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Abstract: Anthropogenic activities can lead to elevated concentrations of potentially toxic elements
(PTEs) in soil and water. Thus, the search for low-cost, ecofriendly and innovative sorbents is a global
necessity. The present investigation addresses the performance of peat and compost derived from the
organic fraction of municipal solid waste (OFMSW) as a sorbent of zinc (Zn), lead (Pb) and cadmium
(Cd). The physicochemical features and effects of the initial concentration (equilibrium) and contact
time (kinetic) were systematically analyzed by batch experiments. In addition, human bioaccessibility
tests were conducted to compare the human health risk of these PTEs postsorption. The results
showed that the sorption capacities followed the order: compost(Pb) > peat(Pb) > compost(Cd) >
compost(Zn) > peat(Cd) > peat(Zn), indicating that compost had a better sorption potential. Kinetic
data were well-fitted to the pseudo-first-order (PSO), pseudo-second-order (PFO), and Elovich
equation models. The external diffusion model proposed by Mathews and Weber (M&W) indicated
the contribution of diffusion as a sorption mechanism, mainly in the sorption of Zn, Pb and Cd onto
compost and Pb onto peat. The bioaccessible fractions in the first stage (stomach conditions) were
greater than those in the second phase (intestinal simulation). Pb has higher sorption capacities
(10.511 and 7.778 mg g~ ! for compost and peat, respectively) and lowers fraction bioaccessible
(35 to 70%). These findings demonstrate that utilizing these low-cost sorbents seems promising
for the remediation of PTE soils and contaminated waters. However, more experiments should
be conducted, including desorption and multielement solutions, as well as field-tests to prove the
long-term effects of application in large-scale and real conditions.

Keywords: cadmium; lead; zinc; organic fraction of municipal solid waste; batch experiments;
human bioaccessibility; ecofriendly and innovative sorbents

1. Introduction

Soil is an integral system in dynamic balance with the environmental compartments
of the hydrosphere, biosphere and atmosphere. It is considered a multicomponent and
complex system because the different phases (gas, fluid, and solid phases) are formed by
organic and inorganic compounds that interact among themselves. It is the environment
where humans, animals, and plants live and extract most of their energy and food. Con-
sequently, this system is certainly the ecosystem that accumulates the highest degree of
anthropogenic stresses [1]. Since the industrial revolution, anthropic contaminant removal
has been unable to keep pace with waste generation and population growth [2].

In this respect, soil exerts not only a drain function for contaminants but also a natural
cap function to regulate the transport of the chemical elements. Soil cannot completely
remove contaminating species. However, a balance related to the contaminant’s binding to
solid particles is observed [3]. Soil contamination usually occurs slowly. Nonetheless, in the
long term, it may generate serious negative environmental impacts. It can be considered
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the main cause responsible for the deterioration of groundwater because upon reaching the
ground, contaminants that are not retained by the surface layers can penetrate and reach
the groundwater, where they can spread, due to hydrodynamic dispersion, to increasingly
distant sites [4].

Abandoned mining areas, mining waste-affected soils and acid mine drainage are
common worldwide, and the environmental impact on soil and water is usually left
unsolved. In these situations, especially in the case of metal ore mining, one of the most
frequent problems is contamination by potentially toxic elements (PTEs) [5-11]. Other
anthropogenic activities can also be sources of PTEs, especially when not carried out
properly, including the disposal of industrial and urban waste, irrigation with wastewater,
the application of mineral fertilizers to the soil, low-quality animal manure, pesticides,
and sewage sludge [1,3].

The presence of PTEs (e.g., Zn, Pb, and Cd) interferes with the ecosystem functions
provided by soil and with the normal metabolism of plants and animals, resulting in
lethal physiological and neurological problems [12]. Zn is an essential nutrient; however,
elevated Zn levels in humans by ingestion is dangerous for gastrointestinal and hema-
tological systems [3,13,14]. Pb is a toxic element that has the potential to accumulate in
humans. While human exposure can be determined by the Pb concentration in the blood,
long-term exposure can be indicated by the presence of Pb in the bones [15,16]. Cd is car-
cinogenic, and exposure in humans causes damage to reproductive, hepatic, hematological
and immunological functions. Oral exposure principally harms the kidneys and bones,
and inhalation affects the kidneys and lungs [17,18].

There are several conventional recuperation technologies available for mine-impacted
soil and water, and they are based on treatment and containment. Treatment technologies
are based on the modifying of the contaminant composition or limiting its mobility, and they
include chemical treatment, stabilization, solidification, solvent extraction, and soil flush-
ing. When these technologies cannot mitigate contaminants to an acceptable condition,
diversion and containment technologies are utilized. These processes involve landfill
disposal, application of several cutoff walls, pumping groundwater for treatment, cap-
ping, and erosion control [19]. Some of these treatment processes for PTE contamination
(e.g., permeable reactive barriers and sealant barriers) include sorption. Research on PTE
sorption has focused on the use of low-cost and effective sorbents. Previous studies have
shown that a variety of organic materials can be used for this purpose, such as sawdust
from deciduous trees [20], coffee husks [21], Luffa cylindrica sponge [22], tea waste [23],
sugarcane waste [24,25], corn cob and eggshell [26], and biochars [27-30]. The aim of the
present study is to evaluate the sorption of PTE by tropical peat and compost derived from
the organic fraction of municipal solid waste (OFMSW). Tropical peat was selected because
it is one of the most traditional sorbents, although knowledge of tropical peatlands is still
lacking, while OFMSW was selected to find alternative innovative uses with regard to
organic municipal waste management.

Peat is one of the most promising materials for building cover barriers [31], and its use
for improving a soil as an environmental protection barrier has already been confirmed [32].
Peat is a reactive material that is suitable as a natural sorbent [33]. Many studies of peat
from temperate and boreal climate zones have confirmed its high sorption capacity for
PTE. Studies on peat have focused on its use in wastewater treatment [34-36], leachate [37],
agricultural areas [38], soil contamination [39,40], as a phytostabilizing agent for mine
tailings [41], its reactive permeable barrier [42], its industrial waste landfill hydraulic
barrier layers [43], and efforts to quantify its effects on atmospheric pollution [44].

However, peat is a nonrenewable natural resource that requires a long period for
humification and the coating of a landfill generally consumes large quantities of materials
to meet the technical requirements and capacity of immobilizing contaminants. In this
respect, some studies have been conducted to analyze the characteristics of possible alterna-
tives, such as composts resulting from composting [45], thus following the principles of a
circular economy and contributing to completing the waste management cycle [46]. At the
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global level, OFMSW corresponds to the largest portion of municipal solid waste (MSW)
(46%) [47]. Due to the ease, simplicity, and efficiency of implementing composting, it is a
viable alternative for municipal management of organic waste, principally in developing
countries [48]) (such as Brazil). Compost is a reactive material with a PTE sorption capacity
that has been previously demonstrated, and studies have positively evaluated its use in
the treatment of industrial wastewater [49] and contaminated soils and water [40,50-56].

In humid tropical regions, such as Brazil, most soils are acidic and commonly present
low organic matter [57]. However, compost is usually close to neutral, with pH values
varying between 7.0 and 8.5 [1,58]. For most PTEs, alkaline conditions favor their immobi-
lization [3,59]. Therefore, PTE-contaminated acidic soils may benefit from the application
of alkaline materials, such as compost, which could offer strategic and cost-effective ad-
vantages. Furthermore, while peat is found only in specific regions, compost derived from
OFMSW can be produced in a local community next to the contaminated site and is a
highly sustainable technology [60].

The specific contamination impact depends on the PTE in question and its availabil-
ity, which is associated with its mobility in the ecosystem [12]. Unlike pedogenic inputs,
PTEs derived from anthropogenic activities generally present high bioavailability [1,61].
In general, the contaminants present in the soil solution are the most bioavailable since
organisms, plants and other species have direct access to absorption via this fraction [62].
However, to determine the real impact of this mobility on the biota, it is necessary to study
its bioaccessibility. Concerning the risk assessment for human health, the main route of
exposure to a contaminant is oral intake [63]. Thus, it is necessary to use a practical method-
ology to measure the fraction of the contaminant in the soil that can enter the blood system
and cause toxic effects [64]. For the evaluation of this risk, extractions were developed
to imitate mammalian digestive processes and measure the human bioaccessibility of a
contaminant bound to a solid phase [65].

For mining wastes, Ruby et al. [66] indicate that these in vitro methods may represent
an effective tool in geochemical and physiological evaluations for the control of PTE acces-
sibility to the human body. Thus, PTE bioaccessibility is widely used in the assessment of
mining waste-contaminated soils, including abandoned mining and smelter sites [9,67-70].
Conversely, limited research has focused on whether performing soil organic amendments
by increasing the organic carbon provides significant protection against PTE sorption for
exposed individuals [71-73]. In addition, few studies in the literature have presented the
results of PTE bioaccessibility in sorbents, such as peat and compost.

The purpose of the present study was to investigate the feasibility of using peat and
compost for the removal of PTE. For this reason, physicochemical characterization and
sorption experiments (equilibrium and kinetics) were conducted using Zn, Pb, and Cd
as sorbates. The tropical peat was collected in the Mogi-Guagu River Basin (Sao Paulo
State, Brazil), while the compost was derived from the OFMSW. In addition, human
bioaccessibility experiments were also performed to compare the human health risk of
these PTEs once in a bioaccessible form. This analysis is necessary to evaluate PTE behavior
after the reactive medium (such as peat or compost) is discarded in the environment (after
saturation). Knowledge of the peat and compost retention capacity as well as the potential
bioaccessibility of metals (particularly the notorious PTE pollutants Zn, Pb and Cd) will
provide additional insights into the potential threats to human health and the environment
for investigations on how to protect and recover contaminated mining sites with these
organic materials.

2. Materials and Methods
2.1. Sample Preparation
The compost was generated by a composting process at mid-scale and under en-

vironmental conditions from the OFMSW of the restaurant of the Sao Carlos School of
Engineering, University of Sao Paulo (Sao Carlos, Brazil), via the windrow composting
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method, as previously described [54]. The peat was collected in a commercial peat extrac-
tion zone in Cravinhos City (Mogi-Guacu River Basin in Sao Paulo State, Brazil).

2.2. Compost and Peat Characterization

The pH (in CaCl,) was measured after contact material with CaCl, (0.01 mol L~1) with
a ratio of 1:5 (w:v) [74]. The pH (in H,O), potential redox (Eh) and electrical conductivity
(EC) were determined according to the method adapted from EMBRAPA [75] using a ratio
of 1:2.5 (w:v) in deionized water. The total moisture content occurred in two steps: (i) oven
drying samples at 6065 °C for 24 h and (ii) subsequent drying at 110 °C [76]. The water
retention capacity (WRC) for the lower tension (1 kPa) was based on Brasil [77]. The cation
exchange capacity (CEC) was performed by the titration method [74]. The organic matter
content and total mineral residue were carried out in a furnace by loss-on-ignition at
550 °C [76,78]. The elemental analysis followed the methodology of Brasil [74]. Specifically,
the C content was determined by oxidation with dichromate followed by titration; the N
concentration was determined by sulfuric digestion (Raney’s method); the P content was
determined by extraction using hydrochloric acid and then the molybdovanadophosphoric
acid spectrophotometric method; the K content was determined by extraction using hy-
drochloric acid and then quantification by the flame photometry method (Digimed DM
32 Flame Photometer); the S content was determined using the gravimetric barium sulfate
method; and the Ca and Mg contents were determined by extraction with hydrochloric acid
and then the atomic absorption spectrometry method (PerkinElmer Model 1100B Atomic
Absorption Spectrophotometer). The Cd, Pb and Zn concentrations were determined by
inductively coupled plasma optical emission spectrometry (ICP-OES Horiba Jobin Yvon, Ul-
tima 2 model, with radial vision and sequential scanning system). X-ray fluorescence (XRF)
was determined in an X-ray fluorescence spectrometer (Axios Advantage, Panalytical).

Scanning electron microscopy (SEM) and X-ray energy dispersive spectroscopy (EDS)
were performed with the samples placed in stubs and coated with 6 nm of carbon. The pho-
tomicrographs were obtained in a ZEISS LEO 440 Electronic Microscope (Cambridge,
England) with an OXFORD detector (Model 7060), which was operated with a 20 kV elec-
tron beam and a current of 2.82 A. The EDX Link Analytical Equipment (Isis System Series
300) allowed for the analysis of EDS with a SiLi Pentafet detector and ATW II (Atmosphere
Thin Window), with a resolution of 133 eV at 5.9 keV and an area of 10 mm?.

The specific surface area (SSA), total pore volume (V}) and average pore radius (Rp)
were determined by nitrogen physisorption, with the sorption and desorption isotherms
acquired in a Quantachrome NOVA 1000 version 10.02 instrument using the Brunauer-
Emmett-Teller (BET) method and the Barrett-Joyner-Halenda (BJH) method. Samples were
initially degassed at 200 °C under a N, flow for 6 h.

The Fourier transform infrared fluorescence (FTIR) assays were performed in a Fourier
transform infrared spectrophotometer (IRAffinity 1, Shimadzu) using the direct sample
transmission method with dilution in potassium bromide (KBr). Spectra were acquired in
the 4000 to 400 cm ™!, with a resolution of 4 cm ! and 32 cumulative sweeps.

2.3. Sorption Equilibrium Studies

The procedures for carrying out the PTE sorption equilibrium experiment were based
on and adapted to the methodology used by ASTM D4646 [79]. Peat and compost samples
with a particle size < 2 mm were previously oven-dried for 48 h at 50 °C. Common
potentially toxic elements in metal ore mining waste were selected for analysis: Zn, Pb
and Cd. The batch equilibrium test was conducted in triplicate in Falcon tubes using a
ratio of 1:50 (w:v), with 1 g of material (peat or compost) and 50 mL of a single synthetic
solution with PTE concentrations up to 220 mg L~! using ZnCl, PbCl, and CdCl, H,O.
This ratio was chosen according to previous tests using ratios of 1:5, 1:10, 1:50, 1:80 and
1:100 [80]. The concentration limits are consistent with the characteristic values of mining
waste [5,6,8]. The experiments were maintained under the same stable room temperature
(close to 25 °C) and 10 to 20% mechanical stirring. After 24 h of contact [79], the samples
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were centrifuged and filtered on filter paper (with a weight of 80 g m~2 and particle
retention of 4-12 um). Afterward, the filtrates were analyzed in a PinAAcle 900F Atomic
Absorption Spectrophotometer (PerkinElmer). The initial and final values of pH and Eh
were measured for all samples.

With the results, it was possible to calculate the sorbed concentration or the removal
capacity after equilibrium g, (mg g~!) with Equation (1):

[Vsolution (CO — CE)}

= @
fe Mreactive material
The respective removal percentage R (%) could be calculated using Equation (2):
= [CO_CK} x 100 )
Co

where V,tion 18 the volume of solution (L); Cy and C, are the initial concentrations and
equilibrium concentrations (mg L, respectively; and M yective material 15 the exact mass of
the reactive material sample (g).

2.4. Sorption Kinetic Studies

Determining the sorption kinetics are important for understanding the metallic ion re-
moval process using sorbents. Thus, the data can be well understood by examining kinetic
models and determining the rate-controlling mechanism. Kinetic batch experiments were
conducted based on and adapted to the methodology used by [81]. This test was initiated
in duplicate using a similar ratio of equilibrium experiments (1:50), but mixing 5 g of solid
material (peat or compost) with 250 mL of a single solution with a PTE concentration of
220 mg L~! (solid:solution ratio of 1:50). The mixtures were maintained under the same
stable room temperature (close to 25 °C) and 10 to 20% mechanical stirring. After each
time interval (0, 15, 30, 60, 90, 120, 150, 180, 210, 240, 480, and 1440 min), an aliquot of
the suspension was collected and filtered and the filtrate was analyzed for the remain-
ing PTE concentrations using a PinAAcle 900F Atomic Absorption Spectrophotometer
(PerkinElmer).

The experimental kinetics data were fitted to pseudo-first-order (PFO), pseudo-second-
order (PSO), Elovich, Mathews and Weber (M&W), and Weber and Morris (W&M) models
using the “user interface” (UI) from Microsoft Excel software, as developed by [82]. To sup-
port the best fitting of the models to the experimental data, the statistical parameter
coefficient of variation (R?) (Equation (3) and analysis and residual sum of squares error
(SSE) (Equation (4)) were performed.

R2 — Z(Qmean - %al)z (3)
Y (qear — qmean)z - Z(%ul - qex;?)z
SSE = Z(‘]exp - qcal)z (4)

2.4.1. Pseudo-First-Order (PFO)

This model is a simple kinetic analysis of sorption. Also known as the Lagergren equa-
tion, it was the first velocity equation created to characterize the sorption of a liquid/solid
system based on the solid capacity [83]. The basic assumptions of the PFO model are (i) a
high initial concentration of sorbate, (ii) applicable to the initial stage of sorption, and (iii) a
few active sites exist in the sorbent surface; that is, sorption is not controlled by sorption in
the active sites [82]. To obtain an equation with experimental data, an equilibrium sorption
capacity (g.) must be known. However, as the process is extremely slow, the alternative
is an extrapolation of the experimental data to an infinite time or use of a trial-and-error
method [83]. This model generally does not fit well for the whole range of contact times
and is normally applicable only at the initial stage of the sorption process.
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The pseudo-first-order kinetic model is generally expressed as follows (Equation (5)) [84]:

dqe _
= k(e — ) ®)
The model after integration with the initial conditions of gy = 0 is presented as

Equation (6):
qt = qe (1 —eh t) (6)

where g; and g, (mg g’l) denote the sorption capacities at time t and equilibrium (min),
respectively, and k; is the rate constant of first-order sorption (min~1).

2.4.2. Pseudo-Second-Order (PSO)

This kinetic model assumes that the sorption capacity is proportional to the number of
occupied active sites present in the sorbent [84]. The PSO model could represent three con-
ditions: (i) the initial concentration value is low, (ii) applicable in the final phase of sorption
and (iii) the sorbent is abundant in active locations [82]. It was used for the first time to
model Pb sorption in peat [85]. This model has been largely applied to the sorption of con-
taminants from aqueous solutions to describe various sorption processes [82,86]. The PSO
model based on the sorption equilibrium capacity may be expressed by a differential
equation (Equation (7) [87] and the integrated form [82] (Equation (8)):

d
A=k (ge— 1)’ )
2
Te k2 t
— S 8
" T gkt ®

where kj represents the pseudo second-order rate constant (mg g~! min~!). This rate may
be directly dependent on the sorbed PTE ion concentrations.

According to theoretical analysis [88], the rate constant is a linear function of the
initial concentration of solute for systems whose sorption kinetics obey the PFO model.
Nonetheless, the rate constant is a complex function of the initial concentration of solute
for systems that obey the PSO model.

2.4.3. Elovich Kinetic Model

Another model for the analysis of sorption kinetics is the Elovich model. This equation
is an empirical model that considers the surface of the heterogeneous sorbent as well as
the increase in activation energy as the sorption time advances [82]. It was developed to
describe the chemical sorption present in a gas-solid system. However, it has also been
used to adequately describe sorption kinetics in liquid-solid systems [81,86,87,89-91]. This
model assumes that the solid surfaces are energetically heterogeneous and that the kinetics
of sorption cannot be affected by desorption or interactions between the sorbed species [92].

The Elovich kinetic model is commonly represented by Equation (9) [93], and integrat-
ing this equation for the condition of g, = 0 generates Equation (10) [82]:

% =aqe P )
gt _; In(1+a B t) (10)

where  is the initial sorption rate (mg g~! min~') and B is the desorption constant (mg g~ 1)
during any one experiment.
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2.4.4. Mathews and Weber (M&W)

There are stages in the sorption process by porous sorbents. First, the sorbate is
transferred from the aqueous solution to the external bordering of the sorbent (film diffu-
sion). Then, the particles enter particular active sites (particle diffusion). Finally, sorption
interactions occur on the interior of the porous sorbent [94].

The previous models are not able to identify the diffusion mechanisms. The possibility
of the diffusion of sorbate in a bounding liquid film around the sorbent is the slowest step
and was assumed by several external diffusion equations, such as the Mathews and Weber
model presented in Equation (11) [95]:

g = % (1 — ¢ mew S f) (11)
S

where m; denotes the mass of sorbent per unit volume of solution (g LY and kyew S
describes the external diffusion (cm min~! ecm™1).

2.4.5. Weber and Morris (W&M)

The W&M model is one of the most commonly used models to describe the intraparti-
cle diffusion, and it is described as follows (Equation (12)) [96]:

qr = kwem /2 (12)

where k;; is the intraparticle diffusion rate constant (mg g~! min—1/2).

A plot of the square root of time (t'/?) against g; fits a linear relationship if intraparticle
diffusion is implied in the sorption process. The plot that passes through the origin suggests
that intraparticle diffusion is the rate-controlling step. If the linear relationship does not
pass through the origin, then intraparticle diffusion is not the only rate-limiting step,
and other kinetic models may simultaneously control sorption [82,96]. The Weber and
Morris model represents a simplistic approximation of the pore diffusion kinetics without
accounting for the effects of the pore dimensions. The effect of pore diffusion processes on
the uptake of potentially toxic elements needs to be studied in more detail, including the
impacts of pore radius and size on the sorption kinetics [92].

2.5. Bioaccessibility Test

The PTE bioaccessibility for humans in the peat and compost postsorption equilibrium
was analyzed using a modification of the in vitro physiologically based extraction test
(PBET) [97] at a 1:100 solid:liquid ratio [98]. The extraction occurred sequentially in two
stages in a dry bath incubator/block heater equipment, and it was performed in duplicate.

(i) To simulate the gastric phase (first phase): 50 mL of 0.4 M glycine solution adjusted
to pH 1.5 with HCI was added to 0.5 g of dry peat. The solution was maintained at
37 °C and stirred occasionally for 1 h, and then an aliquot of the supernatant (10 mL)
was sampled and filtered;

(ii) To simulate passage from the gastric to the intestinal phase (second phase): the pH
of the remaining extract was elevated using NaHCO3; the solid-solution ratio (1:100)
was maintained constant by adding glycine; the suspension was maintained at 37 °C
and stirred occasionally for 3 h; and an aliquot of the supernatant was sampled and
filtered (filter paper similar to the first phase).

The PTE dissolved in the filtrates was analyzed in a PinA Acle 900F Atomic Absorption
Spectrophotometer (PerkinElmer).

3. Results
3.1. Compost and Peat Properties

The physicochemical characteristics of the peat and compost used in the experiments
are listed in Table 1. The compost pH was higher than the peat pH (Table 1), and the values
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were within the expected range for these materials. For each material, the pH in water was
higher than the pH in CaCl, due to the so-called salt effect. During composting, numerous
chemical and biological reactions occur that regulate the acidic conditions and result in the
generation of a final product with a pH in the range of 7.0 to 8.5 [99]. The studied compost
had a slightly basic pH in water (7.4, Table 1) and may be an indication of its maturity.
In contrast, peat commonly has a pH ranging from 3.0 to 6.0, with higher values associated
with a lower decomposition level [100]. This peat acidic character is associated with humic
substances related to the COOH and OH group ionization present predominantly in its
structure. Dick et al. [101] indicated that at pH values from 4.0 to 5.0, most of the carboxylic
functional groups are already dissociated, thus contributing positively to cation exchange.
The peat evaluated in this study with a pH in water of 5.0 could be classified as moderately
acidic (pH in the range of 4.5 to 5.5) [102].

Table 1. Physicochemical properties of compost and peat.

Parameter Compost Peat
pH: CaCl, 0.01 M 5.4 3.9
pH: H,O 7.4 5.0
Eh (mV) +268 +432
EC (uScm™1) 665 448
Moisture: 65 °C (%) 36.78 7.99
Moisture: 110 °C (%) 1.52 2.29
Total Moisture (%) 38.30 10.28
WRC (%) 65.26 36.28
CEC (mmol. kg~ 1) 340.00 b 910.00 ¢
OM? (gkg™!) 186.60 447.60
IMR? (g kg™1) 695.30 417.60
SMR? (gkg™1) 94.00 110.50
TMR 2 (g kg™ 1) 789.30 527.60
C? (%) 8.32 23.36
N? (%) 0.82 1.26
C/N 10 19
Pa(gkg™!) 201" 0.66
K2 (gkg™1) 1.58 P 0.58
Ca?(gkg™ 28.60 ° 1.80
Mg? (gkg™!) 1.30P 1.10
Sa(gkg™h 030" 0.80
Cd? (mgkg™) <5 <5
Pb? (mg kg™ 1) 24.50 <5
Zn? (mgkg™') 57.50 <5
SiO, (44.5%); Si0; (33.9%);
XRF A1203 (11.00/0),' A1203 (12.3(70),'
Fe,03 (5.8%); Fe, O3 (2.2%);
CaO (1.6%) TiO, (2.0%)

2: The parameters are presented on a dry basis (65 °C); b. from [54]; ¢: from [80]. Eh: potential redox; EC: electrical
conductivity; WRC: water retention capacity; CEC: cation exchange capacity; OM: organic matter; IMR: insoluble
mineral residue; SMR: soluble mineral residue; TMR: total mineral residue; XRF: X-ray fluorescence.

Compost and peat revealed oxidizing conditions with redox potential values of +268
and +432 mV, respectively. Regarding moisture, the compost exhibited higher total values,
and most of this retained water could be lost at 65 °C. The water retention capacity of
the compost was also higher than that of peat (65.26 and 36.28%, respectively). The peat
presented a larger organic matter portion than the compost (447.60 and 186.60 g kg~?,
respectively). Consequently, the mineral residue fraction (TMR) in the peat was lower than
that in the compost (527.60 and 789.30 g kg !, respectively). As organic matter contributes
positively to the increase in CEC [103], peat exhibited a higher CEC than compost (910.00
and 340.00 mmol. kg~ !, respectively). Meanwhile, the compost showed a larger insoluble
mineral residue portion, silica and electrical conductivity than peat (Table 1). As expected,
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peat had a higher organic carbon content than compost (23.36 and 8.32%, respectively)
and a higher C/N ratio. The C/N ratio for the compost was 10; thus, it was classified as a
material in a decomposed and stable state according to Kiehl [76].

Regarding the target PTEs (Zn, Pb and Cd), peat and compost presented concentrations
below the respective values of prevention (86, 72 and 1.3 mg kg~!), thus indicating that
the introduction of these materials in the soil does not inhibit the functionality of the
natural environment (Guiding Values for Soils) [104]. In addition, data from the literature
highlighted the need for special care to avoid the incorporation of large concentrations of
PTEs in the final products. The composts studied by Farrell and Jones [50] and Venegas
et al. [105] presented mean Pb concentrations of 906 and 89 mg kg ! and Zn concentrations
of 505 and 523 mg kg !, respectively. Depending on the situation, these values may even
make it impossible to use these sorbents for the actual remediation of a contaminated area.
Thus, it is important to be careful in obtaining and transporting the feedstock material,
such as by segregation at the source, as in this study, which yielded good results.

The results shown in Table 1 are generally within the range of the expected values for
these material typologies. In comparison, studies with MSW-derived composts revealed
pHpzo values in the range between 7.0 and 8.5 [50,105,106]. Smaller values (5.4 to 6.7)
were presented by Simantiraki et al. [106] for materials with shorter maturation times.
The composts commonly have different CECs of 789.55 and 1050.00 mmol. kg ! for organic
matter contents of 835.70 and 560.00 g kg ™!, respectively [105,107]. Faverial et al. [108]
concluded that the characteristics of compost are strongly influenced by climatic conditions
during composting: the composts produced in a tropical climate (high temperature and
precipitation) exhibited greater losses of C and nutrients, thus contributing to less organic
matter and nutrient content in relation to composts produced in temperate climate regions.
For example, studies carried out on European composts (temperate climate) described
C contents of 24.60 and 27.00% [51,105], which are much higher than those found in this
study for a tropical compost.

In studies characterizing Brazilian peats collected in the Mogi-Guagu River basin
but in different municipalities, Raimondi et al. [80] found a pHppo value of 5.9, an OM
of 510.60 g kg_l, and a CEC of 1160.00 mmol, kg_l and Crescéncio Junior [42] found a
pHipoo of 4.3, an organic matter content of 682.00 g kg~!, and CEC of 710.00 mmol. kg~ *.
Other Brazilian peats had CECs of 670.00, 1355.00, and 1819.00 mmol. kg’l for organic
matter contents of 325, 734, and 971 g kg !, respectively [42,109]. For peat from temperate
regions (Turkey and Sweden), Giindogan et al. [110] and Kalmykova et al. [37] obtained
CECs of 971.00 and 309.00 mmol. kg !, respectively. The organic matter content of peat is
variable, with peat analyzed by Kiehl [76] presenting variable OM content between 305
and 952 g kg~ !. The C content is directly associated with the organic portion, and the
percentage of the elemental composition varies, with C fluctuating from 12.0 to 60.0% and
for N varying from 0.3 to 4.0%. Batista et al. [111] analyzed three Brazilian peats and found
that one of them exhibited a carbon content of 53.10%, which was much higher than that of
the others (6.23 and 5.12%).

Scanning electron micrographs indicated differences in surface morphology between
compost and peat. Both sorbents showed clear granulometric variations, but the compost
grains were relatively larger and more heterogeneous compared to peat. This can be clearly
seen in Figure 1, where both materials are depicted on the same scale.

Although the peat grains exhibited greater sphericity, the compost was formed by
particles of different shapes (spherical to elongated), including some that resembled com-
postable materials that are more difficult to degrade (such as sawdust) (Figures 1 and 2).
The compost exhibited an irregular structure, with some smoother particles and rougher
particles, which can contribute to greater porosity in relation to peat (Figure 2A,B).
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Figure 1. Photomicrographs of compost (A) and peat (B) by scanning electron microscopy (SEM).

The surface examination using EDS associated with SEM is illustrated in Figure 2.
The results of the elementary analysis of EDS showed that C, O, Si, Al, and Fe were the
main elements in the structure of both materials; however, the intensity was different,
which confirms the data in Table 1 (elemental composition and XRF). For compost, Point
1 exhibited large concentrations of O and Si, possibly indicating the presence of quartz.
Point 2, on the other hand, revealed an intense concentration of C combined with inorganic
components (e.g., Al, Si, Fe, and Ca), probably indicating an aggregate of organic and
inorganic matter (Figure 2A). For peat, Point 1 had a high C content, although inorganic
elements (e.g., Si, Al, Ti, and Fe) were also present. In Point 2, the presence of C was
lower due to the increase in the levels of inorganic constituents (mainly Ti and Fe). Thus,
the samples illustrate an association between organic and inorganic plots typical of this
material typology. In other words, peat is predominantly made up of inorganic portions
coated with organic matter.

Regarding the surface functional group characterization, the FTIR spectra of the
biosorbents compost and peat were obtained in the spectral range of 400 to 4000 cm 1.
The results showed that the compost and peat had different organic functional groups
(Figure 3). Spectral bands close to 3440 and 3383 cm~! for compost and peat, respec-
tively, could indicate the presence of hydroxyl groups (-OH) based on the stretching
vibrations present in alcohols, carboxylics and/or phenols [112,113]. Soobhany et al. [114]
and Liu et al. [115] suggested that spectral bands in this range may also be indicative of
N-H stretching vibrations associated with primary and secondary amines. In biosorbents,
this characteristic peak may be associated with macromolecules, such as cellulose, lignin,
and pectin, or absorbed water [26].

The subsequent appearance of two bands for peat (located at 2923 and 2846 cm ™)
and one band for compost (at 2923 cm~!) might be attributed to the asymmetric and
symmetrical stretching of the C—H group of long-chain aliphatic components.

The intense vibration peaks found at 1645 for compost and 1613 for peat could be
from C-O stretching vibrations of the nonionic carboxyl (i.e., -COOH, -COOCH3), which
might be linked with carboxylic acids and/or ester groups of the lipids. Peaks at 1707 and
1639 cm™~! could also correspond to the formation of ketones, aldehydes, and carboxylic
acid [114].

Aromatic substances accounted for the bands at approximately 1490 cm~!. These
structures may have been formed during composting [115] or in the decomposition of
organic matter during peat formation. According to Chwastowski et al. [113], peaks in the
bands between 1500 and 1650 cm ! could represent aromatic C=C bonds associated with
the presence of lignin.

The spectral bands at 1383 and 1390 cm~! for compost and peat, respectively, possibly
indicate the carboxylic groups (COO~) of hemicellulose, pectin, and/or proteins [26]. C-O
stretching of the polysaccharide structure or C-C stretching vibrations of aliphatic groups
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were observed for compost and peat at bands of 1000 to 1100 cm~! [115]. The peaks
observed in wavenumbers in the range of 690 to 900 might be due to stretching vibrations
of -NH; in proteins [26] or to deformation in the plane and outside the aromatic C-H

plane [112].
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Figure 2. Photomicrographs of compost (A) and peat (B) by scanning electron microscopy (SEM) and X-ray energy

dispersive spectroscopy (EDS) at two distinct points (1 and 2).
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Figure 3. Infrared spectra of compost and peat.

Surface functional groups, mainly carbon-oxygen, are the most important structures
influencing the surface behavior of sorbents and could be involved in Zn, Pb and/or
Cd sorption.

Compost and peat have a wide pore size distribution and, consequently, a wide
variation in specific surface area, confirming the SEM data. The pore volume and the
surface area are positively correlated with the pore radius; that is, an increase in the radius
implies an increase in the volume and/or the surface area. Compost had a slightly higher
BET surface area than peat (5.689 vs. 3.451 m? g1, respectively; Table 2).

Table 2. SSA and pore distribution of compost and peat.

Parameter Compost Peat
SSA (m? g 1)
(i) BET 5.689 3.451
(i) BJH
(@) Sorption cumulative 6.636 5.828
(b) Desorption 9.787 9.679
cumulative
BJH Vp, (cm® g™ 1)
(i) BJH sorption 0.03412 0.02682
(ii) BJH desorption 0.03448 0.02783
Rp (A)
(i) BJH sorption 18.93 21.16
(ii) BJH desorption 94.24 18.73

SSA: specific surface area; Vy,: total pore volume; Rp,: average pore radius.

The BJH sorption pore distribution showed that peat has a greater SSA associated
with a pore with a radius of up to 60 A compared with compost, which had a greater SSA
associated with a pore with a radius greater than 60 A in relation to peat. However, peat has
a larger average pore radius than compost (21.16 and 18.93 A, respectively). Considering
the IUPAC pore classification, the compost and peat do not have micropores (R, <10 A)but
rather have total pore areas composed of mesopores (10 A < Rp <250 A) 0f 96.7 and 96.5%,
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respectively, and macropores (R > 250 A) of approximately 3.3% and 3.5%, respectively [116].
Therefore, both sorbents are predominantly mesoporous. Importantly, these results were
consistent with and complemented those of the scanning electron micrographs of compost
and peat, which were used to visualize the presence of pores in both materials.

3.2. Sorption Results
3.2.1. Equilibrium Studies

pH affects the overall performance of sorption mechanisms by directly interfering
with the sorbent surface charges and ionization and speciation of the sorbate in solution.
It has been reported that pH influences the uptake of PTE ions from aqueous solution; thus,
it is important to determine the so-called optimum pH values for the sorption process, i.e.,
the value that maximizes contaminant sorption. However, in this research, the objective
was to assess the behavior of the compost and peat under original conditions; therefore,
pH variations were not assessed and the pH values were not adjusted at any time during
the batch equilibrium test.

Considering peat, some studies have indicated that a pH range between 4.5 and 7.0
would be associated with the optimization of PTE sorption [35,117-119]. In the present
study, the pH in the peat tests was in this interval, with results ranging from approximately
4.0 to 5.5, which may be considered a favorable characteristic, mainly for peat use under
natural conditions. Under these pH conditions, approximately 90 to 99% of the hydrogen
ions in COOH groups are dissociated, thus contributing positively to ion exchange reac-
tions [101]. As the compost had a higher natural pH, this sorbent showed higher results
for this parameter in the batch equilibrium test, with values from 5.0 to 6.5. In conditions
of low pH, the high concentration of H* in aqueous solution competes with PTE ions for
sorption sites (ion exchange); in conditions of high pH, the precipitation of metal oxides is
the main mechanism of immobilization [34].

Based on Figure 4, the tests with Pb and Cd sorption on peat and compost, which
precisely revealed the highest percentages of sorption, showed an increase in pH (compar-
ing the initial pH with the respective pH at equilibrium). This increase can be explained
by the release of hydroxyl ions (OH™) by the sorbents [120] or by proton binding of the
solution by the reactive materials [121]. It is also plausible to assume that this increase
in pH may be due to the dissolution of components or ions present in the compost and
peat. In contrast, in tests with Zn, mainly for the highest initial concentrations, a drop
in pH was observed after contact of the peat and the compost with the contaminating
aqueous solution. Ho et al. [122] and Bartczak et al. [119] associated this pH decrease with
complexation and ion exchange through the deprotonation of sorbent functional groups.
Hence, as more H ions are released into the solution, more sites on the sorbent surface
become free and the aqueous solution pH becomes lower. Another hypothesis presented
by Gosset et al. [123] is that this drop is related to the acidic properties of the carboxylic and
phenolic groups present in the peat humic substances. Given the difference in pH variation
for the PTE studied (Zn, Cd and Pb), it is possible that different sorption mechanisms may
act concurrently in the retention of each of these elements in the compost and peat.

Significantly, all sorption experiments occur under oxidizing conditions (see the Eh
data in Figure 4). A comparison of the initial and equilibrium Eh values showed that the Eh
value decreased, although the difference was not as significant in some samples (Figure 4).
This could possibly be ascribed to the electron transfer controlled by aeration and biological
reactions (the organic matter in both peat and compost may be an electron source).

The combined assessment of the pH and Eh data using characteristic diagrams of Zn,
Pb and Cd indicated that these elements were predominantly in the cationic forms: Zn?*,
Pb?* and Cd?* in aqueous solutions during all sorption experiments (Figure 4).



Sustainability 2021, 13, 12847

14 of 25

A
= = o
o ]
-
18 Zn
400
S 300
£
s
1w &
100 B
0 4
18Zn
B 8
6
T
2 3
2
0
400
< 300
E
= 200
w
100
0
27 Pb
C
8
6
= 4
2
0
400
< 300
E
= 200
w
100
0

21Cd

36Zn

pH variation —Zn

72Zn

riation

e

3

LR H
St

L,
Lt 3,

S

i

&

&

%
fl

&
-
i

&
-
i

&
L
ot

54 Zn 722Zn 90 Zn

pH variation - Pb

54 Pb

54 Pb

42Cd

81Pb 108Pb 135Pb

Eh variation — Pb

——
R

R
S

———
Rt

35

&

81Pb 108Pb 135Pb

pH variation - Cd

ST

tt

RARRARE

[

R
AR

63Cd 84Cd 105Cd

Eh variation — Cd

63Cd 84Cd 105cd
m Compost —inicial

m Peat —inicial

108 Zn

o
b

T
eketstet

2

o
o

e
ety

162 Pb

189Pb 216Pb

)
—
SEGOC

S
SRSl
B

b

o

5058

il
pias!
R

S

]

R

oty

2
i
S

SrTen g

2
e

!

-
%

£
4

162Pb 189Pb 216 Pb
126 Cd 147Cd 168Cd

el

=
&
=

& o
1

b

T

,
5

ey
HEAEA

e
oy
B

£
o

%

o

i
it
£

T
e

&
T
it

1%

I

147 Cd

126 Cd 168 Cd

@ Compost — equilibrium

& Peat — equilibrium

12
08 T
Zn[2+ S
6 n[2+] -
" ~
0.4 | <
; o
S, e ——-
w T — L Zn(OH),(aq)
il 1 1 I \‘
oot _ B E
~ vl Zn(QH), |-
- & | 3
e 9 4 8
i S iJ I Zn(OH), (4]
04 r-l Sl 0
. NIRRT
7 5 i ! ~
0.6 b L
B ! ! S
1 i
e ——— II b | T i G T e T
3 5 7 9 1 13
pH
12
1.0
7 Pb(OH), (a
— (OH)(aq)
06 | Pl
' M|
00— -! 0 : Pb(OH)[1]
e Lrry [ pgomea
~ '
e s g !
o LIl Pb(OH),]
1 1
[ 115,
- I 0 ' ! \\\\
0.6 v =0
il Iy ] o) S
' l
y &
08 { R l T T LTl
1 3 s 7 ] 11 13
pH
12
] -
1.0 4 \\
0.8 - \\\
0.6 S 5
i Cd[2+] -
Cd(OH),faq
| }
i * Va1 Cd(OH)[#]
0.0 ISR
o r Ly
0.2 5 ! : I
o
R 14 )
] F P Cd(OH)[]
| I %5 ) S =
= ~
06| | Lo
g (I ™
E [0 <
08 J il
T T T T T T T T T T T
1 4 5 7 9 11 13
pH

Figure 4. Initial and final pH and Eh values for compost and peat contaminated with Zn (A), Pb (B) and Cd (C). Each result
is the mean =+ standard deviation (vertical lines) for triplicate experiments (data entered in Brookins diagrams [124]).
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The influence of different concentrations on the sorption of Zn, Pb and Cd by the
compost and peat was tested, and the trends are illustrated in Figure 5. Comparing the
sorbed concentration to the initial concentration, the highest percentage of removal was
observed at the lowest concentrations, with removal values close to 100%. However, for the
highest concentrations, the order of removal was Pb > Cd > Zn for compost and peat.
Several mechanisms act on the sorption of PTE, but each does not attract different ions
equally. Thus, an important factor in the evaluation of sorption is the affinity of each PTE
for the sorbent [36].
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Figure 5. Batch test results showing the equilibrium and sorbed concentrations and removal capacity of compost and peat
in contact with Zn, Pb and Cd. Each value is the mean =+ standard deviation (vertical lines) for triplicate experiments.
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The sorption of cations in solution is directly related to the attraction between negative
surface charges and positive charges of ions [125]. Qin et al. [118] reported that the sorption
affinity is associated with electronegativity and smoothness. In relation to electronegativity,
the more electronegative the PTE ions are, the more strongly they will be attracted to
the surface of the sorbent [126]. The order of affinity and the order of electronegativity
(Pb: 2.33 > Cd: 1.69 > Zn: 1.65 [127]) were the same, thus confirming the assumptions of
McKay and Porter [126]. The theory of hard and soft acids and bases (HSAB) states that
so-called “class C cations” (including Pb) have the ability to form stronger complexes with
fulvic and humic acids compared to “class B cations” (such as Zn and Cd) [37,128]. This
could explain the great affinity of Pb with the compost and peat (Figure 5). In addition,
the differences in the sorption behavior of Pb and Cd could be partially explained by
the electronic configurations, with Pb presenting unpaired electrons that are more easily
shared and empty spaces in its orbital, thus favoring the formation of complexes with
sorbents [129]. Zn and Cd form complexes that are more unstable due to their low-spin
configuration [37].

The removal capacity in the equilibrium of both materials was calculated as a func-
tion of the initial concentration of Zn, Pb and Cd, and the results are shown in Figure 5.
It was noted that sorption increased with increasing initial concentration for all elements.
The compost reached maximum values of 4.409, 10.511, and 6.287 mg g’l in batch exper-
iments with the highest initial concentrations of Zn, Pb, and Cd, respectively. However,
the peat showed lower maximum removal capacities of 1.983, 7.778, and 3.202 mg g !
for Zn, Pb, and Cd, respectively. A comparison of these sorption capacities with data for
various sorbents indicated that the compost used in this study possessed a relatively high
sorption capacity; thus, it presented a remarkable potential for the removal of Pb and Cd
from aqueous solutions.

3.2.2. Kinetic Studies

The contact time is considered an important parameter that affects the sorption capac-
ity of the sorbents and is determined by sorption kinetics. The contact time is a criterion
widely used to identify the speed of binding and removal processes and to obtain the
optimum time for the complete removal of the target ions.

For the compost and peat, the kinetic data (Table 3 and Figure 6) showed that the
compost had a high removal capacity and achieved a faster equilibrium. For Pb removal,
the compost attained equilibrium after 30 min, with a g determined experimentally (gexp)
of 9.392 mg g~!; and for Cd and Zn removal, it attained equilibrium after 60 min (Gexp
of 10.527 mg g~1) and 120 min (gexp of 11.278 mg g~ !), respectively. The peat required
approximately 210 min for equilibrium of the three potentially toxic elements, achieving
exp values of 8.177, 4.466, and 3.061 mg g’l for Pb, Cd, and Zn, respectively. The same
pattern between a composted material and a peat for the kinetic data was revealed by
Raimondi et al. [130], in which study, the composted agro-based waste material (from
sugarcane crops) achieved faster equilibrium for Pb and Zn removal (requiring 30 and
60 min, respectively), while the peat needed nearly 180 and 90 min for the potentially toxic
elements, respectively.

Shah et al. [131] also reported the rapidness of a composted material (prepared from
biodegradable fractions of MSW) for the removal of Pb from contaminated water, with
a fast uptake within the first 30 min. According to these authors, the highly porous
structure of the compost provides complete access and a large surface for Pb sorption at
the binding sites.

The velocity at which the target ions were removed also serves as the basis for under-
standing the process mechanism. Therefore, the experimental data of the sorption kinetics
were fitted to the PSO, PFO, Elovich, M&W, and W&M models to provide additional
insights into the potential rate-controlling steps and mechanisms of the sorption process.
The results of kinetics data modeling are summarized in Table 3, and they revealed that



Sustainability 2021, 13, 12847

17 of 25

both materials had different behaviors and even differences regarding the potentially toxic
elements analyzed.

Table 3. Kinetic parameters for the sorption of Pb, Cd, and Zn on compost and peat at 220 mg L.

Compost Peat
P t

Model arameters Zn b cd Zn b cd
Jexp (Mg g~ 1) 11.278 9.392 10.527 3.061 8.177 4.466

Equilibrium time (min) 120 30 60 210 210 210
ey Mg g1 10.933 9.354 10.425 2.922 8.132 4.479
PO ki (min~1) 0.057 3.123 0.108 0.061 0.022 0.012
R2 0.970 0.998 0.981 0.853 0.931 0.923
SSE 6.177 0.194 3.409 2.468 8.820 2918
e Mg g™ 11.660 9.392 10.655 3.135 9.101 4.941
PSO ky (mg g~ min~1) 0.008 0.383 0.029 0.029 0.003 0.004
R2 0.991 0.999 0.987 0.877 0.958 0.935
SSE 1.793 0.087 2.223 2.037 4.997 2.203
a (mg g~ min—?) 21.669 1600.052 212.278 400.801 2.239 0.391
Eiovich B(mgg ) 0.751 1.366 1.020 4.448 0.789 1.248
ovie R? 0.961 0.921 0.945 0.961 0.949 0918
SSE 7.411 9.064 8.315 0.392 5.567 2.564
kyew S (cm min~! em™1) 0.038 3.041 0.070 0.001 0.012 0.001
M&W R? 0.938 0.994 0.926 0.544 0.913 0.655
SSE 16.907 0.698 18.888 46.698 14.921 48.066
kwenm (mg g1 min=05) 0.554 0.447 0.529 0.151 0.396 0.198
W&M R2 0.620 0.556 0.578 0.632 0.704 0.726
SSE 266.014 282.744 307.417 19.379 89.302 19.622

For the compost, the R? values of Pb, Cd, and Zn for the PSO, PFO, and Elovich models
remained above 0.90 (SSE below 9.100), thus establishing good adjustments for each model
under consideration. The PSO model showed high R? (above 0.987) and low SSE (below
2.223) over PFO (R? above 0.970, and SSE below 6.177). In addition, the sorption capacities
for PSO (qe(2)) were consistent with the experimental data (gexp). The consensus for the
three parameters may assume that the rate-limiting step is chemical or physicochemical
adsorption, which involves the transfer, exchange, and cooccurrence of electrons [132].
In biosorbents (such as compost), chemisorption may occur between the functional groups
of organic matter (mainly OH™) and cations, with PSO widely applicable to kinetic data
of biosorption systems [133]. Through the Elovich equation, it is possible to infer that the
compost surface is heterogeneous (energetically).

Regarding the results of the diffusion models, the M&W model presented a good
fit for the compost data (R% > 0.920), indicating that the external mass transfer process
plays an important role in the sorption process. The differences between the bulk solution
and sorbent surface concentrations were considered the driving force of external diffusion
(through the liquid film); therefore, at 220 mg L~!, the number of external binding sites
of the compost was considered sufficient to sorb Pb, Cd, and Zn, and quick equilibrium
was achieved. Regarding the W&M model, the R? and SSE values for the compost (Table 3)
did not confirm that the sorption rate-limiting step was the intraparticle diffusion process
for the analyzed data. However, the multilinearity of the plots (Figure 6) indicated that
intraparticle diffusion also played a role in the uptake of the PTE (especially Zn and Cd)
by this material. In the first stage, the steepest portion of the curve relates to almost
instantaneous external surface sorption. The second stage is gradual sorption, when
intraparticle diffusion occurs. The third stage assumes that sorption equilibrium has
been achieved and that the smallest PTE in solution causes a decrease in intraparticle
diffusion [134].
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Figure 6. Kinetic experimental data of sorption of Pb, Cd, and Zn on peat and compost, and their adjustments to PFO, PSO,
Elovich, M&W, and W&M models.

Peat, on the other hand, showed different behavior depending on the potentially
toxic element. Pb and Cd exhibit a better fit with the PSO model (R? of 0.958 and 0.935
and SSE of 4.997 and 2.203, respectively). For both PTEs, the R? values for the PFO and
Elovich models also remained above 0.90, assuming the same conditions as for compost
(chemisorption and peat energetically heterogeneous surface). Regarding the diffusion
models, the adjustment of the M&W model to the Pb data was highlighted, thus indicating
a relevant contribution of the external mass transfer process. In this situation, due to the
high sorption affinity of the peat for Pb, the external binding sites were efficient in sorbing
the available Pb. However, as also observed for the compost, the multilinearity of the
plots (Figure 6) indicated the occurrence of both mass transfer (external and intraparticle
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diffusion). Physically, when the external binding sites were occupied by Zn, Pb, and Cd,
the additional cations migrated to pore spaces within the peat. See Figure 7.
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Figure 7. Zn, Pb and Cd bioaccessible concentrations (gastric and gastrointestinal phases) in compost and peat postsorption.
Each value is the mean = standard deviation (vertical lines) for duplicate experiments.

3.3. Human Bioaccessibility

Regarding the risk assessment for human health, oral intake is the main exposure
route to contaminants [63]. Thus, there is a need to use a practical methodology to measure
the contaminant fraction that can enter the human blood system, causing toxic effects [64].
In this context, the impacts of peat and compost ingestion after sorption of Zn, Pb and
Cd were simulated using the in vitro bioaccessibility test (Figure 7). In a real situation,
these saturated reactive materials used in the treatment of contaminated effluents or as
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organic amendments in the remediation of soil contaminated with PTE could be exposed
to weathering or directly and indirectly ingested by local adults and children (associated
with food and/or water).

The experimental results for human bioaccessibility showed higher concentrations in
the first stage, simulating the acidic conditions in the stomach (pH~1.5), than in the second
phase, simulating uptake by the human intestine (increase in pH close to neutral values).
The bioaccessible fractions in the first stage were greater than 80%, 50% and 70% for Zn, Pb
and Cd, respectively, thus indicating potential risks to human health. Notably, among the
PTE targets of this study, Pb had the highest sorption percentages (Figure 5) and the lowest
bioaccessibility (Figure 7).

These results are consistent with previous studies that have already highlighted the
importance of bioaccessibility tests in the evaluation of potential sorbents. Lima et al. [135]
obtained higher bioaccessible Cd fractions for the gastric phase of postsorption Brazilian
peats that were previously activated with HCl. Raimondi et al. [25] reported the bioac-
cessibility of 92% of the Cd sorbed on composted sugarcane pressmud in a batch test
with a concentration of 500 mg L~!. Raimondi et al. [130] showed higher bioaccessible
percentages of Zn and Pb for organic materials, peat and pressmud (greater than 80%)
compared to zeolites (less than 30%).

4. Conclusions

This study indicated that compost and peat have good potential as low-cost, ecofriendly
sorbents for the immobilization of Zn, Pb and Cd. The compost reached removal of 99.7%,
72.5% and 58.3% in batch experiments with the highest initial concentrations of Pb, Cd
and Zn, respectively. However, the peat showed lower removal of 71.9%, 39.5% and 27.8%
for Pb, Cd and Zn, respectively. Kinetic sorption is very fast, principally for compost,
and equilibrium conditions are reached in minutes (e.g., 30 min for Pb sorption into com-
post). The PSO model provided the best fit for the equilibrium from compost, indicating
chemisorption as the rate-limiting step. However, the PFO and Elovich models were also
well fitted, thus demonstrating that the peat and compost surfaces were energetically
heterogeneous. In addition, the external (M&W) and intraparticle (W&M) diffusion models
used here also showed a good fit, mainly for the sorption of Zn, Pb and Cd in compost
and Pb in peat, thus indicating the participation of diffusion in the dominant sorption
mechanisms. The human bioaccessibility data showed higher concentrations in the first
phase (pH~1.5) than in the second phase (pH~7.0). The bioaccessible fractions in the first
stage were lower for Pb (between 40% and 70%) than Zn and Cd (between 75% and 95%),
thus indicating potential risks to human health. The overall findings indicated that the
compost exhibited the best results mainly for Pb sorption. This material stands out because
it is derived from OFMSW, which is cheap and abundant, and its use in the recovery of
contaminated areas represents a solution for OFMSW management, thus providing added
value based on a circular economy.
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