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Agroindustry annually generates enormous amounts of residues, and their re-utilization is a convenient approach
to mitigate environmental pollution and increase energy savings. Rice husk (RH) is one of the most widely
available agricultural wastes in many countries of the world. RH and its ashes are often used directly for
manufacturing and synthesizing new materials with added-value features. In this work, the preparation of
composite materials for wastewater treatment has been explored by producing and testing mesoporous iron-
oxide/RH composites for heavy metal adsorption. The composites were fully characterized and their applica-
tion to the removal of Pb>* and Cu®" ions from model aqueous solutions at different pH values was tested to
evaluate their adsorption performances and select those materials more suited for realistic applications. Our
results indicated that the composite materials exhibited higher metal adsorption capacities than the pristine
carbonized RH and the iron components, highlighting a synergism between the carbonized RH and iron-oxide

phases.

1. Introduction

Many industries, such as metal plating, mining, tanneries, painting,
and car manufacturing, as well as agricultural activities dealing with the
use of fertilizer and fungicidal compounds, are among the main ones
responsible for heavy-metal contamination of aqueous waste streams [1,
2]. Heavy metals are not biodegradable and because of their high sol-
ubility in aquatic environments tend to accumulate in living organisms,
causing various diseases and disorders [2,3]. To reduce heavy metal
pollution, different treatment processes for decontaminating waste
streams, have been developed. The main treatment processes for heavy
metal removal from wastewaters include lime precipitation, coagula-
tion, foam flotation, filtration, use of membrane, ion exchange, aerobic
and anaerobic treatments, oxidation processes, solvent extraction,
adsorption, electrolysis, microbial reduction, and activated sludge [2].
Unfortunately, most of these methods require a not negligible financial
input and their use is restricted because of cost factors overriding the
importance of pollution control [4,5]. Besides, many of these methods
are very effective under steady pollutant concentrations, a property that
is rarely achieved with real wastewater.
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Among the different available wastewater treatment technologies,
the process based on the use of solid sorbents is considered the best
choice because of its low execution costs, ease of operation, simplicity of
design, and fast adaptation to variable pollutant concentrations [4,5]. In
addition, the adsorption process can remove/minimize different types of
pollutants and thus it has a wide applicability in water pollution control.

Given these potentialities, several commercial materials have been
extensively investigated as adsorbents in water pollution control. The
most studied ones include silica gel, activated alumina, zeolites, and
activated carbons. State-of-the-art research is focused on the design of
adsorbents matching performances and competitive costs for effective
water pollution control. In the end, safe disposal of pollutants-laden
adsorbents is another important topic of concern that should not be
overlooked [6].

The interest in carbon-rich adsorbents derived from agricultural and
household biomass residues for the sequestration of different types of
pollutants (dyes, heavy metals, and crude oil components) has
constantly increased [7,8]. These adsorbents exhibited numerous ad-
vantages over non-carbonaceous materials: they are chemically and
thermally stable, they are characterized by very high pore volumes and
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Table 1

Materials composition. C and H weight percentage contents have been measured
by ultimate analysis; ashes have been determined by TG after combustion in
pure oxygen at 800°C (the maximum relative error observed was +0.75 % of the
average values).

C H Ashes Others*

(Wt%) (Wt%) (Wt%) (Wt%)
cRH 42.3 1.5 47.6 8.6
FM <0.03 <0.07 >99.9 -
cRH,, 44.5 1.06 42.47 11.97
cRHnaon 78.8 1.09 7.11 13.00
cRH-FM 43.7 0.43 52.16 3.71
cRHna0on-FM 73.7 1.11 16.9 8.29

" Evaluated by difference and including nitrogen, oxygen, and non-metals
elements

Table 2

Textural characteristics.
Sample BET area Vi (p/p°=0.99) \A

m%/g em®/g 1072 em®/g

cRH 162 0.102 2.46
cRHw 107 0.077 2.49
cRHyaon 335 0.370 10.1
cRH-FM 199 0.232 4.89
cRHnaon-FM 371 0.360 13.7
FM 136 0.327 3.11
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Fig. 1. FTIR spectra of the materials acquired on KBr pellets in the
500-3900 cm ! range.

specific surface areas, they show high adsorption capacity and
outstanding cycling performances, they can be easily produced by a
combined pyrolysis/activation process and they can be regenerated
easily [7,8]. Moreover, their native hydrophobic nature leads to their
adsorption efficiency in the gas phase not being affected by the presence
of moisture. Finally, the carbonaceous adsorbent surface is prone to be
modified through the incorporation of different functional groups [9].
In general, an adsorbent can be termed as a low-cost adsorbent if it
requires little processing and itis either abundant in nature, or it is a non-
hazardous by-product or waste material from another industry. Of
course, improved sorption capacity may compensate for the cost of
additional processing. Low-cost adsorbents can be prepared by utilizing
abundant and inexpensive raw materials that are characterized by high
organic (carbon) and low inorganic contents and are easily activated.
Sorbents derived from recycling and/or re-use of wastes used as starting
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Fig. 2. XRD patterns of the materials.

valued material as alternatives for their disposal are particularly
welcome. Agricultural solid wastes embody most of these features and
they are very common in every country, and they represent very cheap
resources that can be converted into new materials with excellent
properties. Agroindustry annually generates enormous amounts of res-
idues (around five billion metric tons in 2020-2021 [10]) and their
reduction by utilization might mitigate environmental pollution and
increase energy savings. The preparation of low-cost adsorbents from
waste materials could be an option to reduce agro-industrial wastes
dumping with possible economic and environmental advantages. Any-
way, the use of lignocellulosic biomass has some drawbacks (for
example physical instability of lignin component and low sorption ca-
pacity), and, it is therefore necessary to perform suitable chemical or
physical treatments for removing metallic impurities and stabilizing
lignin and the other components [7,8]. Examples of raw agricultural
wastes successfully used for the preparation of carbon-rich adsorbents
include coconut shells, cotton stalks, sugarcane bagasse, coir pith, straw,
rice husk, sawdust, coconut husk, oil palm shell, neem bark, peanuts,
olive wastes, almond shells, apricots and cherries stones and wastes
resulting from the production of cereals [4,6-8,10-13].

Rice husk (RH) is one of the most widely available agricultural
wastes around the world. Annually, 571 million tons of rice are pro-
duced, and 140 million tons of RH waste are generated [14]. RH finds
application basically as a heating source or as a provider of nutrients in
the soil, but many times it is simply dumped into the environment [15].
RH, so, could represent a renewable and sustainable carbon resource,
and for this reason, it has been investigated for the synthesis of advanced
materials for various applications [16-18].

RH is a lignocellulose biomass containing 28-30 % inorganic and
70-72 % organic components. The mineral components of RH are
mostly composed of silica (87-97 wt% of total ashes) and calcium- and
potassium-based compounds. The RH composition depends on several
factors including geological location, rice variety, climate variation,
cultivation methods, and fertilizers used in the paddy growth [14,15].

RH as well as RH ashes (RHA) have been intensively investigated as
an adsorbent for the removal of heavy metals from wastewater. It was
reported that materials obtained by modifying RH present a better
adsorption capacity for the removal of heavy metals than native RH.
Various approaches were adopted for the modification of RH, including
combined pyrolysis/activation processes and surface modification [17,
19]. Among them, one of the most common activation/functionalization
methods involves the oxidation of surface functional groups with nitric
acid, which is used to promote the formation of carboxylic acids. Rice
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Fig. 3. SEM images of the materials at different magnifications.

husks functionalized with nitric acids act as reversible ion exchangers.

Some authors also proposed the production of iron-oxide/RH hybrid
materials with improved adsorption properties compared to native RH
[20-27]. Porous carbon-containing iron oxides have received increasing
consideration due to their application in a broad range of fields
including catalysts for catalytic wet peroxide oxidation, adsorbents for

removal of heavy metal ions/organic pollutants from wastewater,
electromagnetic microwave absorbers, gas sorption (mainly CO3) and
catalyst for anaerobic digestion by enhancing the electron transfer ef-
ficiency [28]. Iron-oxide/RH hybrid materials have been proposed for
different remediation purposes: removal of organic pollutants (dyes,
drugs, toxins, hydrocarbons [20-24]) and heavy metals [25,26]. Zhang
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Fig. 4. left panel: Ar adsorption/desorption isotherms of FM, raw cRH, cRH,,, cRHna0n, CRH-FM, and cRHy,0on-FM at 87 K. right panel: Pore-size distributions (PSD)
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et al. [27] demonstrated that porous iron-oxide/RH hybrid materials
with a quite high surface area (527 m?/g) can be produced by exploiting
a combined activation and iron loading process [27].

In this framework, to exploit the advantages and shortcomings of
using real biomass as a starting material for the preparation of sorbents
for heavy metals removal from wastewater, we have prepared a set of
iron-oxide/RH composite materials. To this aim, carbonized RH (here-
inafter cRH) was coated with iron oxide particles (FM). The influence of
the inorganic components of the cRH (mainly SiO,) was also studied by
pre-treating the cRH with distilled water rinsing and alkaline solutions.
The exploitation of hybridization with magnetite particles plays a dual
role: 1) introducing a functionalization useful to enhance synergistically
the sorption performances of carbonized rice husk toward heavy metal
ions; 2) facilitating sorbent recovery after use by exploiting the magnetic
properties of the hybrid particles attracted by a magnetic field. This fact
is of great interest for large-scale adsorption plants, where the separa-
tion of adsorbent particles plays a role as significant as their adsorption
capacity.

The aim of the work was to introduce the preparation and the

characterization of hybrid materials composed of cRH (as it is and
treated with NaOH alkaline solutions) bearing a nominal amount of FM
up to 10 wt%. A set of explorative adsorption tests was carried out aimed
to investigate the best match between the two components of the hy-
brids (FM and cRH as it is and treated with NaOH alkaline solutions
(cRHy,/cRHNa0n)) suitable to enhance the adsorption capacity toward
heavy metals (copper and lead ions model solutions).

Copper and lead ions have been chosen because of their different
characteristics: following Pearson’s HSAB theory [29,30], copper ions
are harder than lead ions. This means that among them, copper ions
have a larger tendency to be adsorbed over oxygenated organics groups,
while lead ions prefer soft groups such as chlorides, sulfides, or iodine.
Taking into consideration also redox potentials, many studies demon-
strated that the main groups that are involved in the adsorption of Cu®*
ions are the carboxylic groups, lactones, phenolic, and carbonyl groups
[31] while in the case of Pb®* ions removal, only carboxylic groups are
involved and not phenolic and carbonyl groups [32]. In the end, the two
metal ions are present in a wide number of industrial and civil waste-
waters and their removal remains a critical issue for many applications.
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Fig. 7. Copper ions adsorption isotherms of cRH, cRHnaon, CRH-FM, cRHyaon-FM and FM. (Mass of adsorbent = 20 mg, volume of aqueous model solution = 10 mL,
metal ion initial concentration between 0 and 50 mg/L (0.787 mmol/L), equilibrium pH between 6 and 7, T = 20°C). The ions concentration is affected by an error
lower than 4 % while that of the adsorption capacity is lower than 6 %. Lines are guides for the eyes.

The experiments have been carried out in copper and lead model solu-
tions at standard room temperature, exploring concentrations in a range
below 50 mg/L, which is consistent, and even larger, than the typical
ranges of concentrations treated by adsorption in real wastewaters.
Acidic solutions have been also considered since they often characterize
industrial effluents polluted by metals. Preliminary desorption tests
have been also carried out on the best-performing materials to verify
whether the used rice husk and the composite material adsorption
exploit reversible or irreversible adsorption of copper and lead ions.

2. Experimental section
2.1. Materials
All chemicals were purchased from Merck KGaA, Darmstadt, Ger-

many, as analytical grade reagents, and used as received.
RH derived from a deposit in Kazakhstan and details about its

composition and its thermal transformation into carbonized rice husk
(hereinafter indicated as cRH) are reported elsewhere [33]. cRH was
selected as the starting material to produce the adsorbents analyzed in
this work. Details about RH and cRH compositions are provided in the
supporting material section (Tables S1 and S2)

2.2. Materials synthesis

cRH purification (water-soluble species removal) was performed by
treating ground-milled cRH (1 g) with distilled water (50 mL) for 1 h
under stirring. The solid (labeled in the following as cRHy) was then
recovered by under-vacuum filtration and dried at 100°C.

cRH desilication was performed following the procedure reported in
Gargiulo et al., 2018 [33] by treating cRH with a strong alkali aqueous
solution. To this aim, 10 g of ground milled cRH were suspended in
140 mL of distilled water and treated with 60 mL of NaOH 5 M for 2 h at
80°C under stirring. The solid (labeled in the following as cRHyaon) was
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then recovered by under-vacuum filtration, washed many times with
distilled water till neutrality, and then dried at 100°C.

Composite materials containing cRH or cRHn,oy and magnetite
(Fe30y4, indicated as FM in the following) were produced according to
the co-precipitation procedure reported in former works [9,33,34] and
briefly described in the following. An amount of cRH or cRHy,0n (3 &)
was suspended with 100 mL of distilled water and treated with 0.7 g of
FeCl3-6 H20 and 0.36 g di FeSO4-7 H20 under stirring for 30 min. After
that, the pH was adjusted to 10 by adding 10 mL of ammonium hy-
droxide solution (28 % NHjs in Hy0), and the mixture was kept for 1 h at
90 °C under stirring. In the end, each composite (labeled as cRH-FM and
cRHnqou-FM, respectively, where FM stands for magnetite) was then
recovered by under-vacuum filtration, washed with distilled water till
neutrality and then dried at 100°C. FM precursors were added in such an
amount to obtain composites containing a theoretical percentage of iron
oxide around 10 wt%.

Bare magnetite (FM) was also prepared for comparison according to
the procedure reported in [9,33,34]: 1.4 g of FeCl3-6 H20 and 0.70 g
FeSO47 HyO were dissolved in 100 mL of distilled water and the solu-
tion was kept at 30 °C for 15 min, after that the pH was adjusted to 10 by
the addition of 10 mL of ammonium hydroxide solution (28 % NHj in
H20). The mixture was kept for 1 h at 90 °C under stirring and then
cooled to room temperature. The solid was recovered through
under-vacuum filtration and washed with water many times to remove
all traces of unreacted salts and ammonium hydroxide. The sample was
dried at 100°C.

2.3. Material characterization methods

The carbon and hydrogen contents of the samples were determined
by ultimate analysis according to the ASTM D3176-15 standard. A LECO
628 analyzer calibrated with ethylenediaminetetraacetic acid (EDTA)
was used for the measurements. For each sample, three replicates were
performed, and the average values were reported (the maximum relative
error was around 0.75 %).

Ash content was evaluated by burning the samples at 800°C under
pure O, until mass constancy in a TGA 701 LECO analyzer according to
the ASTM D7582-15 standard.

Fourier transform infrared (FTIR) spectra were acquired on a Perkin
Elmer Frontier MIR spectrometer in transmittance mode. Solid sample
dispersions were prepared by mixing and grinding the powdered

materials (0.5-1 wt%) with KBr. Pellets (13 mm in diameter) of the solid
mixtures were obtained upon compression at 1 bar for 5 minutes. The
spectra were recorded in the 450-4000 cm™! wavenumber range by
collecting 8 scans and correcting the background noise.

The thermal stability of the samples was evaluated by thermogra-
vimetric analysis (TGA) performed on a Perkin Elmer STA 6000. The
samples were heated in an oxidative environment (air) from 50°C up to
800°C at a rate of 10 °C/min. Samples were loaded in an alumina cru-
cible thermally preconditioned up to 950°C for an accurate mass loss
evaluation.

BET specific surface area (SA) of the samples was measured by Ar
adsorption at 87 K using a Quantachrome Autosorb 1 apparatus. The
samples were outgassed under vacuum at 120 °C before the analysis.
Adsorption/desorption data were processed following the BET equation
to evaluate the specific surface area (SSA) and with the BJH model to
evaluate the pore size distribution (PSD) [35,36].

Scanning electron microscopy (SEM) was carried out with an FEI
Inspect microscope equipped with an EDS Oxford AZtecLiveLite probe
and Xplore 30 detector for elemental analysis. The imaging was per-
formed on powdered samples, previously dried and sputter-coated with
a thin layer of gold to avoid charging.

X-ray diffraction (XRD) analyses were carried out on a Rigaku Min-
iflex 600 diffractometer operating in the 3 — 90 °260 range with a Cu Ko
radiation (A = 1.54056 1°\), a step size of 0.02°, a counting time of 80 s
per step and using a low background holder. The signal-to-noise in the
patterns of composite materials was improved by eliminating the fluo-
rescence deriving from Fe with the suppression tool provided by the
instrument.

2.4. Adsorption tests

The adsorption tests were carried out using single metal model
aqueous solutions containing either copper or lead ions in different
concentrations. The solutions were contacted with a given mass of sor-
bent (m (g)) in glass vials with screw caps, gently agitated by an orbital
shaker at 50 rpm, and kept at constant temperature in a PID-controlled
thermostatic oven. The model copper or lead aqueous solutions were
obtained by dissolving the corresponding nitrate salt (Cu(NO3)3-2.5 HoO
or Pb(NO3),) in double-distilled water. The initial solution pH value was
adjusted by the addition of NaOH and HNOg solutions prepared from
commercial reagents. Nitrate salts and HNOs; as well as NaOH were
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Fig. 9. Copper ions adsorption isotherms of the different adsorbents at different equilibrium pH values. T = 20 °C, adsorbent mass 20 mg, volume 10 mL, metal ion
concentration between 0 and 50 mg/L (0.787 mmol/L). The ions concentration is affected by an error lower than 4 % while that of the adsorption capacity is lower

than 6 %. Lines are guides for the eyes.

purposely chosen to minimize the interferences with heavy metal ions
adsorption and because they are a standard choice in adsorption tests
reported in the literature. Indeed, the formation of nitrate salts of Cu(II)
and Pb(I) is by far negligible compared with other ions, limiting the ion
speciation to Cu?*, Pb?* and their hydroxide ions (e.g. CuOH™, PbOH™,
Cu(OH)3, Pb(OH),, Cu(OH)3, Pb(OH)3, etc) [29]. The pH was not further
modified during the tests.

Isotherm studies were performed by using 20 mg of adsorbent in
10 mL of aqueous model solution and by varying the metal ion initial
concentration from 0 to 50 mg/L. To evaluate the effect of pH on the
adsorption capacities of the tested materials, tests at pH 2, 4 and 6 were
performed. Preliminary tests showed that 72 h and 120 h were enough to
reach the equilibrium conditions in the experimental tests for lead and
copper ion adsorptions, respectively. When equilibrium conditions were
achieved, the total metal ion concentration in the solution was measured
by atomic absorption spectrophotometry (AAS-F) by using a Varian
SpectrAA-220 following the standard methods IRSA CNR 3250 and 3230
for copper and lead ions, respectively. The pH values of each solution at

the beginning and the end of the tests were measured by a Thermo
Scientific Orion Star A111 pHmeter.

Experimental data were expressed as correlations between the
equilibrium total metal concentration, ¢ (mmol/L), and the metal
adsorption capacity, ¢ (mmol/g), at given temperature and equilibrium
pH values. To allow an easier comparison of data for copper and lead
ions adsorption, the concentrations are expressed in mol/L and mmol/g
in place of the most common mg/L and mg/g.

The adsorbent performances were calculated as reported previously
[37] and for the sake of completeness, additional details are reported in
the supporting information section (Section S1).

All tests were performed in triplicate and average values are re-
ported. The accuracy of analytical techniques was checked by the
evaluation of the relative standard deviation (RSD) of each sample
analysis. Typical values of the RSD for the heavy metals concentration in
solution are below 1 %. Among the replicates, the average values of c are
affected by an error lower than 4 %. The values of q are affected by an
error lower than 6 %.
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Fig. 10. Lead adsorption isotherms of the different adsorbents at different pH values. T = 20 °C, adsorbent mass 20 mg, volume 10 mL, metal ion concentration
between 0 and 50 mg/L (0.241 mmol/L). The ions concentration is affected by an error lower than 4 % while that of the adsorption capacity is lower than 6 %. Lines

are guides for the eyes.

The adsorption isotherms have been preliminary modeled following
a multicomponent Langmuir model [38-41], to account for the possible
competition between the target metals ions and the H30™, ¢y, in mmol/L
and to account for the effects of solution pH on the adsorption process.
The model equation is:

@

- gqgmaxeKec
q_1+Koc+KHocH

Where gmqy is the maximum adsorption capacity in mmol/g, K and Ky
are, respectively, the Langmuir equilibrium constants for the metal ion
and the Hs0™, in mM ™, which are assumed to be well approximated as a
function of the temperature and of the Gibbs’ free energy of adsorption
at standard conditions AG®, neglecting temperature effects on the Gibbs’
free energy:

gmax e exp[ — AG°/RT] e ¢ /crs

= 2
=77 exp[ — AG°/RT] o ¢ /crs + exp[ — AGy® /RT] o cH/ v @

In this formulation, c.sis 1 M and is needed to adapt the units of

measures Eq.(2). If the sorbents act as pure ionic exchangers with one
single surface group, their behavior can be well described by simple ion
complexation models [29,30], but if, as it happens for adsorption with
biomasses or carbon-based materials, multiple adsorption sites are
present, the Langmuir model can be better used to describe the
competition between Hs0" and Cu?*/Pb%* considering all the func-
tional groups as represented by one family of “average” functional
groups having adsorption energy represented by a Gaussian distribution
function characterized by a mean and a standard deviation value. The
maximum amount of the average adsorption sites is given by the value of
Qmax-

Several other models have been proposed in the pertinent literature
to describe multicomponent adsorption processes [42-44], but these
models require a much larger number of fitting parameters (at least five)
and are thought to analyze simultaneous adsorption of different ions,
rather than describe interactions between ions and H3O™.

To preliminary compare the performances of the sorbents toward
copper and lead ions, the partition coefficient, H, of the adsorption
isotherms has been calculated too. This is the ratio between the
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Table 3

Parameters evaluated by applying the additive-competitive Langmuir model (Eq.1).

Journal of Environmental Chemical Engineering 12 (2024) 113497

Copper ions adsorption

Qmax,[mmol/g] AG°,J/mol AGy;,J/mol R?
Average Standard Average Standard dev.
dev.
cRH 0.25+0.02 -23507 9712 -19856 8710 0.9716
cRH,, 0.23+0.01 22092 8696 -20605 9288 0.9848
cRHyaon 0.21+0.02 -22447 9546 -19296 8617 0.9587
cRH-FM 0.24+0.02 22163 9345 -19184 8692 0.9613
cRHyaon-FM 0.27+0.02 -23650 10022 -18994 8217 0.9636
FM 0.20+0.02 -20024 7855 -23799 9379 0.9884
Lead ions adsorption
Qmax,[mmol/g] -28555 13182 24914 11918 R?
cRH 0.13+0.02 -24297 10764 -27408 13222 0.8697
cRH,, 0.14+0.02 -29927 13631 27042 13141 0.9668
cRHyaon 0.12+0.01 26123 10490 -27680 12986 0.9111
cRH-FM 0.18+0.01 -31027 13255 -29202 13076 0.9982
cRHyaon-FM 0.15+0.01 -23764 10782 -21832 9486 0.9834
FM 0.14+0.03 -28555 13182 24914 11918 0.9368
adsorption capacity and the solute concentration, q/c. Apart from linear
0.25 isotherms, this ratio is a function of the solute concentration. To this
Copper end, in this work, we will consider the average partition factor at low
o concentration values, where a linear shape of the adsorption isotherm is
3 0204 likely to be observed. This low-concentration area is important because
E it covers the typical concentrations where water regulations limits are
= located. For example, the Italian Environmental Regulations for sewage
S discharge (D.Lgs. 152/06 Annex 5, Table 3) allows 0.3 mg/L for lead
§ Ly and 0.4 mg/L for copper. Equilibrium adsorption capacity at these
o concentrations is the most relevant for the design of adsorbers since it
,5 determines the minimum dosage of sorbent (kg/m3) to be used for
% 0.10 wastewater depuration. At such low concentrations, it is also likely that
@ e cRH competition between ions is limited so the partition coefficient also
s O cRHFM represents a preliminary estimation of the sorbent selectivity toward
-§ 0.05 E Z 22:':"” lead .and copper. . .
= - cRHNEOHFM Finally, preliminary desorption tests have been carried out on the
o EM aOH bare rice husk sorbent and the best-performing sorbent, for both copper
I and lead. The tests have been performed at ambient temperature by
090 : : J ! treating the sorbent with 1 M nitric acid and performing three subse-
0.00 0.05 0.10 0.15 0.20 0.25 . . . .
quent adsorption-desorption cycles to exploit potential sorbent
Experimental adsorption capacity, mmol/g reversibility.
0.12
Lead 3. Results and discussion
[N
%’ 3.1. Composition and structural features of materials
£ A
E_ Table 1 reports the compositions of the different materials as weight
%‘ percentage contents of C, H, and other elements including N, O, and
o other non-metal species (“Others”). The compositions of bare cRH and
S FM are also reported.
5 The RH is a biomass very rich in inorganic matter and its percentage
"E. becomes more abundant after the carbonization process, passing from
o 22 wt% to 46 wt% [33]. After the treatment in alkaline conditions, the
® inorganic phase (mainly composed of SiO; and AAEMs’ oxides) in
E cRHyq0H is significantly reduced compared with those of cRH and cRH,,.
§° The presence of FM in the two composite materials leads to a percentage
reduction of the carbon content and a corresponding increase in the
content of ashes (Table 1). Such a slight increase is consistent with the
T T T T introduction of FM.
0.00 0.02 0.04 0.06 0.08 0.10 0.12 Insights about the effect of the strong alkaline treatment on cRH

Experimental adsorption capacity, mmol/g

Fig. 11. Parity plots on adsorption capacity for Cu** and Pb** ions adsorp-
tion data.

features and composition were highlighted also by FTIR analysis. FTIR
spectra acquired in transmission mode are shown in Fig. 1. Peaks as-
cribable to SiO, (Si-O-Si and Si-O stretching vibrations) at ~1100 cem !
and ~800 cm ™ typically observed in RH-derived carbons are detected
in the spectra of cRH, cRH,, and cRH-FM, while broad overlapping bands
between 600 and 1700 cm™!, ascribable to an amorphous carbon
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Table 4
Theoretical maximum qax (mg/g) of rice husk-derived carbons reported by recent literature.
Pb2+
Adsorbent Preparation BET Surface area PHpze  %C Qmax Langmuir ref
(m?/g) (mg/g)
Rice husk-derived activated NaOH activation and carbonization (400°C, N», 2 h) 253.4 - 44 1666.67 [53]
carbon (RHAC)
Unactivated rice husk carbon pyrolysis (350°C) - - - 8.56 [54]
(URHC)
Activated rice husk carbon ammonium chloride pre-treatment and pyrolysis (350°C) - - - 12.99 [54]
(ARHC)
Rice husk ash carbonization (300°C) 0.632 7.1 53.1 14.1 [55]
Rice husk ash carbonization (500°C) 45.27 9.5 55.6 21.7 [55]
Rice husk ash carbonization (700°C) 193.2 9.8 57.1 26.7 [55]
Rice husk ash burning 57.5 8.5 91.74 [56]
Rice husk biochar pyrolysis (700°C, N2) 440 8.4 77.09 [57]1
Rice husk biochar calcination (350°C, O,-limited environment, 4 h) 27.8 8.01 38.6 29.01 [58]
Rice Husk Activated Carbon H3PO, activation and carbonization (450°C) - - - 0.1487 [59]
Rice husk biochar pyrolysis (500°C, N2) and KOH activation 645.8 36.89 0.11 [60]
Rice husk biochar pyrolysis (600°C, N,) and KOH activation 635.8 - 42.84 0.11 [60]
Rice husk biochar pyrolysis (700°C, N,) and KOH activation 919.8 - 39.8 0.11 [60]
Rice husk biochar Pyrolysis (500°C, Ox-limited environment) - 7.03 - 0.223 [61]
Rice husk biochar pyrolysis (600°C, N2) 34.39 - - 156.250 [62]
Rice husk biochar pyrolysis (350-450°C) - 8.10 - 14.20 [63]
Rice husk hydrochar HTC method (260°C) 21.92 7.23 50.63 5.91 [64]
Rice husk biochar pyrolysis (500°C, N2) 4.63 9.07 50.51 6.58 [64]
Magnetic rice husk biochar Fe(NO3)3 mixing and pyrolysis (600°C, N5) 275 6.78 37.6 17.2 [26]
KMnOy-treated rice husk biochar ~ KMnO, treatment of magnetic biochar and pyrolysis (600°C,Np) 137 8.51 21.8 168.7 [26]
Rice husk biochar (cRH) Carbonization 162 6.88 42.3 27.1 This
work
Water-washed rice husk biochar Carbonization and H,0O washings 107 5.84 44.5 24.6 This
(cRHy) work
Desilicated rice husk biochar Carbonization and NaOH treatment 335 6.39 78.8 26.1 This
(cRHnaon) work
cRH-FM Carbonization and FM coating 199 6.64 43.7 25.7 This
work
cRHna0on-FM Carbonization, NaOH treatment, and FM coating 371 6.46 73.7 31.7 This
work
cut
Adsorbent Synthesis procedure BET Surface area PH,c %C Qmax Langmuir ref
(m%/g) (mg/g)
Rice husk-derived activated pyrolysis (700°C, N2) and steam activation 244.3 - 37.29 21.01 [52]
carbon (RHAC)
Rice husk ash Acid activation and calcination (600°C, 1 h) - - 49.81 4.127 [48]
Rice husk biochar calcination (350°C, O,-limited environment, 4 h) 27.8 8.02 38.6 4.16 [58]
Rice husk biochar pyrolysis (700°C, N2) 440 8.4 - 10.60 [571
Rice Husk Activated Carbon H3PO, activation and carbonization (450°C) - - - 0.8308 [59]
Rice husk biochar Pyrolysis (500°C, Oy-limited environment) - 7.03 - 28.62 [61]
Rice husk biochar pyrolysis (350-450°C) - 8.10 - 10.27 [63]
Rice husk biochar hydrothermal carbonization (200°C, 1.7 MPa) 10.42 5.2 45.25 13.12 [65]
N-doped Rice husk biochar hydrothermal co-carbonization (200°C, 1.7 MPa) in the 8.13 5.6 49.03 29.11 [65]
presence of Chlorella pyrenoidosa
Rice husk biochar (cRH) Carbonization 162 6.88 42.3 16.6 This
work
Water-washed rice husk biochar Carbonization and H20 washings 107 5.84 44.5 14.9 This
(cRHy) work
Desilicated rice husk biochar Carbonization and NaOH treatment 335 6.39 78.8 16.3 This
(cRHnaon) work
cRH-FM Carbonization and FM coating 199 6.64 43.7 15.4 This
work
cRHNaOH-FM Carbonization, NaOH treatment, and FM coating 371 6.46 73.7 17.3 This
work

network, are detected in the spectra of cRHy,0n and cRHyaop-FM [33].
Stretching signals of Fe-O bonds located below 800 cm™ ! [9] charac-
terize the FM spectrum and are hardly detected in the spectra of cRH-FM
and cRHy,0n-FM as a consequence of the low FM content introduced
and the predominance of the carbonaceous background.

To confirm the presence of the desired iron oxide phase (magnetite,
Fe304) in the composite materials, XRD patterns were acquired. The
results of the diffractometric survey are reported in Fig. 2, where the
XRD patterns have been reported as height normalized plots and shifted
on the y-axis for clarity. In the XRD patterns of cRH, cRH,,, and cRHnaoH,
broad bands typical of silica and amorphous carbon-rich materials are
detected [37]. The XRD pattern of FM is also reported for comparison

10

and is consistent with the magnetite pattern [45]. The magnetite
signature is also detected in the XRD patterns of cRH-FM and
cRHNaou-FM confirming that the synthetic approach allows for the
production of magnetite also in the presence of cRH or cRHyaon when
used as carbonaceous support. This result is further corroborated by the
magnetic activity detected in each sample by simply locating a perma-
nent magnet close to each material.

The morphology of the samples was investigated by SEM imaging. In
Fig. 3 a collection of images at different magnifications is reported. The
images show that the morphology of the starting material (cRH) is
mainly preserved through the performed chemical treatments (washing,
desilication, and hybridization with FM), while the presence of a
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Table 5
Copper and lead partition factors H, in m®/kg, at low ions concentration for the
pH values and sorbent formulations.

Copper ions PpH range

5.5-7.0 3.5-5.0 1.0-2.0
cRH 3223.5 4044.2 16.6
cRHy 1188.4 1603.1 11.6
cRHya0n 29558.8 1862.5 46.4
cRH-FM 21736.5 1469.9 31.8
c¢RHyna0n-FM 23977.6 4148.7 69.6
FM 447.0 90.3 7.2
Lead ions pH range

5.5-7.0 3.5-5.0 1.0-2.0
cRH 5393.6 11218.7 112.8
cRH, 4316.3 879.9 9.2
c¢RHna0H 294.2 66.6 0.3
cRH-FM 9972.1 9916.5 13.3
cRHya0on-FM 474.3 238.6 0.3
FM 1.4 9.8 0.4

wrinkled surface with holes and cavities is suggested by micrographs of
cRHn,0n. Bare FM exhibited a very smooth surface, and the surface of
cRH-FM and cRHy,0n-FM appears slightly smoother compared with that
of the parent materials (cRH and cRHn,0n, respectively) suggesting a
homogenous coverage by the FM phase.

The EDX analysis performed on cRH-FM and cRHy,0h-FM confirms
the presence of FM in the composites. The iron content was 10 wt% and
6 wt% for cRH-FM and cRHyyou-FM, respectively. The quite uniform
distribution of iron in the structure of both composite materials is also
confirmed by the EDX maps (data not shown).

The textural properties of the materials were investigated by Ar
adsorption/desorption tests at 87 K. The isotherms of materials are re-
ported in the left panel of Fig. 4, while in the right panel of Fig. 4 the
corresponding pore size distributions (PSDs) are shown. The isotherms
and PSDs of pure FM and raw cRH are also reported for comparison.

The shape of the isotherms mirrors the different porosity of the
samples. In most cases, the shape of the isotherms resembles those
typical of mesoporous materials [35]. In the case of FM, a marked hys-
teresis loop and a consistent gas uptake at relative pressures above 0.5
are detected suggesting the presence of an enhanced mesoporosity [36].
The high gas uptake at very low relative pressures detected for cRHyna0n
and cRHy,0h-FM indicated the presence of a microporosity along a very
developed mesoporosity.

The adsorption data have been worked out to calculate: 1) the spe-
cific surface area values through the BET equation (Table 2); 2) the total
pore volume at p/py Vi=0.99 (Table 2) the pore size distribution
through the BJH model (Fig. 4, right panel).

BET surface area values above 300 m?/g have been measured only
for the desilicated samples (cCRHya0n and cRHy,0n-FM) suggesting that
the inorganic component of cRH (mainly silica) causes pores clogging.
This aspect is also supported by the difference between the total pore
volume of cRH and those of cRHy,ony and cRHyaou-FM. Instead, the
washing of cRH with water induces a detrimental change in its textural
properties, as both the SSA and total pore volume decrease. Conversely,
when cRH is covered by FM particles, an increase in the surface area,
accompanied by a large increase in mesopores volume, is observed (a
feature ascribable to the FM coating). An increase in the surface area is
also detected in the case of cRHy,op-FM, but the increase in pore vol-
umes is attributable to an increase of both mesopores and micropores
volumes compared with the bare carbonaceous support (cCRHyaon)-

As concerns the pore-size distributions (Fig. 4, right panel), cRH and
cRHw exhibited very similar distributions and the same was found for
cRHpaon and cRHy,on-FM. The presence of a contribution ascribable to
the inorganic part (FM) is evidenced by the broad peak centered around
100 A exhibited by the PSD of cRH-FM (Fig. 4, right panel), whereas the
cRHcNaOH-FM PSD is dominated by micropores having a size smaller than
50 A.
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The thermal stability of the samples under air was evaluated by TGA.
The TG profiles and the corresponding DTG curves are reported in Fig. 5.
The data of FM and cRH are also reported for comparison. All the
samples are stable up to 400°C and the carbonaceous part is completely
burned off before 650°C. The burn-off of cRHy,0oy and cRHyaon-FM is
anticipated, consistently with the higher porosity developed after the
alkaline treatment compared to the parent materials (cRH). It is worth
noticing that the burn-off temperature of cRH-FM is higher compared to
that of both cRH and cRHy,. This result indicates that the magnetite shell
shields the carbonaceous support from oxygen diffusion thus preventing
the oxidation of the carbonaceous core. The amounts of final residue (i.e.
the ashes) are consistent with those expected based on sorbent elemental
analysis and ash content determination (Table 1). The highest residue is
observed for cRH-FM.

3.2. Adsorption tests

Copper and lead ions adsorption isotherms for cRH, cRH,, and
cRHyq0u are shown in Fig. 6. Copper and the lead ions adsorption iso-
therms for the two composites cRH-FM and cRHy,op-FM are reported in
Figs. 7 and 8, respectively, along with those of bare FM and the parent
carbonaceous support (cRH and cRHy,0n, respectively). The plots are
built up by reporting the adsorption capacity (g, mmol/g) as a function
of the total metal concentration in solution at equilibrium conditions (c,
mmol/L).

All the adsorption isotherms showed the typical L1 shape of the Giles
classification [46], with an almost linear increase for very low concen-
trations and the tendency to approach a horizontal asymptote for high
concentrations. It is well known that at low metal ion/adsorbent ratios,
the adsorption process involves higher energy sites and a higher
adsorption efficiency results while, as the metal ion/adsorbent ratio
increases, being the higher energy sites saturated, the adsorption pro-
ceeds less efficiently involving lower energy active sites, often reaching
an asymptotic, maximum adsorption capacity.

The experiments revealed that for larger concentrations, higher g
values are detected in the case of copper ions adsorption tests, while at
low concentrations, lead adsorption looks more effective. However, it is
worth mentioning that when the adsorption capacity q is calculated as
mg/g, higher g values are detected for lead adsorption in all the cases.
Moreover, in the case of Pb adsorption isotherms on cRH, cRHyaon, and
cRHNa0u-FM, the approach to the horizontal asymptote is far from being
reached, suggesting that the saturation of the adsorption sites is not
achieved at the investigated range of metal ion initial concentrations (0
— 50 mg/L).

The chemical treatments performed on cRH lead to different effects
on its adsorption properties. Simple washing with distilled water re-
duces the adsorption capacities of both copper and lead ions. When the
cRH was treated with a strong alkaline solution (desilication), the cor-
responding adsorbent (cRHy,0on) exhibited adsorption properties to-
wards lead ions comparable to those of cRH, while a lower affinity
towards copper ions (like that observed for distilled water washing) was
found. The isotherms of the two composite materials show that the
adsorption capacity of cRHy,on-FM is higher than that of the bare
support (cRHnaon) for both copper and lead ions. The opposite result is
shown for the adsorption capacities of cRH-FM, which are lower
compared to those of cRH. In the case of cRHnaou-FM, a synergism be-
tween the carbonaceous support with a quite high surface area and the
magnetite particles is suggested.

Looking at all the isotherms under equilibrium conditions, to
correlate the adsorption performance with the textural properties of the
materials, it is worth noting that the adsorption of lead ions seems to be
more influenced by the surface area of the adsorbent than the adsorption
of copper ions. In fact, the adsorption of lead ions increases as the sur-
face area of the material increases. In the case of copper ions adsorption,
this correlation does not hold, suggesting a predominant role for surface
chemistry.
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The adsorption of heavy metal ions on solid sorbents depends also on
the solution pH since it influences the metal ion solubility and specia-
tion, the chemical nature of the functional groups on the sorbent surface
(ionization degree), and the counter ion concentration [47,48]. To
investigate the effects of solution pH on the adsorption properties, the
materials were exposed at 20 °C to solutions containing 10 mg/L of the
metal ions at different initial pH values, below 6. These pH values have
been selected for two main reasons: to limit the precipitation of metal
hydroxides [29] and to test the adsorbents in conditions next to those of
natural waters and wastewaters (most of the heavy metal-containing
wastewaters are acidic). The corresponding adsorption isotherms at
different equilibrium pH values are reported in Figs. 9 and 10 for copper
and lead ions, respectively.

The results showed that the adsorption of lead and copper ions in-
creases with the increase of solution pH, namely the sorption process is
pH-dependent, as expected. The equilibrium pH depends on the sorbent
and the metal ions hydrolysis. For the sorbents here considered, the pH
established in water as a consequence of the hydrolysis of the sorbent
functional groups [49] is between 6 and 7. In the working conditions,
the solution pH was altered by the adsorption process, having variation
above 1.5 pH units, especially for the samples at an initial pH of around
4. At low pH, the surface is protonated and the attraction towards
metallic cations decreases due to electrostatic repulsion. At higher pH,
the functional groups on the adsorbent surface become negatively
charged and the electrostatic attraction between the adsorbent surface
and cations increases [48,50,51]. The experiments show that, especially
for low concentrations, the adsorption capacity scarcely depends on the
pH value in the range between 4 and 7, while larger differences arise for
pH values below 4. This result agrees with the findings of Zhang et al.,
2011 [52] regarding the adsorption of copper ions by carbons produced
by the physical activation of rice husk.

The adsorption of both metals between pH 4 and 6 is optimal, while a
lower adsorption has been found in the case of solutions at pH 2, the
latter interpreted by taking into account the complexation between
metal ions and H3O " ions. However, at pH higher than 7 in these model
solutions, copper and lead hydroxides and hydroxide anions are formed,
leading to a progressive reduction of the electrostatic attraction. It is
worth mentioning that under basic pH conditions, the overall removal of
copper and lead ions may be larger, thanks to the parallel precipitation,
and microprecipitation (i.e. the formation of metal hydroxides pre-
cipitates over the sorbent surface), but it is no longer possible to
distinguish between precipitation and adsorption, so that the recon-
struction of the adsorption isotherm is no longer possible.

3.3. Data modelling and comparison with literature data

The adsorption data were analyzed considering the proposed
additive-competitive Langmuir model [38-41] and the calculated pa-
rameters are listed in Table 3.

The R? values were above 0.96 in the case of Cu?* adsorption data
and above 0.87 in the case of Pb?>" adsorption data, indicating good
accordance between experimental and simulated data and confirming
the suitability of the proposed model to analyze the adsorption data. The
good accordance between experimental and simulated data was also
highlighted by the parity plots reported in Fig. 11 for Cu?>* and Pb%*
adsorption data.

Table 3 perfectly mirrors the features of the adsorption process
observed in the experimental results in Figs. 6-8. The maximum
adsorption capacity is larger for copper ions than for lead ions, but the
energy of interaction for lead ions is much higher than that for copper
ions. Besides, it is also worth noticing that the best fitting of data also
indicates stronger effects of the solution pH on the adsorption of lead
ions (this is mirrored by the higher values of Ky) either suggesting that
the adsorption of copper and lead ions takes place on different sites or
that the substitution of a H" ions with a Pb>" ion on the active sites
require more energy than that with a Cu®* ion.
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It is worth noting that the gp,qx values of cRHy,0n-FM are higher than
those of the corresponding bare support (cRHy,on) confirming the
instauration of a synergistic effect between the carbonaceous support
and the FM particles. This circumstance probably arises from an optimal
dispersion of the FM phase on the support, as previously shown in the
case of FM-based hybrid sorbents for CO2 capture [34].

The calculated quax values are compared with the theoretical
adsorption capacity of rice husk-derived carbons reported by recent
literature (Table 4). To simplify the comparison with most existing data,
the adsorption capacities are reported in mg/g.

A great variability in gme, values is found and this is due to a range of
factors that may affect gpqyx values of rice husk-derived carbons, mainly
adsorbent production conditions (temperature, presence or absence of
protection gas, heating rate, and pyrolysis/carbonization plant).

On the overall, the comparison with the literature confirms the
higher affinity towards lead ions as found for the materials tested in this
work. The Pb?" gy values calculated for the materials analyzed in this
work are comparable and, in some cases, higher than those reported in
the literature for bare biochar or ash from rice husk, while those related
to Cu?" adsorption are always lower. The Pb?" ey calculated for the
two magnetic sorbents tested in this work is comparable to that of the
magnetic material produced by Sun et al. [26] without KMnO4 treat-
ment (Table 4).

Finally, the partition factors H, m®/kg, at low ion concentrations for
the different operating conditions are shown in Table 5.

The experimental results indicated that the sole rice husk (cRH) is
more selective toward lead than copper, but the NaOH-treated one
(cRHNa0n) and the rice husk-magnetite composites (cRH-FM and
cRHnaon-FM) usually exploited higher partition coefficients.

3.4. Desorption tests

Preliminary desorption tests have been carried out on cRH and
cRHnaon-FM using 1 M nitric acid. The experimental tests revealed that
only a partial recovery of the captured metal ions can be taken from the
sorbent, indicating the presence of multiple adsorption sites, some of
which, around 40 %, exploit reversible adsorption while the remaining
part shows a non-reversible adsorption. The fractions of reversible and
non-reversible sites appear related to the physical-chemical character-
istics of the parent RH, being similar for both cRH and cRHy,on-FM. The
cyclic use of the sorbent, for three complete cycles, revealed that the
number of active sites that can be desorbed at the first cycle is similar to
that obtained at the third cycle. Much interestingly, elemental analysis
and FTIR analysis on fresh and exhaust materials (after three adsorp-
tion/desorption cycles) do not reveal relevant alteration of the sorbent
qualities (supporting information section, Table S3 and Figure S1,
respectively). The desorption tests indicate a strong bonding of the metal
ions with the surface functional groups and suggest further in-
vestigations involving the use of higher temperatures and more
aggressive methods to allow cyclic use of the rice husk.

4. Conclusions

A set of composite materials has been prepared by coating carbon-
ized rice husk (cRH) and its derivatives with iron oxide particles (FM).
The obtained materials, containing an amount of FM between 5 and
10 wt%, were structurally characterized, and their adsorption perfor-
mances toward Cu?* and Pb?" have been evaluated.

In all the cases an increase in the adsorption capacity is detected with
the increase of the target metal ion concentration. The adsorption of
both metals between pH 4 and 6 is optimal, while a lower absorption has
been found in the case of solutions at pH 2. On the overall, a higher
affinity towards lead ions was detected, in line with previous literature
results on similar materials. The chemical treatments lead to different
changes in the adsorption properties of cRH: simple washing with
distilled water reduces the adsorption capacities towards both copper
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and lead ions, and after desilication, the corresponding adsorbent
(cRHna0n) exhibits adsorption properties towards lead ions comparable
to those of cRH and a lower affinity towards copper ions. As concerns the
composite materials, the adsorption capacity of cRHyn,0n-FM is higher
than that of the bare support (cRHya0n) for both copper and lead ions.
The opposite result is found for cRH-FM, which exhibits a lower affinity
for both copper and lead ions compared to those of cRH. In the case of
cRHnaou-FM, a synergism between the carbonaceous support with a
quite high surface area and the magnetite particles is suggested.

For all the materials tested, the maximum adsorption capacity
evaluated as mmol/g is larger for copper ions than for lead ions, but the
energy of interaction for lead ions is much higher than that for copper
ions. Besides, higher values of Ky were calculated by modeling the
experimental data by the additive-competitive Langmuir model, sug-
gesting that the adsorption of copper and lead ions takes place on
different sites or that the substitution of H3O" ions with a Pb®" ion on
the active sites requires more energy than that with the Cu®*. Besides,
the experiments suggested that cRH-FM composites are more selective
toward copper than lead ions at low concentrations, where higher
partition factors have been observed. Finally, preliminary desorption
tests indicated that further efforts are needed to provide complete
reversibility of copper and lead ions adsorption, being the presence of
reversible and non-reversible adsorption sites derived from the structure
of the parent cRH rather than from the formulation of the cRH-FM
composites.
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