR dye adsorption
conditions above pHpzc which indicates the material has
a positive charge where adsorption can occur because the
adsorbate is anionic (Ravichandran et al., 2023).

3.3 Effects of Adsorption Contact Time
The adsorption graph along with the adsorption kinetics
graph of CR dye can be seen in Figure 4. EC, ZnAl@LDH
and ZnAl@EC materials had their optimum adsorption time
at 55 minutes with adsorbed concentrations of 43.67 mg/L,

Figure 3. The Graphs of pHpzc and pH Adsorption of EC
(a), ZnAl@LDH (b) and ZnAl@EC (c)

58.02 mg/L and 82.31 mg/L respectively. The optimum
condition of absorption is reached when absorption has
reached equilibrium conditions (Silva et al., 2020). The
adsorption kinetics model can be seen in Table 1.

The adsorption kinetics of EC, ZnAl@LDH, and ZnAl@EC
adsorbents were analyzed using Pseudo First-Order (PFO)
and Pseudo Second-Order (PSO) kinetic models. All adsor-
bents tended to give a good fit to the PSO kinetic model
where the regression values of the three were closest to 1 in
this kinetic model. The experimental adsorption capacities
(Qeexp) for EC, ZnAl@LDH, and ZnAl@EC were 43.675
mg/g, 58.018 mg/g, and 82.316 mg/g, respectively. The
adsorption experimental data fitted better to the calculated
adsorption capacity (Qecalc) of the PSO kinetics model with
values of 44.843 mg/g, 59.524 mg/g, and 84.034 mg/g, re-
spectively. The PSO adsorption kinetics model explains that
the interactions occurring in this adsorption are more likely
to be chemical adsorption Haryanto et al. (2017). However,
it does not rule out the possibility that adsorption also in-
volves interactions between the adsorbent and adsorbate
through physical bonds, as the value of R2 for the PFO ad-
sorption kinetics is not much different from the PSO model
where the value is also close to 1. The rate constants k1 and
k2 describe the speed of recombination in the adsorption
process. The greater the value of the reaction rate constant,
the greater the adsorption speed. The rate constants of
the three adsorbents EC, ZnAl@LDH, and ZnAl@EC are
greater at the k1 constant value, which can be explained by
the faster adsorption process of physical interaction between
adsorbent and adsorbate.
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Table 1. The Kinetic Parameters PFO and PSO models by EC, ZnAl@LDH and ZnAl@EC

Adsorbent Qeexp (mg/g) Pseudo first-order Pseudo second-order
Qecalc (mg/g) k1 (min−1) R2 Qecalc (mg/g) k2 (g/mg)/min R2

EC 43.675 36.635 0.077 0.9312 44.843 0.005 0.998
ZnAl@LDH 58.018 37.179 0.057 0.8672 59.524 0.006 0.999
ZnAl@EC 82.316 59.580 0.053 0.9094 84.034 0.003 0.999

Figure 4. The Impact of Adsorption Contact Time of EC
(a), ZnAl@LDH (b) and ZnAl@EC (c)

3.4 Effects of Concentration and Temperature on
Adsorption

Table 2 shows the adsorption isotherm data of materials
EC, ZnAl@LDH, and ZnAl@EC. Materials tend to be more
suitable for the Freundlich isotherm model as seen from the
R2 value in the Freundlich isotherm model, which is closer
to 1 than in the Langmuir isotherm model. The value of n
in EC and ZnAl@LDH materials is n < 1 and the value of
n in ZnAl@EC is n > 1. The value of n indicates the ease
of adsorption occurring on the adsorbent. A value of n < 1
indicates less favorable adsorption or less ease of occurrence,
whereas n > 1 indicates that adsorption is favorable or
easier to occur. The Qmax values of EC, ZnAl@LDH, and
ZnAl@EC materials are 38.023 mg/g at 40 °C, 103.10 mg/g
at 30 °C, and 243.902 mg/g at 40 °C, respectively. The ad-
sorption capacity of the materials decreased with increasing
temperature, indicating that adsorption is better at lower
temperatures.

The adsorption thermodynamic data at Table 3 for EC,
ZnAl@LDH, and ZnAl@EC adsorbents at 130 mg/L concen-
tration showed different characteristics related to ∆H, ∆S,
and ∆G. For EC adsorbent, the ∆H value of 13.667 kJ/mol
indicates that the adsorption process is endothermic, where

Figure 5. Regeneration Cycle Adsorption of EC (a),
ZnAl@LDH (b) and ZnAl@EC (c)

energy is required for adsorption to occur. The ∆S value
of 0.047 kJ/mol indicates an increase in system disorder as
adsorption proceeds. Meanwhile, negative ∆G values at var-
ious temperatures (303 K to 333 K) indicate that the process
is spontaneous, with decreasing spontaneity at higher tem-
peratures. The ZnAl@LDH adsorbent had a ∆H of 10.619
kJ/mol, also indicating endothermic adsorption, but with a
lower ∆S value (0.038 kJ/mol), indicating a smaller entropy
change compared to EC. The ∆G value for ZnAl@LDH
is also negative, indicating the spontaneity of the process
which increases with decreasing temperature. In contrast,
for ZnAl@EC, ∆H is negative (-10.766 kJ/mol), indicating
that the adsorption process is exothermic, where energy is
released during the process. The negative ∆S value (-0.027
kJ/mol) indicates a decrease in the disorder of the system,
and the ∆G value remaining negative over a wide range
of temperatures indicates the spontaneity of the process,
although it decreases slightly at higher temperatures.

3.5 Regeneration Study of Adsorbent
The Figure 5. shows the cycle of regeneration for reuse of
each materials Regeneration. Data for adsorption of CR
dye by various adsorbents showed a significant decrease in
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Table 2. The Adsorption Isotherm Langmuir and Freundlich Parameter by EC, ZnAl@LDH and ZnAl-EC

Adsorbent T (◦C) Langmuir Freundlich
Qmax kL R2 n kF R2

EC 30 33.223 0.007 0.844 0.611 29.771 0.953
40 38.023 0.008 0.847 0.620 21.232 0.940
50 25.707 0.008 0.853 0.566 54.929 0.950
60 13.569 0.009 0.734 0.482 288.071 0.972

ZnAl@LDH 30 103.10 0.007 0.956 0.728 3.584 0.999
40 89.286 0.008 0.897 0.704 4.639 0.996
50 85.470 0.006 0.938 0.722 5.416 0.999
60 76.336 0.007 0.918 0.694 6.159 0.993

ZnAl@EC 30 243.902 0.018 0.957 1.301 6.415 0.986
40 232.558 0.016 0.975 1.320 5.706 0.995
50 204.082 0.017 0.961 1.381 5.322 0.997
60 200.000 0.016 0.993 1.371 5.243 0.993

Figure 6. The FTIR Spectrum Before and After Adsorption of ZnAl@EC (a) and Schematic illustration of CR Adsorption
Mechanism (b)

Table 3. The Adsorption Thermodynamic Parameter by EC, ZnAl@LDH and ZnAl@EC

Adsorbent Concentration (mg/L) ∆H (kJ/mol) ∆S (kJ/mol) ∆G (kJ/mol)
303 K 313 K 323 K 333 K

EC 130 13.667 0.047 -1.090 -0.634 -1.238 -2.539
ZnAl@LDH 130 10.619 0.038 -0.807 -1.184 -1.561 -1.938
ZnAl@EC 130 -10.766 -0.027 -2.495 -2.123 -1.883 -1.667

adsorption capacity as the number of usage cycles increased.
In the first cycle, ZnAl-EC showed the highest adsorption
capacity of 76.06 %, followed by ZnAl-LDH and EC. How-

ever, with the increase of cycles, all adsorbents experienced
a decrease in adsorption capacity. ZnAl-EC, despite its de-
creasing capacity, remained the best performing adsorbent
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until the seventh cycle, where its capacity was still at 33.18
%. On the other hand, adsorbents such as EC experienced
the sharpest decline, with the adsorption capacity almost
approaching zero from the fifth cycle onwards. These re-
sults indicate that although adsorbents such as ZnAl-EC
have better regeneration ability, indicating the successful
fabrication of adsorption composites the performance after
several cycles of use remains, suggesting a limitation in the
continuous reuse of adsorbents.

3.6 Adsorption mechanism Study
In this study, the pH optimum adsorption of EC, ZnAl@LDH,
and ZnAl@EC adsorbents all have their pH optimum below
pHpzc, which indicates adsorption can proceed by chemi-
cal adsorption or physical adsorption. Figure 6(a) shows
the FTIR characterization of ZnAl@EC before and after
adsorption with congo red. Peak 1838 cm−1 is identified
as the sulfonate group (SO−

3 ) of congo red, which shows a
sharp peak indicating the successful adsorption of congo red
on ZnAl@EC adsorbent, which interacts electrostatically.
The peak at 1641 cm−1 was identified as hydrogen bonding
between the N-H group of Congo red and the surface of
ZnAl@EC, which was reinforced by the increasing peak at
3460 cm−1 from the hydroxyl group of the adsorbent surface,
which hydrogen bonded with the N-H of congo red Ahmad
et al. (2023). A schematic illustration of the adsorption
mechanism can be seen in Figure 6(b).

4. CONCLUSIONS
The synthesis of ZnAl@EC composites successfully enhanced
the adsorption capacity and reusability of ZnAl@LDH for
congo red dye removal. The ZnAl@EC composite exhibited
the highest adsorption capacity and maintained a consid-
erable amount of its adsorption efficiency after multiple
regeneration cycles. The study demonstrates that the in-
corporation of Eucheuma cottonii into ZnAl@LDH not only
improves dye adsorption performance but also enhances the
material’s structural stability and reusability. These findings
suggest that ZnAl@EC composites are promising candidates
for sustainable and efficient dye removal in wastewater treat-
ment applications.
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