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Abstract

In this work, Mg(OH), functionalized cellulose waste (CW@Mg(OH),) composite was prepared. The CW@Mg(OH), composite was utilized
for the adsorption of Cu(ll) and Fe(11) ions from water and waste sludge streams. The characterization results indicated the successful formation
of Mg(OH), onto cellulose waste surface with high crystallinity and abundant surface functionalities (OH, C-O, and C-OH), which enhanced
the removal % of heavy metals. At optimized adsorption conditions, the maximum monolayer adsorption capacity of CW@Mg(OH), composite
was 488 mg/g for Cu(ll) and 510 mg/g Fe(ll)) at metal concentrations 400 mg/L with solution pH of > 5.2 for both metal ions by 300 min. at
25 °C of system temperature. The experimental data was fitted to the recognized nonlinear isotherm and kinetic models. Energetically, the
removal of Cu(lIl) and Fe(ll) ions using CW@Mg(OH), composite was impulsive and endothermic in nature. The adsorption mechanism of
heavy metals onto CW@Mg(OH), composite is mainly associated with surface adsorption, chemical, and hydrogen bonding due to surface
functionalities as confirmed by FTIR. The CW@Mg(OH), composite was investigated for the recovery of metal ions from microwave-digested
sewage sludge and showed a removal % of (21 and 16 %) for iron and copper, respectively. The prepared CW@Mg(OH), composite is cost-
effective, stable, promising and effective for decontaminating heavy metals from wastewater.
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1. Introduction

The rapid industrial advancement has led to increased wastewater discharge to environmental bodies. In this context, water
pollution associated with the existence of hazardous metals such as copper, lead, iron, and arsenic poses a serious and
devastating impact on the environment [1]. These heavy metals can enter waterways through different industrial activities such
as mining, manufacturing, and agricultural runoff containing pesticides etc. [2]. Additionally, deteriorating lead pipes and
corrosion of metal infrastructure can leach heavy metals into drinking water [3]. The excessive presence of heavy metals,
including (Fe, Pb, and Cu) in drinking water subsequently causes severe human health issues, including damage to the human
nervous system, learning disabilities, behavioural problems, vomiting, stomach cramps, etc. [4]. As per the World Health
Organization (WHO) regulations, the allowable concentration of Fe, Cu, and Pb in water bodies should be 0.3, 2.0, and 0.01
mg/L, respectively [5]. Therefore, it is essential to effectively decontaminate and purify wastewater. Combating heavy metal
contamination in water requires an appropriate treatment method. Numerous physical and chemical remediation techniques
exist to remove heavy metal contamination, including adsorption, io-exchange, membrane filtration, coagulation-flocculation,
etc. [6][7]. These methods have some merits and demerits that limit their suitability for wastewater purification applications
[81[9]. Among all studies methods, the adsorption is considered an easy and efficient technique to extract toxic metal ions from
wastewater [10]. This is due to several factors, including high removal efficiency, low cost, easy operation, broad selectivity,
and particularly in case of mixed contamination [11] [12]. However, the cost of the adsorbent material and low regeneration
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performance limit its potential for commercial applications [13]. Therefore, scientists are exerting efforts to design low-cost and
sustainable adsorbents to effectively remove the heavy metals in wastewater.

During the past couple of decades, the utilization of low-cost adsorbent materials for water purification has received
enormous interest [14]. Specifically, cellulose-based materials received significant attention due to their abundance,
biodegradability, and less toxicity than other industrial wastes [15]. Cellulose is a low-cost adsorbent material, but its application
is still limited due to its low affinity towards heavy metals and low regeneration performance. Therefore, the functionalization
of cellulose-based materials may be expected to improve physicochemical characteristics and thus increase the adsorption
capacity for heavy metals [16]. For example, office paper waste integrated with chitosan resulted in an aerogel exhibiting
improved physical and chemical properties, including high mechanical stability and acid resistance, with a higher sorption
capacity for Cu(I) of around 156.3 mg/g [17]. In another work, the waste newspaper was used as a low-cost matrix loaded with
graphene oxide. The author reported promising removal of Pb?* Ni®* and Cd?* with adsorption capacities of 75.41 mg/g, 29.04
mg/g, and 31.35 mg/g, respectively. In addition, the graphene oxide-loaded newspaper waste showed promising removal
efficiency for lignin and COD in bleaching effluent indicating economical and promising material for enhanced adsorption of
heavy metals [18]. Similarly, carboxymethylation of textile waste fabrics exhibited an excellent affinity for Cd(Il) ions and
showed up to 70% uptake of Cd(Il) from water using a fixed bed column [19]. Previous studies revealed that the
functionalization of adsorbent using magnesium is a promising approach [20]. This is associated with ease in synthesis and
abundance of magnesium reserves in natural sources including salt lakes, seawater, etc[20]. The low cost, ease of availability,
and non-toxicity of magnesium are promising materials to functionalize with low-cost adsorbent material, which resulted in
green adsorbent material with a strong affinity towards heavy metals [21]. Wang et al., [22] coupled microcrystalline cellulose
(MCC) and magnesium hydroxide (MgOH) to produce a novel composite for enhanced adsorption of Co(ll) ions from water.
The author reported that MCC-MH removed 97.67% of Co at pH 6-8 with an adsorption capacity of 153.84 mg/g. The MCC-
MH indicated promising Co(ll) ions removal after five consecutive regenerative cycles [22]. Similarly, silica-decorated with
MgO and NiO nanoparticles was used to remove Zn?* Cu?*, and Cr3+ from wastewater. The author observed that the presence
of MgO and NiO in the silica matrix significantly lowered the adsorption rate, and Cr3+ removal was achieved in 2 minutes. In
contrast, Cu(ll) and Zn(I1) maximum adsorption was attained in 30 and 60 minutes, respectively [23].

In this study, the waste paper as the source of cellulose was collected from the waste box in the waste treatment industrial
laboratory of the Department of Environment, King Abdulaziz University (KAU), Jeddah, Saudi Arabia, and modified with
magnesium hydroxides using the coprecipitation method. The resultant composite is characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM) to evaluate the chemical
functionalities, crystallinity, and surface structure. The cellulose waste magnesium hydroxide composite (CW@Mg(OH)2 was
investigated for the adsorption of Fe(ll) and Cu(ll) ions from water and wastewater. The influence of influential adsorption
parameters such as solution pH, contact time, initial heavy metal concentration, and temperature was investigated. Kinetic and
isotherm modeling was performed to evaluate the sorption nature and mechanism of CW@Mg(OH).. The prepared adsorbent
was evaluated at optimized adsorption conditions for the extraction of heavy metals from digested sewage sludge wastewater
samples to assess the potential application of CW@Mg(OH):2 as a sustainable, economical, and efficient adsorbent to remove
and recover heavy metal ions from wastewater streams. The prepared CW@Mg(OH)2 composite was cost-effective, stable,
promising, and effective in decontaminating heavy metals from wastewater.

2. Material and Methods
2.1 Reagents

The pure analytical grade of chemicals/reagents was used directly in this study. The sodium hydroxide (NaOH) and
magnesium chloride hexahydrate (MgClz2-6H20) were obtained from the Tianli Chemical Reagent Manufacturing Co., Ltd.
(Tianjin, China). The metal salts such as ferrous sulfate (FeSO4-7H20) and copper sulfate (CuSO4.5H20) were collected from
BHD Chemical, Poole, England. DR/6000 UV-visible spectrophotometer was used to analyze both the Fe(ll) and Cu(ll)
solutions using (cat. 1037690) and CuVer 1 copper reagent (cat 2105869), respectively.

2.2 Synthesis of adsorbents

2.2.1 Preparation of cellulose waste(CW)

The cellulose waste (CW) was modified from the source of waste tissue paper. The waste tissue paper was collected from
different waste boxes around the Department of Environment, King Abdulaziz University (KAU), Jeddah, Saudi Arabia. The
tissue paper was sterilized using UV light for 2 hours and washed with hot and cold water. Finally, the sterilized tissue papers
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were kept in the oven for 24 hours to dry at 105 °C. After that, the dried cellulose waste was ground with a grinding machine
(Rebune, model # RE-2-006, China) and stored for further composite synthesis steps.

2.2.2 Cellulose waste@magnesium hydroxide composite (CW@Mg(OH)2)

To prepare the composite, nearly 3.0 g of magnesium chloride hexahydrate (MgCl.. 6H20) was weighed and mixed with 70
mL of distilled water. Further 1.0 g of sterilized tissue paper cellulose was added in the same solution and continuously stirred
to obtain a homogenous solution. The hydroxide precipitate was formed by adjusting pH at around 11 using 0.1M NaOH. The
solution was transferred to a hydrothermal reactor for 4 h at 150 °C. The reactor was removed and cooled down to 25 °C. The
CW@Mg(OH)2 composite was separated, washed, and dried at 80 °C. Finally, the modified adsorbent was then ready for
adsorption application.

2.2.3 Characterization of modified adsorbents

The surface structure of CW@Mg(OH). composite was scanned via SEM (JEOL, Tokyo, Japan). The crystal structures of
the adsorbents were recorded by PAN analytical X Pert PRO 3040/60 XRD machine from the Netherlands. Fourier transform
infrared spectrophotometer (FT-IR, Berlin, Germany) analyzed the surface functionalities of the CW@Mg(OH). composite.

2.2.4 Batch adsorption studies

In this work, the batch adsorption experiments were conducted by taking 200 mg of CW@Mg(OH)2 composite plastic vials
containing precisely 20 mL of Cu(ll) and Fe(ll) solutions at fixed concentrations in separate conical flasks. A solution of 0.1 M
HCI and 0.1M NaOH was used to adjust the pH of the solution. The residual of metal ions was filtered using polyethersulfone
(PES) 0.22 m microfilters. After the adsorption of Cu(ll) and Fe(ll) onto CW@Mg(OH)2 composite, the HACH DR-6000
spectrophotometer was used for determining the residual concentrations of Cu(IT) and Fe(II) solutions at Amax 560 nm for Cu(ll)
and Amax 562 nm for Fe(ll), respectively. The following equations were applied for the determination of adsorption capacity
onto CW@Mg(OH)2 composite;

R% =(Co-Ct)/Co*100 (1)
ge(mg/g)=(Co-Ce)V/m 2
qt(mg/g)=(Co-Ce)V/m 3)

Where R is the removal of heavy metals in %, ge is the adsorption capacity of used metal ions at equilibrium in mg/g, qt is
the adsorption capacity of used metal ions at time t in mg/g, Ctis the remaining concentration of metal ions at time t in mg/L,
Ce is the remaining concentration of metal ions at equilibrium in mg/L, Co is the initial concentration (25 to 1000 mg/L) of
Cu(ll) and Fe(ll) ions in mg/L, V is the volume of solution in liters and m is the dry weight of CW@Mg(OH)2 composite.

3. Results and Discussion
3.1. Characterization of CW@Mg(OH)2 bio-composite
3.1.1 FTIR analysis

Fig.1a shows the change in the chemical structure of CW@Mg(OH)2 before and after the adsorption of Cu(ll) and Fe(ll)
ions. The FTIR spectra of pristine CW@Mg(OH): indicate the formation of abundant surface functional groups, including OH,
C-0, and C-O-H. The broad peak appeared at 3258 cm™* which is attributed to the hydroxyl (OH) stretching vibration from
Mg(OH)2 nanorods [26]. The strong and sharp peak at 1023 cm! corresponds to the C-O groups of cellulose. In addition, the
peaks observed at 1412 and 1591 cm* were associated with bending vibrations of water molecules adsorbed onto the surface of
CW@Mg(OH)[27]. The FTIR spectra of CW@Mg(OH): after Cu(ll) and Fe(Il) adsorption significantly changed, indicating
the reduction in peak intensities and the appearance of new peaks. For instance, the hydroxyl group peak at 3258.7 cm
decreased to low intensity and almost disappeared after Cu(ll) and Fe(ll) adsorption. This is attributed to the strong interaction
of hydroxyl groups on CW@Mg(OH)2 with heavy metals forming hydrogen bonds. Moreover, the sharp peak at 1023 cm?
represents C-O groups that showed a decrease in intensity after Fe(ll) adsorption. Interestingly, a new peak was observed below
600 cm* after Cu(Il) adsorption. This corresponds to the metal oxide formation (Cu-O, O-Cu-O) [28] after adsorption. The
FTIR results confirm that the surface functional groups onto CW@Mg(OH)2 composite are dominant for enhanced uptake of
Cu(ll) and Fe(ll) ions via chemical interactions.

3.1.2.  XRD analysis

The crystalline structure CW@Mg(OH)2 composite is analyzed by X-ray diffraction, and the results are depicted in Fig.1b.
As shown, the characteristics peaks at 2 theta 16.7 o and 23.88° is attributed to the index plane of (110) and (200) of cellulose
component, respectively [29]. The peaks at 35.1°, 38.76°, 51.64°, 59.1° and 63.06° of index plane of (100), (101), (102), (110)
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and (111), respectively [30]. These are the crystalline peaks of Mg(OH)2, which confirm the homogeneous decoration of
crystalline Mg(OH): particles onto the surface of cellulose. This demonstrated that the prepared composite is highly crystalline,
which may have been expected to facilitate the uptake of Cu(l1) and Fe(ll) ions. Previous studies investigated modified Mg(OH)2
composites for the remediation of heavy metals contamination and demonstrated similar conclusions [24] [31].
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Fig. 1: (a) FTIR spectra of CW@Mg(OH), composite before and after adsorption (b) XRD of CW@Mg(OH), composite

3.1.3.  SEM analysis

Fig. 2 and 3 show the changes in the surface structure of CW@Mg(OH)2 composite after adsorption of heavy metals. As
seen in Fig. 2 (a-c), the microstructure of CW@Mg(OH): after Cu(ll) adsorption at different magnifications (10, 50, and 100
pm) indicates the partial coverage of CW@Mg(OH): fibrous surface with Cu(ll) particles. Li et al., [24] reported similar surface
features after Cu(ll) remediation using FesOs@Mg(OH)2[24]. In contrast, the morphology of CW@Mg(OH). after Fe(ll)
adsorption, as displayed in Fig. 3 (a-c) at magnifications (50x-2500x) indicates a denser surface attributed to the complete
coverage of CW@Mg(OH)2 composite surface with Fe(ll) ions. This is a recognition of CW@Mg(OH)2 composite exhibited a
strong affinity for Fe(Il) ions compared to Cu(ll) ions. This is mainly attributed to the existence of Mg(OH)2 on the
CW@Mg(OH): surface, which chemically interacted with Fe(ll) ions and then Cu(ll). Shen et al. [25] reported high adsorption
of Fe(ll) compared to other heavy metals using Mg(OH): ultra-thin sheets within 6 min equilibrium time [25].

Fig. 2: SEM images of after Cu(ll) adsorption-precipitation onto CW@Mg(OH); at (a) 50x, (b) 500x ,(c) 2500x of magnificent.
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Fig. 3: SEM images of after Fe(ll) adsorption-precipitation onto CW@Mg(OH)2 at (a) 50%, (b) 500x, (c) 2500x of magnificent.

3.2. Adsorption performance of CW@Mg(OH)2 bio-composite
3.2.1. pH Effect
The influence of initial pH on the sorption capacity of CW@Mg(OH): for the removal of heavy metal ions was evaluated

from a pH range of 2 to 5.3, and the results are displayed in Fig. 4. This demonstrated that for both heavy metals, the increase
in pH from 2-5.3 linearly improved from 100 mg/g to approximately 250 mg/g. The maximum adsorption performance was
achieved at pH >5, which is approximately 250 mg/g and 300 mg/g for Cu(ll) and Fe(ll), respectively. The low adsorption
capacity of a composite at an acidic solution pH<5 is mainly associated with the formation of excess positively charged hydrogen
ions onto the adsorbent surface, which act as competitive cations and reduce the sorption of Cu(ll) and Fe(Il). An increase in
pH from 2-5 lowers the number of H* ions, allows easy accessibility of heavy metals onto adsorbent surfaces and promotes
interaction with surface functional groups via chemical and hydrogen bonding, as confirmed by FTIR analysis. Previous studies
reported similar behaviour for the remediations of heavy metals using different adsorbents [32][33].
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Fig.4: Effect of solution pH on adsorption-precipitation of Cu(ll) and Fe(ll) onto CW@Mg(OH), composite (Conditions: concentration 400
mg/L, contact time 300 min., adsorbent mass 0.02 g).

3.2.2. Contact time effect and kinetic modelling
Fig. 5a displays the effect of the adsorption process time from 0 to 300 min for the remediation of heavy metals by

CW@Mg(OH)2 composite at an initial metal ion concentration of 400 mg/L and pH 5.2 for Cu(ll), and 5.3 for Fe(ll). As seen,
the adsorption rate for both heavy metals was faster for the first 60 min, reaching a maximum sorption capacity of 100 mg/g for
Cu(ll) and Fe(Il). Further, increasing the adsorption time to 150 min enhanced the sorption capacity to 200 mg/g. This is
associated with the complete coverage of active sorption sites on the adsorbent surface, which strongly interact with heavy
metals via physical and chemical interactions [34]. However, a negligible increase in adsorption capacity was observed after
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300 min, indicating that within 300 min., equilibrium was achieved [35]. The maximum adsorption capacity of CW@Mg(OH):
composite for Cu(ll) and Fe(Il) was found to be 257 mg/g and 305 mg/g at 300 min. The high sorption capacity of composite
for Fe(ll) compared to Cu(ll) is mainly associated with the formation of strong chemical interaction of composite surface
functional groups with Fe(ll) as confirmed by FTIR analysis after adsorption (Fig 1a). The rapid rate of adsorption of
CW@Mg(OH)2 composite followed by slow adsorption is mainly attributed to strong chemical interactions between heavy
metals and active binding sorption sites of Mg(OH)2 and oxygen functionalities [36], respectively.
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Fig. 5. (a) Effect of contact time of Cu(ll) and Fe(lIl) of adsorption-precipitation onto CW@Mg(OH)2 composite; (b c) kinetic plots of pseudo
first order, second order and Elovich models (Conditions: concentration 400 mg/L, pH 5.2 for Cu(ll), 5.3 for Fe(ll); adsorbent mass 0.02 g).

To further evaluate the sorption behavior of Cu(ll) and Fe(Il) onto the surface of CW@Mg(OH). composite, kinetic models
such as Elovich, Pseudo-first order, and Pseudo-second order were fitted to the kinetic data. The R? and RMSE were among the
criteria used to identify the best-fitted models. Fitting the models to the adsorption results in this study also took into account
how closely the colculated and experimental results matched. The mathematical expression of RMSE and R? is as follows.

RMSE =-L¥™  (gexp — qcal)? 4)

n-1

2 _ 14 _ Y (qexp—qcal)2
RE=1 Y (qexp—qcal)2+(qexp—qcal)2 (5)

Herein, Cu(ll), and Fe(ll) experimental and calculated adsorption capacities are denoted as ¢®® and q° (mg/g). The number
of data points is represented by n. The non-linear plots and estimated parameters of respective kinetic models are presented in
Fig. 5(b c) and Table 1, respectively. As shown, for the adsorption of Cu(ll), the correlation coefficients (R?) for all applied
models is >0.99 indicating good fitting involving both physical and chemical interactions [37]. In addition, the root mean square
deviation (RMSE) for the Elovich model (RMSE=6.59) is found lower than that for pseudo-first-order (RMSE=9.074) and
pseudo-second-order (RMSE= 7.576). Based on RMSE results, the interaction Cu(ll) ions with the CW@Mg(OH)2 composite
surface can be well described by the Elovich model [37]. This is associated with chemisorption processes such as chemical and
hydrogen bonding, which significantly facilitates the uptake of Cu(ll) ions on CW@Mg(OH)2 composite [38]. Similarly, the
value of R? is >0.98 for the fitted model on Fe(ll) kinetic data. The values of RMSE are found in the range of
PFO>PSO>Elovich, which suggests that the sorption of Fe(Il) ions onto the CW@Mg(OH)2 composite is mainly governed by
chemical interactions. Interestingly, the adsorption rate as estimated using a pseudo-first-order model (Table 1) is slightly lower
for Fe(I1) (k¢=0.006 min-t) than Cu(ll) ((k1=0.007 min), indicating fast and better affinity of composite for Fe(ll) than Cu(ll).
This is mainly associated with stronger chemical interactions involved between surface functionalities (OH,C-O) of composite
and Fe(ll) ions.
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Table 1. Kinetics parameters for the adsorption of Cu(ll) and Fe(ll) onto CW@Mg(OH), composite

Kinetic model Parameters Cu(ll) Fe(ll)
Pseudo-first order: ge (Ma/qg) (exp.) 274.00 312.00
_ (—kgt) 01 (mg/g) (cal) 287.309 35238
) —qe(l—e © il
ki(min) 0.00762 0.00647
R? 0.990871 0.98281
RMSE 9.074170 14.69
Pseudo-second order: ge (Mg/g) (cal.) 388.5610 491.57
q2k,t
q, = — 2 (7 ka2 (9/mg min?) 1.68383 1.068
[kz (ge )t +l] R? 0.993636 0.9839
RMSE 7.576080 1421
Elovich model: a (mg/g min?) 3.0874440 3.041
1 B (mg/g) 0.0084718 0.0064
9 = E In (aﬂt ) ®) R? 0.9951756 0.9849
RMSE 6.5967572 13.764

Table 2: Isotherm parameters for the Cu(ll) and Fe(l1) adsorption onto CW@Mg(OH), composite

Isotherm model Parameters Cu(ll) Fe(ll)
Langmuir gm (Mg/g) 488.00 510.00
q.k C K. (L/mg) 0.0044 0.0045
— Jdm7L™e ©) R? 0.9988 0.9990
e RMSE 5.8515 5.7641
1+k,C,
Freundlich N 10.403 11.504
1 K¢ (mglg) 15.1345 2.3543
_ n R? 0.9895 0.9963
e kFCe (10) RMSE 9.219 11.208
Temkin bt (J/mg) 20.35 21.3400
Kt(L/mg) 0.160003 0.17000
qe =br xIn(Kr xCe) (11) R? 0.889724 0.89825
RMSE 50.15803 59.1509
Redlich-Peterson Krp (L/9) 3.9343 4.7284
Krp. Ce age (LIMg) 0.00924 0.01224
qe = — (12) B 0.01015 0.84664
1+agp Ce R2 0.9982 0.99915
RMSE 4.4885 5.39855

3.2.3. Initial metal concentration effect and isotherm modeling
Fig. 6a shows the influence of change in initial metal (Cu and Fe) concentration (50-1000 mg/L) on the adsorption capacity

of CW@Mg(OH)2 composite at pH 5.2 for Cu(ll), 5.3 for Fe(l1), contact time 300 min, and temperature 30 °C. As seen, the rise
in initial metal ions concentration resulted in linear enhancement in the adsorption capacity of the composite. For instance, the
adsorption capacity of CW@Mg(OH)2 composite for Cu(ll) and Fe(Il) significantly increased from 40-450 mg/g when the
initial metal concentration rose from 25 to 1000 mg/L. The increase in sorption performance at elevated metal ions concentration
is mainly associated with increased mass transfer phenomena due to the presence of abundant metal ions in solution [39]. This
resulted in complete coverage of the active sorption sites in the composite surface. The results are consistent with previous

studies that investigated the adsorption performance of metal ions using different adsorbents [10][40].
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Fig. 6. (a) Effect of initial concentration of Cu(ll) and Fe(Il) of adsorption-precipitation onto CW@Mg(OH)2 composite (b c) nonlinear
isotherms plots for the adsorption of Cu(ll) and Fe(Il) onto CW@Mg(OH)2 composite (Conditions: concentration 400 mg/L, pH 5.2 for
Cu(Il), 5.3 for Fe(ll); contact time 5 hrs, adsorbent mass 0.02 g).

The adsorption mechanism of heavy metals onto CW@Mg(OH)2 composite was further determined using isotherm models.
In this work, three widely used models, Langmuir, Freundlich, and Redlich Peterson, were fitted to equilibrium data, and their
non-linear plots are depicted in Fig. 6(b c). The isotherm parameters are estimated using non-linear equations, and the results
are listed in Table 2. It is observed that for the adsorption of Cu(ll), the Langmuir and Redlich Peterson dominantly provide
better fitting than Freundlich and Tempkin, with the highest R? values (0.998 for Cu(ll)). Whereas for Fe(ll), Langmuir,
freundlich and redlich Peterson showed high R?value of 0.999. In addition, for both metal ions, the estimated RMSE for Redlich
Peterson is found to be the lowest compared to Langmuir and Freundlich models. This indicated that the adsorption of both
metal ions (Cu and Fe) can be well described by the Redlich-Peterson model. Interestingly, the value of § from the Redlich-
Peterson model approached zero and unity for C(I1) and Fe(ll), respectively.

This implies that Cu(Il) adsorption is mainly governed and dominated by monolayer adsorption. Similar behaviour was
reported by Liu et al., [41] for the adsorption of Cu(ll) using sodium alginate/carboxymethylcellulose/magnesium hydroxide
hydrogels [41]. Meanwhile, for Fe(ll), the adsorption mechanism predominantly involves multi-layers on the composite surface
associated with chemical and physical interactions [42][43]. The maximum monolayer Cu(ll) and Fe(Il) adsorption capacities
of 488 mg/g and 510 mg/g, respectively, for the CW@Mg(OH). composite, were estimated at the initial metal concentration
(400 mg/l), pH (5.2), contact time (300 min) and temperature (30 0C). The sorption capacity of CW@Mg(OH)2 composite for
Fe(ll) was relatively greater than Cu(ll) (Table 2). This further strengthens affinity of CW@Mg(OH)2 composite surface
functionalities with Fe(ll) ions via chemical and physical interactions [44][45].

3.2.4. Temperature effect

The influence of adsorption temperature on the adsorption capacity of CW@Mg(OH)2 composite for heavy metals was
evaluated at temperatures ranging from 30 to 50 °C. The results are depicted in Fig. 7. It was shown that for both Cu(ll) and
Fe(I1), the adsorption capacity of CW@Mg(OH)2 composite improved with increasing process temperature. For example, for
Cu(ll) ions, the adsorption capacity of CW@Mg(OH)2 composite was found to be 240 mg/g at 30 °C, which was increased to
275 mg/g when temperature increased to 50 °C. Similarly, in case of Fe(ll), the adsorption capacity of the composite increased
300 mg/g to 351 mg/g when the temperature increased from 30 to 50 °C. The results confirmed that the adsorption process is
endothermic and relatively favorable at higher temperatures.
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Fig.7: Effect of temperature of Cu(ll) and Fe(Il) adsorption-precipitation onto CW@Mg(OH)2 composite (Conditions: concentration 400
mg/L, pH 5.2 for Cu(ll), 5.3 for Fe(ll); contact time 5 hrs; adsorbent mass 0.02 g).
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3.2.5. Comparison with other adsorbents

The adsorption performance of CW@Mg(OH)2 composite for the removal of Cu(ll) and Fe(ll) was compared with
previously studied Mg(OH). based composites and other low-cost sorbents, and the results are listed in Table 3. The results
indicated that the composite fabricated in this work showed a comparatively higher adsorption performance of both metal ions
(Cu and Fe) compared to various studies of Mg(OH)2 based composites and other adsorbents. For instance, a composite of
Sodium alginate decorated with carboxymethyl cellulose and magnesium hydroxide and magnesium hydroxide-supported
activated carbon showed an adsorption capacity of 215.68 mg/g) and 58.88 mg/g for Cu(Il) which is almost 50-80% lower than
CW@Mg(OH). composite (488 mg/g). Moreover, the adsorption capacity of CW@Mg(OH)2 composite for Fe(ll) is almost 5-
20 times higher than that of previously reported adsorbents (Table 3). The results clearly confirm that prepared CW@Mg(OH):
composite is an eco-friendly and promising material exhibiting superior affinity and high adsorption performance for heavy
metals from wastewater.

Table 3: Comparison of adsorption capacity and parameters of Cu(ll) and Fe(l1) onto other adsorben

Adsorbent pH | Temperature gm (Mg/Q) Ref
(*C) cu(ln Fe(ll)

Sodium 5 25 215.68 - [41]
alginate/carboxymethylcellulose/magnesium
hydroxide
Al-Alg/GO/AIOOH 5.5 30 83.0 [46]
Magnesium hydroxide-modified activated 7 25 58.88 - [471]
carbon '
CMC/GO/PANI 53 30 247.69 [48]
Mg(OH).@GO-coated activated carbon fiber 5 25 4395 - [36]
cloth '
SiO2/CuFe;04/polyaniline 55 30 285.71 416.67 [49]
Activated clinoptilolite 3 - - 104.0 [50]
Bentonite - - - 16.65 [51]
E. coli biofilm supported on kaolin 3 - - 16.5 [52]
Pretreated orange peel 18.19 [53]
Cellulose waste-Mg(OH), composite 5-5.3 30 488 510 This study

3.3. Microwave acid extraction of Cu(l1) and Fe(l1)

The extraction of Cu(l1) and Fe(l1) from sewage sludge was performed at different microwave temperatures (80-160 °C) and
nitric acid ratio (5-20), and the results are displayed in Fig. 8( a b). As seen, at temperature 80 °C, a higher % extraction of
Cu(ll) of 23% was observed at 15:1 (HNO3:HCI). As the microwave extraction temperature increased to 120 °C, the highest
Cu(ll) was found at 10:1 (HNOs:HCI). In contrast, a further increase in microwave extraction temperature to 160 °C
demonstrated a reduction in Cu(ll) extraction to 21% at 20:1 (HNO3:HCI). In the case of microwave extraction for Fe(ll), the
results as depicted in Figure 8b demonstrated that the % extraction of Fe(ll) improved with increasing microwave temperature
and decreasing HNO3:HCI ratio. For instance, at 5:1 (HNOz:HCI), the % extraction of Fe(ll) was 21% at a microwave
temperature of 80 °C, which was increased to 24% when the temperature enhanced to 160 °C at the same HNO3:HCI ratio. The
results confirmed that microwave temperature and HNO3:HCI ratio significantly influence % extraction of Cu(ll) and Fe(ll)
and appropriate conditions should be selected for high extraction of metal ions.
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Fig. 8: Microwave extraction of (a) Cu(ll) and (b) Fe(Il) at varied temperatures and acid ratios.

3.4. Heavy metals removal from industrial sludge

The CW@Mg(OH), composite was utilized for the remediation of heavy metals (Fe and Cu) in real digested
sludge sample, and the results are shown in Fig. 9. The % composition of heavy metals in the digested sludge
sample is shown in Table S1. The adsorption experiment was conducted at varied pH (5,7, and 12) and fixed
contact time (360 minutes), composite dosage (0.1 g), and temperature (30 °C). The adsorption results are shown
in Fig. 9. As expected, the % removal of Fe and Cu ions increased with an increase in solution pH 5-12,
associated with the precipitation of metal ions above pH>5. At all pH values, the uptake of heavy metals using
CW@Mg(OH). composite was found as Fe>Cu. At a pH value of 5, the % removal of Fe and Cu, was 24.5 and
16, which increased to 29 and 28 % when pH increased to 7. The results demonstrated that the prepared
CW@Mg(OH), composite exhibits great potential to effectively recover precious heavy metals from real
wastewater streams.

60

% Removal

Solution pH

Fig. 9: Recovery of heavy metals from digested sewage sludge using CW@(MgOH)2

4. Conclusions

Mg(OH)2-nanorods decorated cellulose waste (CW@Mg(OH)2) composite was synthesized using the co-precipitation
method. The CW@Mg(OH)2 composite was used for the remediation of Cu(ll) and Fe(ll) ions from water and waste sludge
streams. The characterization results indicated the successful formation of Mg(OH)2-nanorods onto cellulose waste surfaces
with high crystallinity and abundant surface functionalities (OH, C-O, and C-OH), which may have been expected to enhance
the uptake of heavy metals from water. The adsorption of heavy metals using CW@Mg(OH)2 composite was influenced by
initial solution pH, initial metal concentration, contact time, and temperature. The kinetic results were better demonstrated by
the Elovich model, which indicates that chemisorption is the dominant mechanism. The Langmuir and Redlich-Peterson model
showed higher fitting to equilibrium data for the adsorption of Cu(ll) and Fe(ll), which showed monolayer and multilayer
adsorption. The maximum monolayer adsorption capacity for Cu(ll) and Fe(ll) was 488 mg/g and 510 mg/g, respectively. The
adsorption of Cu(ll) and Fe(Il) was favorable at elevated temperatures and endothermic in nature. The adsorption mechanism
of heavy metals onto CW@Mg(OH)2 composite is mainly associated with surface adsorption and chemical and hydrogen
bonding with surface functionalities as confirmed by FTIR and SEM analysis after adsorption. The composite showed %
removal of (24.5 and 16) for Fe and Cu from real microwave-digested sewage sludge. The composite exhibited promising
characteristics for heavy metals removal and can be utilized as a low-cost and sustainable material for the remediation of heavy
metals contaminated water.
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