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Abstract: The presence of toxic metals in surface and natural waters, even at trace levels, poses a
great danger to humans and the ecosystem. Although the combination of adsorption and coagulation
techniques has the potential to eradicate this problem, the use of inappropriate media remains a
major drawback. This study reports on the application of NaNO, /NaHCO; modified sawdust-based
cellulose nanocrystals (MCNC) as both coagulant and adsorbent for the removal of Cu, Fe and Pb
from aqueous solution. The surface modified coagulants, prepared by electrostatic interactions,
were characterized using Fourier transform infrared, X-ray diffraction (XRD), and scanning electron
microscopy/energy-dispersive spectrometry (SEM/EDS). The amount of coagulated /adsorbed trace
metals was then analysed using inductively coupled plasma atomic emission spectroscopy (ICP-AES).
SEM analysis revealed the patchy and distributed floccules on Fe-flocs, which was an indication of
multiple mechanisms responsible for Fe removal onto MCNC. A shift in the peak position attributed
to CoH192NgsO16 from 20 = 30 to 24.5° occurred in the XRD pattern of both Pb- and Cu-flocs.
Different process variables, including initial metal ions concentration (10-200 mg/L), solution pH
(2-10), and temperature (25-45 °C) were studied in order to investigate how they affect the reaction
process. Both Cu and Pb adsorption followed the Langmuir isotherm with a maximum adsorption
capacity of 111.1 and 2.82 mg/g, respectively, whereas the adsorption of Fe was suggestive of a
multilayer adsorption process; however, Fe Langmuir maximum adsorption capacity was found
to be 81.96 mg/g. The sequence of trace metals removal followed the order: Cu > Fe > Pb. The
utilization of this product in different water matrices is an effective way to establish their robustness.
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1. Introduction

A significant amount of heavy metals from industrial effluents ends up in the environ-
ment and adversely affects the quality of water [1]. Some major industrial sources of toxic
metals include surface treatment processes and coating of industrial products involving
the use of metals such as Cu, Fe, Ni and Pb [2]. Heavy metals are non-biodegradable, and
thus remain in both the environment and biological systems for a long period. In addition,
traces of heavy metals could slowly accumulate in the human body over a long period of
time [3,4], thereby exerting negative health effects on human tissues. Although the use of
these metals in the industries is in high demand due to their various applications and bene-
fits, their prevention from reaching downstream processes and subsequently ending up in
the receiving waters remains a major challenge. For example, the consumption of copper
within the allowable limit could improve the human immune system, aid digestion, and
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enhance wound healing [5]. However, the presence of copper in drinking water beyond
the allowable concentration (0.1 mg/L) is highly toxic to the human system and poses a
great health danger [6,7]. In addition, Cu is toxic to monogastric animals when ingested
in quantities that are 40 to 135 times greater than their allowable requirements. Iron is
another toxic metal whose high concentration in drinking water could also be detrimental
to human health. Although adults could be protected from slightly high concentrations
of iron, children within 1 to 2 years of age are particularly vulnerable to iron toxicity [8].
Lead, unlike other heavy metals, has no health benefits to humans even at trace levels. It is
extremely toxic and mainly targets human organs such as bones, the brain, blood, kidneys,
and the thyroid glands [9,10].

As a consequence of the potential of these metals to cause harm [11], there has been
a global increase in awareness and tightening in the regulations on the disposal of heavy
metal-containing effluents. Hence, the removal of metals from wastewater to a maximum
allowable concentration has been recommended by different agencies such as the European
Union and the Water Framework Directive (WFD) (2000/60/EC), which has recently
specified bioavailability-based standards for Pb, Fe and Cu, classified as priority hazardous
substances. Bioavailability-based standards have also been specified for Zn, which is
classified as specific pollutants under the WFD in the United Kingdom [12].

Thus, to ensure compliance with regulatory standards, it is important to explore
different treatment technologies in order to enhance trace metal removal from wastew-
ater [13]. Conventional processes used for wastewater treatment could be divided into
two main phases: (1) generation of suspended solids from colloidal and dissolved solids
by physical, chemical and biological means in addition to the already existing suspended
solids; (2) separation of suspended solids by chemical and mechanical methods including
sedimentation, flotation and filtration [14]. Despite the constant development of new and
improved treatment processes, coagulation/flocculation (CF) remains an important process
for wastewater treatment, owing to its simplicity in design and operation, low energy
consumption and versatility [13,15]. In addition, the use of CF as a treatment option is due
to the fact that CF could be operated as a primary, secondary or tertiary treatment technique
and also intermittently [13]. The coagulation/flocculation process mainly involves the
addition of compounds that promote the clumping of fines into larger floc so that they can
be more easily separated from the water [16]. However, the main mechanisms that usually
occur and are mostly responsible for the success of any coagulation of metals are adsorption
and co-precipitation. Hence, the adsorption process is a surface phenomenon, whereby the
substance gets adsorbed on the surface, and co-precipitation only occurs with the help of a
base in a solvent [17]. Therefore, it is hereby speculated that the adsorption mechanism is
often responsible for the coagulation of toxic metal ions from water. However, the choice of
coagulant used and water matrix to be treated contribute to the metal removal mechanism.

Chemically synthesized or polymer-based coagulants have proven to be highly ef-
ficient in trace metal coagulation. However, their presence in the environment and in
human system has been specifically linked to Alzheimer and dementia disorders [18,19].
The severity of their adverse effect on the human system has inspired further investigation
into the generation of highly efficient and environmentally-friendly coagulants that could
serve as a good replacement for toxic coagulants. In our previous studies, a highly efficient
cellulose nanocrystals-based coagulant and its performances in Ni and Cd removal from
water was presented. However, the study of the performance of any green materials in
different water matrices is necessary in order to confirm its robustness.

Consequently, in our study a non-toxic, highly efficient and cheap coagulant has been
utilized for the removal of toxic trace metals from water using both coagulation and adsorp-
tion approaches. The performance of the coagulant was studied using a jar test apparatus
in which the coagulant dose, metal ions concentration and solution pH were varied. The
capacities of the coagulant and the mechanism governing the removal of the three target ions
(Cu, Pb and Fe) were investigated using adsorption techniques. Although the details of the
physicochemical properties of the pristine and modified CNC, such as functional groups,
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structures and surface charge, have been previously reported, the current study focuses on
the properties of the floccules obtained in the subsequent trace metal ions removal.

2. Materials and Methods
2.1. Materials

All chemicals used were of analytical grade. Cellulose nanocrystals (CNC) were supplied
by the Council for the Scientific and Industrial Research (CSIR), Durban, South Africa [20].
The pH of the solution was adjusted with 0.1 mol/L NaOH and 0.1 mol/L HCI, and other
chemicals such as NaNO,, NaHCO3;, HNOj3, CuSOy, PbSOy, and Fe(NO3); were obtained
from Sigma-Aldrich, Pretoria, South Africa.

2.2. Methods
2.2.1. Surface Modification of Cellulose Nanocrystals (CNC)

The extraction process and the details of the synthesis route of utilized cellulose
nanocrystal coagulant have been reported elsewhere [21]. Pristine CNC was modified
in aqueous phase using NaNO, /NaHCOj. The first stage of modification involved the
addition of 0.025 mol/L of NaNO;, to a reactor containing raw CNC under vigorous stirring
at 75 °C for 1 h. Afterwards, 5 mL of nitric acid was added to the mixture as the stirring
continued for a further 24 h. The product obtained was separated by centrifugation at
60 rpm for 40 min, and was then thoroughly washed to remove the unreacted materials
until the pH was near neutral at > 6.5. Sodium nitrite was added to the mixture to
achieve the deprotonation of the CNC and the formation of the sodium salt on the surface
(Figure 1a). In the second stage, conversion of the carboxyl groups (COOH) to carboxylate
groups (COONa) occurred by treating the CNC suspensions with 0.025 mol/L NaHCOs3
solution at room temperature for 30 min. The MCNC was also rinsed with deionised water
until the pH of the material was around 7 (Figure 1b). The addition of sodium bicarbonate
introduced the carbonyl group, which underwent bond opening to yield anionic oxygen
groups on the surface of the material.

2.2.2. Characterization of Synthesized and Spent Cellulose Nanocrystals Coagulants

Details of the characterization of raw CNC and modified CNC have been extensively
reported in our previous study [21]. Nevertheless, the characterization of raw CNC,
modified CNC and the flocs formed after coagulation of the three trace metals (Cu, Pb and
Fe) are also discussed in this study. All of the CNC samples were air dried for 48 h to get rid
of the remaining moisture content prior to any characterization analysis. Fourier transform
infrared (FI-IR) spectroscopy, scanning electron microscopy (SEM), and X-ray diffraction
analytical techniques were used. The FT-IR spectroscopic analysis was performed using
a Perkin Elmer Spectrum 100 spectrometer. The morphology and composition of the
materials were characterized by SEM/EDS using a JEOL JSM-7600F field emission scanning
emission microscope (FESEM), running at 2 kV accelerating voltage. The crystallinity was
analysed using an X-ray diffractometer (XRD) (PANalytical Empyrean) under the following
conditions: 45 mA, 40 kV and monochromatic Cu K« radiation (A = 0.15406 nm) over a
scan range of 20 = 5.0-90.0°.

2.2.3. Coagulation-Flocculation Studies

The CF studies were conducted in conventional jar test stirrers, which allowed six
beakers to be agitated simultaneously. Each jar test consisted of a batch experiment
involving rapid mixing, slow mixing and sedimentation. Each of the trace metals were
investigated separately. A 1 L beaker was filled with 500 mL of trace metals-laden waters,
agitated at the preselected intensity of rapid mixing (200 RPM for 2 min). Afterwards, the
preselected intensity of slow mixing (60 RPM for 20 min) was immediately established.
The beakers were removed from the floc illuminator for a 30 min sedimentation phase.
Subsequently, supernatants were withdrawn from about 25 mm below the surface using a
syringe and analysed using an inductive coupled plasma atomic emission spectrometer
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(ICP-AES, 9000, Shimadzu, Johannesburg, South Africa) to confirm the residual metal
concentration. Each coagulation test was run in triplicate and the result reported is the
arithmetic average result of the three, and the standard deviation was about 0.00002 in all
cases. The flocs were freeze-dried for further characterization. In optimising the solution
pH parameters, a set of experiments was run without coagulant added for each of the trace
metals; it was therefore treated by changes in pH and stirring only, which serve as a pH
control experiment.
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Figure 1. Proposed reaction scheme for the (a) modification of CNC with sodium nitrite (NaNO;), and (b) conversion of the
sodium salt of cellulose to carboxylate anion across the surface of the modified material. Reprinted from [21]. Copyright

(2019), with permission from Elsevier.

2.2.4. Adsorption Studies

The adsorption process was studied by varying the initial concentration of the Cu/Pb/Fe
and reaction temperature in a batch system. Initially, the effect of solution pH and op-
timum dosage were explored between pH 2 and 10 and 5 and 25 mg/L, respectively,
using coagulation mode. pH 7 was considered to be optimum and it was used for the
subsequent adsorption process. It was also confirmed in the coagulation experiment that
5 mg/L MCNC was more favourable for coagulation of all the trace metals in 500 mL of
water, which is equal to 0.5 mg/L MCNC for 50 mL of trace metals-laden water treatment.
Therefore, 0.5 mg/L of MCNC was added to the prepared 50 mL solution of different
concentrations of Pb/Cu/Fe separately in 100 mL plastic bottles under different tempera-
tures in order to determine the effect of temperature and obtain the isothermic data. The
bottles were placed in a thermostatic bath shaker running at a speed of 200 rpm for 24 h.
The samples were then filtered using Whatman filter paper No. 42 and the filtrates were
analysed by ICP-AES to determine the residual concentration of the trace metals.
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3. Results and Discussion
3.1. Characterization Results
3.1.1. Fourier Transform Infrared (FT-IR) Spectroscopy

The details of the functional groups in raw CNC, MCNC, Pb-flocs, Cu-flocs and Fe-
flocs were studied using FT-IR spectroscopy. The spectra were recorded in the range of
400 to 4000 cm ™! as presented in Figure 2. The bands between 3286 and 3486 cm ™! in
all of the samples were attributed to the O-H stretching vibration. A reduction in the
intensity of these bands occurred upon modification, which indicated the participation of
the oxygen atom in the bonding interaction with the NaNO, /NaHCOj3, thereby resulting in
the weakening of the O-H bond strength. The intensity of the band at 1435 cm !, ascribed
to the carbonyl group, increased after incorporating the NaNO, /NaHCOj; and this was
indicative of an enhancement in the crystallinity of this media upon functionalization [22].
The disappearance of the band attributed to the carbonyl group around 1435 cm ! indicated
the participation of the oxygen of this group in a covalent bonding to the metal ions of
Cu, Fe and Pb. The appearance of the C-O band around 1150 cm~! in the spectra of
spent materials (floccules) is a consequence of this bonding interaction, and confirmed the
participation of the carbonyl group in the removal of trace metals from the water [23]. The
band around 1000 cm~! was ascribed to the stretching vibration of C-O, and the additional
band on MCNC at 700 cm ! was due to the symmetric bending mode of NaNO, [24]. The
vibrational band around 2920 cm !, which was the C-H vibration of sp® hybridized carbon,
disappeared upon modification [21]. Surprisingly, this band reappeared on the spectrum
of Pb-flocs, suggesting that this functional group has no impact on the coagulation of Pb as
it does for other metals. Similar results were reported on the coagulation of heavy metals
using another coagulant [25,26].
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Figure 2. FT-IR Spectra of Raw CNC (unmodified), NaNO, /NaHCO; modified CNC, Cu-flocs,
Fe-flocs and Pb-flocs.

3.1.2. Scanning Electron Microscopy Analysis

The microscopic properties of pristine CNC, MCNC and floccules obtained from
Cu/Pb/Fe is presented in Figure 3a—e. The micrograph of pristine CNC displayed a
plane surface with slightly granular particles and fibres (Figure 3a); the granular particles
became more pronounced in the MCNC surface and the pores were distributed across the
samples with a homogenous rough surface (insert Figure 3b). The change in morphological
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properties upon coagulation of the toxic metals can be noticed in Figure 3c-e. The clustered
form of floccules observed during Pb coagulation (Figure 3c) suggests that the reaction
occurred at a specific homogenous site on the surface of the MCNC. However, the floccules
formed in the coagulation of Cu were well distributed across the surface of the MCNC
(insert Figure 3d). The patchy and poorly distributed flocs observed in the Fe coagulation
suggests dual mechanisms in the process (insert Figure 3e) [27].
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Figure 3. SEM images of: (a) Raw CNC (unmodified) (b) NaNO, /NaHCO3; modified CNC, insert Figure 3b: MCNC
x50 p (c) Pb-flocs (d) Cu-flocs, insert Figure 3d: Cu-flocs magnification x60,000 (e) Fe-flocs, insert Figure 3e: Fe-flocs
magnification x60,000.

The elemental composition of the MCNC, Cu-flocs, Fe-flocs and Pb-flocs is summa-
rized in Table 1. As expected, the CNC materials mainly possessed carbon and oxygen. The
observed high percentage of Na in MCNC was due to the functionalization of CNC with



]2021, 4

199

Intensity (a.u)

sodium salt. The presence of Cu, Fe and Pb on their respective spent materials indicated
the success of adsorption/coagulation of these trace toxic metals.

Table 1. EDS analysis of MCNC, and floccules formed during the coagulation process.

Element wt.% MCNC Cu-flocs Fe-flocs Pb-flocs
C 20.21 45.24 46.92 39.9
O 33.15 37.51 33.27 40.5

Na 24.25 2.1 - -
Mg 0.04 0.03 - -
Al 11.09 1.72 0.75 0.14
Si 3.06 0.03 0.69
S 7.30 1.28 44 2.5
Pb - - - 16.34
Cl 0.83 - -
Fe - - 13.92 -
Cu - 12.09 - -
K 0.03 - 0.02 0.62
Ca 0.04 - 0.03 -
Total 100 100 100 100

3.1.3. X-ray Diffraction (XRD) Analysis

The X-ray diffraction patterns of the Pristine CNC, MCNC, Cu-flocs, Fe-flocs and
Pb-flocs displayed peaks associated with the 1 and 13 phases of crystalline cellulose (Cgg
HggOg and CyH19pNgaO16) [19,20] as presented in Figure 4. Peaks at 20 = 45°, 30.1° and
28.6° in the diffraction patterns of MCNC and the metal floccules were due to the presence
of crystalline sodium nitrite and sodium carbonate in these samples [28], suggesting very
strong interactions between sodium units and the cellulose structure [14]. Additional
phases (C36H36N4Og, CajpApgOsg and CisH3p04) were also noticed upon modification
of CNC, which confirmed the presence of modifiers within the lattice of CNC. A shift in
the position of the peak associated with C;Hj9:NgsO16 at 20 = 30 to 24.5° was observed in
the diffraction patterns of Pb-flocs and Cu-flocs, but complete disappearance occurred in
the floccules obtained from Fe coagulation. This suggested a strong chemical interaction
involving CoH192Ng4O14 and trace metals in the solution. In addition, the disappearance
of peaks due to CagAlgSi12OspHp4 from the modified CNC sample upon coagulation of Cu,
Fe and Pb suggested the involvement of these phases in the metal coagulation process [21].
Similar results have been reported in the literature [29,30]
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Figure 4. X-ray diffraction patterns of pristine CNC, MCNC and metal floccules.
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3.2. Coagulation Results
3.2.1. Effect of Metals Solution pH

Coagulation of the trace metals from aqueous solutions using the pristine CNC and
MCNC in a pH range of 2 to 8 are presented in Figure 5a—c. Control experiments were first
conducted to confirm the precipitation of these metals before introducing the coagulant.
It is reported that the rate of precipitation increased with an increase in dissolution rate
as the solution became more concentrated [31]. Therefore, little or no reduction in the
concentration of Cu and Pb were observed in the acidic medium up to pH 7.20; however,
the removal efficiencies obtained from pH 7.20 to 10 might be due to dual mechanisms
suggested to be precipitation and adsorption in Figure 5a,b. An increase in the reduction of
Fe was observed as the pH increased, which was an indication of a precipitation between
pH 3 and 10 (Figure 5c) [32]. Apparently, the pH of the media strongly influences the
removal efficiency of the metals, and the optimum pH 7 is appropriate for the treatment of
water fit for consumption. In general, the modified CNC was observed to perform better
than pristine CNC. Although about 44% removal of Fe occurred via precipitation, prior to
coagulant dosage (Figure 5c), a complete removal of this trace metal was noticed upon the
addition of MCNC. This could be attributed to another type of mechanism, which most
likely would be the adsorption process. There are three proposed steps in the adsorption
process of these trace metals: (1) migration of ions onto the surface, (2) deprotonation
or dissociation of an aqueous complex of Pb/Cu/Fe and (3) surface complexation [33].
Consequently, the adsorption process was investigated in order to confirm the in-depth
mechanism that occurred in the removal of these trace metals. In our previous study [21],
the magnitude of negative charge of the coagulant was reported upon modification, and
this might also reduce the repulsive forces between CNC particles, thereby enhancing the
uptake of the positively charged Cu, Pb and Fe.

— 100 —m— pH Control b
1004 —&—p 1 lontro a —@— Pristine CNC

—@— Pristine CNC —&— Modified CNC

—4A— Modified CNC

Percentage removal (%)

Percentage removal (%)

2 3 4 5 6 7 glg Solution pH

Solution pH = pH Control

100 +4—@— Pristine CNC
—&— Modified CNC

c

Percentage removal (%)

Solution pH

Figure 5. Effects of solution pH on trace metals removal from aqueous solution: (a) Cu (b) Fe (c) Pb
(coagulant dosage 5 mg/L, initial concentration 20 mg/L, volume 1000 mL).
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The solubility in the aqueous systems was reduced due to the loss of sodium ions
during modification (Figure 1). In addition, the presence of the anions in the solution
increased the exposure of MCNC to the complexation reaction with Cu/Fe/Pb through the
coordinate bond as presented in Figure 6. The trace metals were then precipitated out and
separated by centrifugation and filtration [21].
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Figure 6. Proposed reaction scheme for the coagulation of Cu/Pb/Fe on to MCNC.

3.2.2. Effect of Coagulant Dosage

The coagulant dose was varied from 0.5 to 25 mg/L, and Figure 7 presents the trace
metals removal efficiency (%) as a function of coagulant dosage (mg). An increase in
the removal efficiency of Fe and Pb was observed, which corresponded to an increase in
coagulation because of increased availability of active sites. There was an increase in the
removal of Fe and Cu compared to Pb, which confirmed that Fe and Cu ions have higher
affinity for the functional groups embedded in MCNC [21]. The uptake efficiency of Cu
increased with the increase in coagulant dosage from 0.5 to 5 mg/L. However, a drastic
decrease in the removal of Cu ions could be noticed after increasing the dosing from 10 up
to 25 mg/L. This is because the optimum dosage for the removal of trace Cu in aqueous
solutions is 5 mg/L. Therefore, very little coagulant was used per cubic meter of Cu-laden
water, which is one of the major advantage of using the coagulation process in water
treatment. In addition, it must be noted that an overdose of coagulant does not enhance Cu
ion removal from water but, by contrast, results in decreased Cu removal efficiency. This
is because MCNC has reached an equilibrium for Cu ions in the solution, and therefore,
the desorption of initially adsorbed Cu ions is suspected at high coagulant doses due to
continuous stirring. A similar observation was reported in our previous study [28] and
other coagulation-related investigations [13,14].

100
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Percentage removal (%)
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0 5 10 15 20 25
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Figure 7. Effects of MCNC dosage on Cu/Pb/Fe removal from aqueous solution (initial concentration
of (Cu/Pb/Fe): 20 mg/L, pH: 7.20, volume: 500 mL.
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3.3. Adsorption Isotherm Results

The mechanism of the adsorption process is described by the adsorption isotherm
only. This concept relates the equilibrium concentration of trace metals on the surface
of MCNC (qe) to the concentration of the Cu/Pb/Fe in the liquid (Ce) using 25 to 45 °C
temperature ranges as presented in Figure 8 [34]. In general, a direct relationship between
the removal efficiency of trace metals and the temperature was observed and this is an
indication that high temperatures enhanced the rate of diffusion of trace metals across the
surface of the MCNC [35]. Both the Langmuir and Freundlich models were fitted to the
isothermic data. The Langmuir model assumes monolayer adsorption to a homogeneous

surface and is given as follows:
C. G 1
= =4 —
e qm qu m
whereas the Freundlich adsorption model is used to explain the multilayer adsorption on
the surface of an adsorbent in a non-uniform manner; the equation is given below [36]:

)

1
lnqe—lnkf—O—Elan 2)

where:

Ce is the equilibrium concentration (mg/L);

ge is the amount of Cu/Pb/Fe adsorbed on the MCNC at the equilibrium (mg/g);

gm is the maximum adsorption capacity, which describes a complete monolayer
adsorption (mg/g);

ki, is a Langmuir isotherm constant (L/mg) related to the free energy of adsorption;
and kg and 7 are the Freundlich constants.
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Figure 8. Effect of temperature on MCNC and equilibrium data fit to linear plots: (a) adsorption
equilibrium isotherms of Cu; (b) adsorption equilibrium isotherms of Fe; (c) adsorption equilibrium
isotherms of Pb sorption (initial concentration of (Cu/Pb/Fe): 10 to 200 mg/L, pH: 7.20, volume:
50 mL, coagulant dosage: 0.5 mg/L).
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The isotherm parameters for these trace metals’” adsorption were obtained using both
the Langmuir and Freundlich isotherm models, as presented in Table 2. According to
the Langmuir adsorption model and Freundlich adsorption model, the values of (4m)
followed the sequence: Cu?* > Fe?* > Pb?*, which conforms to the performance observed
in the coagulation experiment. The data obtained from the Cu and Pb adsorption fitted
well with the Langmuir adsorption model from the values of the correlation coefficients,
which was indicative of chemical adsorption of these metals (Cu and Pb) on to the MCNC.
Surprisingly, the data obtained from Fe adsorption fitted the Freundlich isotherm model
(Table 2), suggesting that the adsorption sites were uneven and non-specific [37].

Table 2. Summary of isotherm parameters for Cu/Pb/Fe adsorption onto MCNC.

Cu-Adsorption

Langmuir Isotherm Parameters Freundlich Isotherm Parameters

o qm b 2 KF 2
Temperature (°C) (mg/g) (L/mg) R (L/g) 1/n R
25 107.5 2.47 0.995 209 0.42 0.7287
35 1111 2.09 0.999 22.5 0.41 0.7199
45 1111 0.72 0.999 24.2 0.39 0.7365
Pb-Adsorption Langmuir Isotherm Parameters Freundlich Isotherm Parameters
o qm b 2 K 2
Temperature (°C) (mg/g) (L/mg) R (L/g) 1/n R
25 2.55 1.56 0.998 0.58 0.35 0.6651
35 2.62 0.54 0.999 0.64 0.41 0.6371
45 2.82 0.47 0.999 1.75 0.34 0.5596
Fe-Adsorption Langmuir Isotherm Parameters Freundlich Isotherm Parameters
o qm b 2 KF 2
Temperature (°C) (mg/g) (L/mg) R (L/g) 1/n R
25 67.11 12.3 0.9404 7.85 0.49 0.998
35 79.37 22.8 0.7725 8.08 0.53 0.999
45 81.96 17.2 0.8825 8.94 0.55 0.999

Although the adsorption coefficient is greatly consistent with the conditions that
support favourable adsorption, it is suspected that dual mechanisms took part in the Fe
adsorption, whereas the specific adsorption sites were consistent in the adsorption of
Cu/Pb. In all cases, the Freundlich isotherm parameters Kr displayed the same trend as
the temperature increased, as presented in Table 2. Similar observations were reported in
related studies [38,39].

4. Conclusions

Application of efficient products in numerous water matrices is an effective way
to alleviate environmental pressures from water pollution and attain sustainability. A
highly efficient coagulant was successfully developed, characterized and utilized for the
removal of trace metals. X-ray diffraction analysis of the coagulants revealed the presence
of peaks associated with the coagulant material, and additional phases appeared after the
coagulation process that were ascribed to sodium nitrite and sodium bicarbonate used
for modification. The introduction of the coagulants into simulated water containing Fe,
Cu and Pb showed an interplay of coagulation and adsorption processes. SEM analysis
was used to study the surface morphology of the coagulants after the interaction with the
metal ions. The cluster form of floccules observed in the morphology of the coagulants
after interaction with Pb/Cu ions suggested that the reaction occurred at a specific ho-
mogenous site on the surface of the MCNC, whereas Fe-floccules are evenly distributed on
the surface. The performance of the MCNC was affected by the solution chemistry and
process variables. The mechanisms that governed the removal of Pb/Cu/Fe were investi-
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gated using adsorption techniques. Experimental data obtained from the Fe adsorption
conformed to the Freundlich model, indicating that the adsorption sites were uneven and
less non-specific. However, the behaviour of Cu and Pb isothermic data confirmed the
adsorption of these ions at a specific homogenous site on MCNC, which was an indication
of chemisorption processes. Overall, the performance achieved in this study confirmed the
robustness of this material in the removal of trace metals from water.
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