Journal of Environmental Chemical Engineering 10 (2022) 108143

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

ELSEVIER

Check for

Performance and modeling of Ni(II) adsorption from low concentrated hde
wastewater on carbon microspheres prepared from tangerine peels by
FeCls-assisted hydrothermal carbonization

Jose L. Diaz De Tuesta® , Fernanda F. Roman *", Vitor C. Marques >, Adriano S. Silva®">°,
Ana P.F. Silva®, Tatiane C. Bosco, Assem A. Shinibekova ®¢, Sadenova Aknur *¢,

Marzhan S. Kalmakhanova °, Bakytgul K. Massalimova ©, Margarida Arrobas “, Adrian M.

T. Silva™¢, Helder T. Gomes®

@ Centro de Investigagao de Montanha (CIMO), Instituto Politécnico de Braganca, Campus de Santa Apolénia, 5300-253 Braganga, Portugal

Y Laboratory of Separation and Reaction Engineering - Laboratory of Catalysis and Materials (LSRE-LCM), Faculdade de Engenharia, Universidade do Porto, Rua Dr.
Roberto Frias, 4200-465 Porto, Portugal

¢ ALiCE—Associate Laboratory in Chemical Engineering, Faculdade de Engenharia, Universidade do Porto, 4200-465 Porto, Portugal

4 Universidade Tecnologica Federal do Parana (UTFPR), Campus de Ponta Grossa, Rua Doutor Washington Subtil Chueire, 330 Jardim Carvalho, 84017-220 Londrina
PR, Brazil

€ M.Kh. Dulaty Taraz Regional University, Taraz. Department of Chemistry and Chemical Engineering, Taraz 080012, Kazakhstan

ARTICLE INFO

Editor: Fumitake Takahashi

Keywords:

Heavy metal
Carbonaceous material
Citric peels

Waste valorization
Wastewater treatment
Nonlinear

Error function
Circular economy

ABSTRACT

The presence of heavy metals in the environment as a consequence of human activity is an issue that has caught
the attention of researchers to find wastewater treatment solutions, such as adsorption. In this work, hydrochars
and activated carbon microspheres are prepared from tangerine peels as carbon precursor and FeCls as activating
and structure-directing agent in the hydrothermal carbonization, allowing to obtain hydrochar microspheres
ranging from 50 to 3615 nm. In addition, a pyrochar was prepared by pyrolysis of the same precursor. The
activated carbon shows the highest surface area (Sggr up to 287 m? g™1), but the basicity of the pyrochar (1.83
mmol g’l, Sger = 104 m? g’l) was determinant in the adsorption of Ni, being considered the carbon-based
material with the highest uptake capacity of Ni. Isotherm and kinetic adsorption of Ni on the most represen-
tative activated carbon microsphere, pyrochar and hydrochar microsphere are assessed by 10 and 7 models,
respectively.

1. Introduction

Heavy metals are natural elements presenting high atomic mass and
density (> 5 g cm ™). Some of these metals are essential for animals,
with indispensable functions for human metabolism [62]. However,
several studies indicate that some heavy metals are likely to be carci-
nogenic (hexavalent chromium, arsenic, cobalt, nickel, antimony, va-
nadium and mercury), mutagenic (arsenic and vanadium), teratogenic
(arsenic), allergenic (nickel) or endocrine-disrupting (silver, copper,
zinc and selenium). Low levels of nickel result in reduced growth in
intrauterine development, and its deficiency can reduce iron absorption,
leading to anemia [51]. The main adverse effects caused by exposure to
compounds containing this metal are skin allergies, lung fibrosis and
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lung cancer, depending on their ability to enter cells [10,98]. Despite its
effects, nickel(Il) is largely used in the manufacturing process of stain-
less steel, metallic alloys and batteries [80]. The release of this metal
into the environment may occur from various industries, viz., nickel
plating, zinc-based casting industry and storage batteries, silver refinery,
mining and metallurgy of nickel [5,39].

The presence of nickel in drinking water can also occur due to
corrosion of pipes containing nickel in their composition or even to the
poor removal of this metal by water treatment systems [60]. Regulatory
environmental agencies establish concentration limits for nickel, owing
to the risks presented by its existence in drinking water and wastewater.
For instance, the World Health Organization establishes as a guideline a
value of 0.07 mg L™! for the concentration of nickel in drinking waters
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(WHO/SDE/WSH/07.08/55). The concentration of nickel may range
from 0.5 mg L™! to 192 mg L™! in wastewater effluents [53]. Adsorption
on several carbon-based adsorbents [80,95,96] has resulted in efficient
processes for the removal of Ni. However, many studies report high
uptake capacities, since the removal of Ni from waste waters is normally
studied considering high loads of the heavy metal (> 50 mg L’l) [24,53,
59]. The feasibility of the adsorption of nickel on carbonaceous adsor-
bents should also be explored at low nickel concentrations.

An efficient scenario allowing to decrease the costs of the adsorption
process and to reach a circular economy approach consists in the
development of technologies to valorize wastes by their transformation
into suitable adsorbents [25,84,89]. In this sense, the scientific com-
munity has been putting a great effort into the development of
carbon-based adsorbents from biomass wastes coming from
agro-industrial activities, such as fruit peels [25], shell of nuts [42],
bagasses [16], among others. By using biomass waste as a carbon pre-
cursor, different carbon-based adsorbents can be obtained, viz. pyro-
chars, hydrochars, or activated carbons, depending on the carbonization
processes applied [16]. A pyrochar (PC) is obtained through the thermal
treatment of the precursor at 400-1000 °C in an inert or oxygen-limited
environment [97]. Hydrochars (HCs) can be prepared by hydrothermal
carbonization (HTC), which consists in a thermochemical conversion in
the presence of water at temperatures ranging from 150 to 350 °C and
autogenous pressure [71]. HTC is interesting because of its technical
simplicity, low cost and energy efficiency. Activated carbons (ACs) are
typically obtained through two steps: activation and carbonization.
Activation can be conducted using chemical (treatment of the precursor
with oxidants) or physical (steam, COy and air) methods [94]. As an
activation step, HTC also works as an efficient process to obtain a suit-
able precursor (HCs) for the production of ACs [16].

The chemical activation to prepare ACs from biomass waste has been
studied with different activating agents, such as inorganic acids, bases or
salts [2,94]. However, there are scarce studies on HTC of biomass wastes
using additives to improve the physicochemical properties of the
resultant HCs [16,66,71,85]. The use of chemical agents in HTC can be
exploited to introduce improved surface chemistry for adsorption ap-
plications of the resultant HCs or ACs. Furthermore, chemical agents in
HTC can also act as structure-directing agents to prepare carbonaceous
spheres [9]. Among them, iron (III) chloride has proved to be an
excellent activating agent for the preparation of carbonaceous materials
[3,55,81] and as a metal doping for the adsorption of heavy metals from
aqueous solution [11,27,53]. In fact, for carbonaceous adsorbents, the
metals and functional groups on their surfaces, with acid or base char-
acter, play an important role in the adsorption process [80]. In this
sense, HCs are rich in functional groups that can greatly improve
chemical reactivity [36]. Because of this, many scientists have been
testing HCs as adsorbents for the removal of heavy metals, pesticides,
and drug residues [35]. However, the influence of the adsorbent’s
characteristics (e.g functionalities, morphology, or textural properties)
on the adsorption of Ni has not been deeply studied so far.

The properties of the carbon-based materials not only depend on the
type and operating conditions of the carbonization process but also on
the carbon precursor selected for their preparation. The materials ob-
tained under the same conditions can present significant differences in
their characteristics when other carbon precursors are used [16].
Therefore, the biomass waste used for the preparation of adsorbents
should be carefully selected. In this sense, citrus fruit peels have shown
to be efficient precursors for preparing carbon-based materials [23,25].
As the precursor contains citric acid, interesting carbon-based materials
may be obtained, since citric acid is used as catalyst to develop this type
of material [85,87].

Citrus fruits are one of the largest fruit crops in the world. Similarly,
the citrus industry is also the second largest fruit processing industry,
surpassed only by the grape industry, which mainly produces wine [38].
Approximately one-third of the citrus fruits are processed for juice
production, resulting in 50-60 % of organic waste, typically constituted
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by the peel, seeds and leaf residues [75]. It is noteworthy that due to the
amount of organic matter present in citrus fruit peels, the disposal of this
type of residue directly in the soil can cause damage, given its ability to
change the physicochemical characteristics of the soil [79]. Currently,
land space occupation and pollution with phenolic compounds due to
dumping of waste are becoming problematic [26]. For this reason, the
development of techniques to valorize the large amount of waste
generated in the citrus juice processing industry is required. In this
sense, the production of biochars from diverse citrus peels has become
interesting as a low-cost alternative to obtain high-value products,
avoiding the pollution of waste dumping [65,78,81,83].

This work deals with the preparation of activated carbon, pyrochar
and hydrochar materials using tangerine peels as carbon precursor and
their assessment in the removal of Ni(II) by adsorption. Hydrochars
(HCs) are prepared by HTC assisted with FeCls, known as a catalyst of
carbonization processes [55] and later used as a precursor for the
preparation of activated carbons (ACs) by pyrolysis at the same condi-
tions of pyrochar (PC) directly prepared from the tangerine peels. The
different properties of the ACs, PC and HCs and how they affect the
adsorption of Ni(II) are analyzed, and the kinetic and equilibrium
adsorption of Ni(II) on them is modeled. To the best of our knowledge,
there is a scarcity of studies dealing with the valorization of tangerine
peels, as is the case of other peels, especially considering FeCls-assisted
HTC. Similarly, few studies assess ACs, PCs and HCs prepared from the
same source to be applied to the adsorption of a heavy metal at similar
operating conditions.

2. Description of adsorption models

The modelling of the adsorption process is invaluable, not only for
the prediction of the solute adsorption onto the adsorbent at different
operating conditions, but also for a better understanding of the
adsorption mechanism occurring on a system [20,28]. Adsorption iso-
therms data (quantification of adsorbed solute per unit mass of adsor-
bent at a constant temperature for different solute concentrations in
solution at the equilibrium) can be processed for a deep understanding
of the interaction between the solute (Ni(II) in this work) and the
adsorbent. The constants obtained from the different models provide
important information on the affinities of the adsorbent for the removal
of the pollutant and on the mechanisms of adsorption. The application of
kinetic adsorption is also useful in studying the dynamics of the
adsorption mechanism in terms of the order of the adsorption rate
constant. Additionally, the parameters obtained as results of the fitting
kinetic models allow to assess the time required to remove Ni(Il) on the
selected adsorbent [49,76].

2.1. Equilibrium isotherm adsorption models

2.1.1. Two-parameter models

The Langmuir equation is a well-known isotherm model that assumes
that adsorption occurs on a homogeneous surface of an adsorbent con-
taining sites that are equally available for adsorption [52]. The sepa-
ration factor (Ry) is an important parameter of the Langmuir isotherm
typically used to verify whether the adsorption under study is unfav-
ourable (R;, > 1), linear (Ry, = 1), favourable (0 < Ry < 1) or irreversible
(R = 0). Langmuir equation and Ry, are expressed by Egs. (1-2),

gnk-C.

= dm = e 1

=11 kc M
1

Ry =——n, 2

FT1HKC @

where g, and C, refer to the solute adsorbed per mass of adsorbent (mg
g™ 1) and adsorbate concentration in aqueous media (mg L) at equi-
libria stage, g, and K are constants (two-parameter model) measured in
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mg g~ ! and L mg™}, respectively, R;, is the separation factor (dimen-
sionless quantity) and Cp is the initial concentration of the adsorbate.

Freundlich isotherm is an empirical equation (Eq.(3)) widely applied
for heterogeneous systems with interaction between the adsorbate,
representing suitably non-asymptotic adsorption curves between uptake
capacity (q.) and equilibria concentration (C.) in the aqueous media
[69]. The heterogeneity factor (n) can be employed to indicate if the
adsorption is linear, chemical or a physical adsorption process (n =1,
n < 1orn > 1, respectively). This two-parameter model is represented
by Eq. (3),

q.=K-C!/", 3)

where K is the constant of Freundlich measured in L}® mg~'/" and n is
the exponent.

2.1.2. Three-parameter models

The Sips isotherm model (Eq. (4)) is a combination of the Langmuir
and Freundlich isotherms [82]. At high adsorbate concentrations, the
equation provides the adsorption capacity in the monolayer, typical of
the Langmuir isotherm. At low adsorbate concentrations, the Sips
equation is reduced to the Freundlich equation. In the literature, it is
possible to find the Sips model named as Koble-Corrigan model [28,77,
93], but Koble and Corrigan used the Sips model indeed, as they
described [46]. For this reason, the Koble-Corrigan model was not object
of study in this work. This three-parameter model is represented by Eq.

4,

 guKCS

STy RO 4

qe

where g, and K are constants measured in mg g~! and L' mg™,
respectively, and n is an exponent (three-parameter model).

To improve the fitting of Langmuir and Freundlich equations, Red-
lich and Peterson developed their model [68], which is mathematically
equal to the Radke and Prausnitz isotherm model developed in the
adsorption of solutes from dilute aqueous solutions on activated carbon
[20,67]. Redlich and Peterson isotherm model is typically expressed as
Eq. (5),

A-C,

“1rkC” )

qe

where A and K are constants measured in L mg~! and L" mg™, respec-
tively, and n is an exponent.

The General Isotherm Equation (GIE) proposed by Téth for all types
of isotherms was developed to consider the heterogeneity, and the
lateral and vertical interaction energies of the adsorbed molecules. The
To6th isotherm model usually applied in the modelling of adsorption
systems for the wastewater treatment is the solution of the GIE when the
dynamic equilibrium adsorption is higher for the monolayer than the
subsequently formed layers [88] and it is expressed by Eq. (6),

qm'cc

e = ———————, (6)
")

where gy, is a constant measured in mg g}, K is a constant (L" mg™), and
nis an exponent, which can take values in a wide range (>0), allowing to
suitably predict the adsorption isotherms.

The isotherm model of Khan was developed for studying the
adsorption of aromatic compounds on activated carbons from multi-
component aqueous phase solutions [43-45]. The generalized model
for a single solute could be formulated according to Eq. (7),

GnK-C,

qe = A+KC" @)

where g, and K are constants measured in mg g~ and L mg},
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respectively, and n is the exponent.

The model Vieth-Sladek was first proposed to model adsorption of
gases in glassy polymers. Owing to the remarkable resemblance of the
studied application with the adsorption on porous solids [92] it has been
also used to model the adsorption of model pollutants [47,91]. The
model may be expressed by Eq. (8),

_ qm'K'Ce

“1ikc, TG ®

e

where g, K and n are constants measured in mg g~ for ¢, and L mg™?
for both K and n.

Brouers and Sotolongo proposed a Weibull distribution as a possible
empirical isotherm model [8] that has been used to predict pollutants
adsorption on carbon-based materials [91]. The Brouers and Sotolongo
equation is formulated as Eq.(9),

qe:fIm’(lfexp(fK'C:f))s (9)

where ¢, and K are constants measured in mg g~' and L" mg™
respectively, and n is the exponent.

The Jovanovi¢ model consists of two equations developed for the
physical adsorption on monolayer and multilayer adsorption. Initially,
this model was developed for adsorption in the gas phase [41], but it is
largely used in the adsorption of solutes from aqueous media solutions
[91,93].

2.2. Kinetic adsorption models

The pseudo-first-order equation describes the adsorption rate based
on the monolayer adsorption capacity [33] and it is typically repre-
sented by Eq. (10):

4 = qe-(1 —exp(— k1)), (10

where ¢q; and g, refer the solute adsorbed (Ni(II)) per mass of adsorbent
(mg g’l) at a time of contact t (min) and at the equilibria stage,
respectively, and k represents the rate constant of the adsorption process
(min™).

The pseudo-second-order model [58], also found as an hyperbolic
model [20], is typically used to describe adsorption processes controlled
by chemisorption, involving valence forces through sharing or exchange
of electrons between the adsorbent and the adsorbate. Eq. (11) repre-
sents this model,

1
9t = "1 1 o an
®a?) 1 T a0
where the rate constant k is measured in g mg~! min~!.
Bangham is a pore diffusion model expressed by Eq. (12):
q = k~[]/m7 12)

/m and m is an

where the rate constant k is measured in mg g~! min~
exponent.

The Elovich equation is a model based on chemical adsorption [70],
typically used in the simplified form obtained by Chien and Clayton
[20]. In this work, the integrated form of Elovich equation was used, as

shown in Eq. (13),

q = /1} In(a-pt+1), (13)

where a and B (two-parameter model) are the Elovich constants
measured in mg g~! min~! and g mg !, respectively.

The Diinwald-Wagner intraparticle diffusion model is typically
expressed as shown in Eq. (14) [69],

qdr = eV 1 76Xp(7k~l), 14
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where the rate constant k is measured in min~—! and m is an exponent.
Weber-Morris equation is another mechanistic model typically found
as shown in Eq. (15),

q: :k‘\/;+m7 s

2 andmis a

where the rate constant k is measured in mg g~ min~
parameter measured in mg g~ .

The Avrami kinetic model was developed considering possible
changes of the adsorption rates as a function of the initial concentration
and the adsorption time, as well as the determination of fractionary

kinetic orders [56] and it is expressed as in Eq.(16),
4 = qo-(1 —exp( — k-1)"), 16)

where the rate constant k is measured in min~! and m is an exponent
(only three parameter-kinetic adsorption model used in this work).

3. Methodology
3.1. Reagents and materials

Tangerine peels (TP) were obtained after domestic use. 99.995 %
nitrogen was supplied from Praxair. 97 % iron (III) chloride hexahydrate
(FeCl3.6 H,0) was supplied from Panreac, 95 % nickel(II) chloride
hexahydrate (NiCly.6 H20), 98 % sodium hydroxide (NaOH) and 37 %
hydrochloric acid (HCI) were obtained from Fisher chemicals. All re-
agents were used as received without further purification, and distilled
water was used throughout the research.

3.2. Carbon materials preparation

TP was first dried in oven at 100 °C for 24 h, and then grinded and
sieved to obtain particle sizes between 106 and 250 um using two sieves
with metallic mesh (CISA) according to ISO 3310.1 and ASTM E-11-95
(N° 140 and 60, respectively). Hydrochar microspheres were then pro-
duced adapting the methodology described elsewhere [15,16]. Briefly, a
suspension of 2.5 g of the dried and sieved TP was prepared with 20 mL
of FeCls solution (2.5, 1.0 and 0.5 M) in a 125 mL high-pressure auto-
clave (Model 249 M 4744-49, Parr Instrument co., USA), heated to 200
°C for 3 h under autogenous pressure. The recovered hydrochar micro-
spheres were labelled as HCMS-2.5, HCMS-1.0, and HCMS-0.5, accord-
ing to the concentration of FeCls solution used in the HTC.

A pyrochar (PC) and activated carbons microspheres (ACMS-2.5,
ACMS-1.0, ACMS-0.5 from HCMS-2.5, HCMS-1.0, and HCMS-0.5,
respectively) were produced by pyrolysis of the TP and hydrochars,
respectively, under N5 continuous flow (100 Nem?® rnin’l) at 800 °C, for
4 h, using a tubular furnace (Therm Concept).

3.3. Characterization

The compositions of the solid materials (PC, HCMSs and ACMSs)
were determined by elemental analysis (Carlo Erba Instrument EA 1108)
to know the weight percentages of carbon, nitrogen, hydrogen and
sulfur. To determine ashes, the carbonaceous materials were weighted
before and after calcination, conducted in static air (muffle) at 800 °C for
4 h.

The textural properties of the carbonaceous materials were deter-
mined from the analysis of Ny adsorption-desorption isotherms at 77 K,
obtained in a Quantachrome NOVA TOUCH LX4 adsorption analyzer.
Degasification was conducted for 16 h at 120 °C. BET, Langmuir,
external and microporous surface areas (Sper, Srangmuirs Sext and Smic,
respectively), micropore volume (Vp,;) and total pore volume (Vryoq1),
were determined as described elsewhere [63].

Scanning electron microscopy (SEM) images of the TP-based carbo-
naceous materials were obtained using a FEI Quanta 400FEG ESEM/
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EDAX Genesis X4Minstrument equipped with an Energy Dispersive
Spectrometer (EDS).

Functionalities were studied through X-ray photoelectron spectros-
copy (XPS) and Fourier-transform infrared spectroscopy (FT-IR). XPS
analysis was conducted in a PHI-5701 of Physical Electronics, whereas
FT-IR spectra were obtained with a Perkin Elmer FT-IR spectropho-
tometer UATR Two with a resolution of 1 cm™! and scan range of
3000-450 cm ™.

Acidity and basicity of the carbon-based materials were determined
by acid-base titration of an acid or base solution after keeping in contact
with the adsorbents for 48 h, as detailed in the literature [18,73]. Sur-
face acidity (SA) and basicity (SB) were determined considering the BET
surface area of each adsorbent.

3.4. Ni(ID) adsorption runs

Equilibrium adsorption isotherms of Ni(II) on the ACs, PC and HCs
were determined by means of the equilibrium method [19]. First,
0.125 g of adsorbent were added into 50 mL of nickel(II) chloride so-
lutions at different concentrations (5, 10, 20, 50, 80 and 100 mg L !of
Ni(II)). The mixtures were stirred at 240 rpm for 72 h.

Kinetic adsorption of Ni(II) on the TP-based materials was conducted
using 0.125 g of adsorbent and 50 mL of a 5 mg L™! nickel(II) chloride
solution. The adsorption was conducted at 240 rpm. Then, different
samples were withdrawn from the Erlenmeyer at the following selected
times: 15, 30, 60, 120, 240 and 1440 min

The effect of pH in the adsorption of Ni(II) onto the TP-based ad-
sorbents was assessed at pH ranging from 3 to 9. For each run, 50 mL of
the 100 mg L~! Ni(ID) chloride solution was used and 0.125 g of the
adsorbent was added. The pH of the solution was adjusted using
1mol L™! HCl and 1 mol L™! NaOH during all runs. After 72 h, the
samples were filtered in order to separate the adsorbent from the liquid
fraction and the concentration of Ni (II) in the filtrate was determined.

Samples withdrawn during the adsorption experiments were filtered
to separate the adsorbent, and the liquid samples were analyzed by
atomic absorption spectrophotometry (Varian SpectrAA 220, Steinhau-
sen, Switzerland) to determine Ni(Il) in the aliquots.

3.5. Modelling and calculation methods

The amount of Ni(II) adsorbed on the TP-based materials was
determined by application of Eq. (17),

(Cwiuno — Crinye ) V
Wadxnrbem

qr = , a7

where ¢, refers to the amount of Ni(II) adsorbed per unit mass of TP-
based material at time t (mg g’l), Cnican,o is the initial Ni(II) concen-
tration in the aqueous solution (mg LD, Cnicn),¢ is the concentration of
Ni(II) in the solution at the adsorption time t (mg L™Y), Wadsorbent refers to
the mass (g) of TP-based material and V is the volume of the aqueous
solution (L).

Kinetic and isotherm adsorption models were obtained using non-
linear regression since better-fitted equations are obtained than using
linearized equations [49], consisting of successive numerical iterations
to minimize the least sum of squared errors (SSE) of g; (cf. Eq. (18)), as
detailed in previous works dealing with modeling methods [17,20],

SSE = Z (Grewpi — qr.mndz’l.i)za (18)

i=1

where gt exp i (mg g’l) is the amount of Ni(Il) adsorbed per unit mass of
TP-based adsorbent at time t in the measured adsorption experiments (g,
being expressed as g, for equilibrium runs), ggmode;i (Mg g_l) the
respective calculated values given by the model, i representing each
value up to n values obtained in each experiment.
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Table 1
Elemental composition of the carbonaceous materials based on tangerine peels.
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Sample C/H C (wt%) H (wt%) N (wt%) S (wt %) Ash (wt %) Remaining content” (wt %)
TP 6.8 421 +£0.1 6.17 £ 0.03 0.77 £ 0.05 0.05 + 0.03 44+1.4 46.5
HCMS-0.5 12.4 64.7 £ 0.3 5.21 £ 0.09 0.69 £+ 0.09 0.05 +0.01 1.4+ 0.2 28.0
HCMS-1.0 12.9 65.0 £ 0.2 5.02 + 0.06 0.60 £ 0.04 0.03 £ 0.01 3.2£1.6 26.1
HCMS-2.5 13.9 65.9 £ 0.2 4.74 £ 0.05 0.44 £ 0.02 0.03 £ 0.01 48+21 24.0
PC 57.2 79.4 £ 0.4 1.39 + 0.02 1.63 + 0.01 0.03 +0.01 8.0+0.4 9.6
ACMS-0.5 77.0 93.1 £0.2 1.21 + 0.04 1.01 + 0.05 0.03 £+ 0.02 22+03 2.5
ACMS-1.0 75.8 90.8 £1.0 1.20 + 0.00 0.86 £ 0.02 0.04 £+ 0.01 3.3£1.0 3.8
ACMS-2.5 82.8 87.6 £1.5 1.06 + 0.03 0.02 £ 0.01 0.03 £ 0.03 5.1 +£0.6 6.2

# Obtained by the difference: 100 %-C( %)-H( %)-N( %)-S( %)-Ash( %).

Alternatively, different error functions were used, viz. the sum of the
square of the errors (SSE), the sum of absolute errors (SAE), the hybrid
error function (HYBRYD), the Marquard’s percent standard deviation
(MPSD), and the average relative error (ARE) [42] to assure the good
fitness of the models. SAE, HYBRYD, MPSD, and ARE error functions are
respectively described by Eqs. (19-22),

SAE = "|Grespi — Gumodets], (19)
i=1
100 & (ql expi — qt.model, [)2
HYBRYD = —— e T (20)
n—p-4 rexp,i
1 :
MPSD =100,|—— > Gewpi — Guymodei | 21)
n—p-4 Gtexp.i
1 - exp,i odel i
ARE — 100 3 |drews = Grmies) 22)
p i=1 ql,cxp.i

where p refers to the number of parameters for each model (remaining
parameters as above described for SSE).

The models were also evaluated by the determination factor (%) and
the adjusted determination factor (rﬁdjm), to take into account the de-
grees of freedom or the number of parameters from each model equation
[28].

4. Results and discussion
4.1. Composition of TP-based adsorbents

Table 1 summarizes the carbon, hydrogen, nitrogen, sulfur and ash
contents for the precursor (TP) and for the prepared carbonaceous ma-
terials. Compared to the raw waste (42.1 wt % and 6.17 wt% of C and H,
respectively), it is possible to observe that the carbon content increases
(64.7-93.1 wt%) and the hydrogen composition decreases
(1.06-5.21 wt%) for all TP-based materials prepared, resulting in an
increment of the C/H ratio (from 6.8 in the TP precursor to 12.4-82.8 in
the prepared materials). The effect is more evident in materials sub-
jected to pyrolysis (ACMSs and PC) since the thermal process causes the

release of volatile compounds, such as water and low molecular weight
hydrocarbons, and the carbonization of the sample [12,16].

The increase in the C/H ratio observed for hydrochars (12.4-13.9)
with respect to TP (6.82) is due to aromatization, condensation or pol-
ycyclization reactions during the carbonization of TP [12,16]. ACs
(ACMS-2.5, ACMS-1.5 and ACMS-0.5) prepared by sequential HTC and
pyrolysis show the highest C/H ratios (77.0-82.8), due to the effect of
both processes. Among the ACMSs and HCMSs, ACMS-2.5 and
HCMS-2.5 show the highest C/H ratios (82.8 and 13.9), evidencing the
role played by the iron catalyst during the carbonization processes.

The ash content in the TP and in the carbon-based materials is a
measure of the inert, inorganic and probably unusable part of the ma-
terial whose presence may modify the interaction between the surface of
the carbon material and the adsorbate [6]. The TP-based materials show
values of ashes ranging from 1.4 to 8.0 wt%. The highest value was
found for PC since pyrolysis leads to the volatilization of the organic
compounds of the precursor TP, as also observed in works dealing with
the production of carbon materials from other sources [16]. The same
effect was observed for ACMSs (2.2-5.1 wt% of ashes) prepared by py-
rolysis from HCMS (1.4-4.8 wt% of ashes). On the other hand, HTC
leads to a decrease in the ash content, likely due to the leaching of alkali
and alkaline earth metals present in the TP, promoted by the contact of
the solid with the high temperature liquid solution, as was observed in
previous works dealing with HTC or using acid solutions during the
activation of ACs [16,17,71]. Only one hydrochar (HCMS-2.5) shows a
slight increase of ash content (from 4.4 to 4.8 wt%), which was ascribed
to the impregnation of the material with iron during HTC, as evidenced
by the tendency of increasing ash content with increasing iron concen-
tration: 4.8, 3.2 and 1.4 wt% for hydrochars prepared with 2.5, 1.0 and
0.5 M of FeCls, respectively.

The remaining content (different from C, H, N, S and ashes) is typi-
cally associated with other heteroatoms, such as oxygen. As observed, its
content decreases after either pyrolysis or HTC due to the carbonization
processes (those elements are released).

4.2. Porosity and Ni(Il) uptake capacity

The N; adsorption isotherms of the studied TP-based adsorbents are
depicted in Fig. S1 and the textural properties obtained through the
calculation methods described in the methodology are summarized in

Table 2

Textural properties of the carbonaceous materials prepared from tangerine peels.
Sample Sper (m* g™ Stangmuir (m? g7 Sext (m? g7 Smic (m? g™ Vinic (mm® g™) Vroat (mm® g ™) g’ (mg g™ Q™" (ug m™)
HCMS-0.5 7 6 7 0 0 15 0.19 27.8
HCMS-1.0 7 6 7 0 0 17 0.38 54.8
HCMS-2.5 11 11 11 0 0 27 0.60 54.6
PC 104 146 10 94 50 66 1.99 19.1
ACMS-0.5 238 330 34 204 108 162 0.40 1.7
ACMS-1.0 262 349 64 198 101 213 0.79 3.0
ACMS-2.5 287 391 70 217 116 282 1.43 5.0

2 Uptake capacities of Ni for each adsorbent were obtained using Cyiqn,o of 5 mg L! and 2.5 g L™ of adsorbent.

b Q. was determined as q./Sggr-
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Fig. 1. SEM micrographs of carbonaceous adsorbents obtained from TP: (a-b) HCMS-2.5, (c-d) PC and (e-f) ACMS-2.5.

Table 2. As observed, nitrogen adsorption isotherms show higher
quantities of volume adsorbed for ACMSs, followed by PC and HCMSs,
whose uptake capacity is considerably lower. Similar trend has been
reported in studies dealing with the preparation of ACs, PCs and HCs and
from different precursors [16].

As expected, ACMSs have the highest BET (238-287 m? g™!) and
Langmuir (330-391 m? g™!) surface areas and total pore volumes

(162-282 mm® g1), among all adsorbents prepared. ACMSs show
similar results to those reported in the literature regarding the synthesis
of carbon materials prepared by diverse activation and carbonization
methods of rice husk (171-280 m?> g’l) [13,64], palm shell (260-266 m?
g'l) [14,31], or coconut shell (183 m? g‘l) [14].

The PC sample, obtained by pyrolysis of TP without any other
treatment, reaches values considerably lower than ACMSs (104 and
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146 m? ¢! of BET and Langmuir specific surface areas, respectively and
66 mm? g1 of total pore volume), evidencing that HTC works as acti-
vation process for the development of ACMSs. The PC sample presents a
significant microporosity (Smic = 94 m?> g‘1 and Vi = 50 mm?® g'l),
showing that citric peels are interesting precursors for the development
of carbon-based adsorbents. Obviously, microporosity increases when
HTC is used prior to pyrolysis, obtaining ACs instead of PC, resulting in
materials with a microposity two times higher than that in PC (S =
198-217 m? g! and Vi = 101-116 mm® g ).

Moreover, the differences found among the ACMSs evidence the ef-
fect of the quantity of iron impregnating the HCs as an active catalyst for
the carbonization and development of porosity, since specific surface
areas and total pore volume increase in the following order ACMS-
0.5 <ACMS-1.0 <ACMS-2.5. Similar values are found in the literature
[16,71] for the specific surface areas and pore volume of HCs that were
determined according to the nitrogen adsorption isotherms (Fig. S1).

Preliminary tests related to the adsorption of Ni(II) (in 5 mg Lt
aqueous solution) over the TP-based carbonaceous materials (2.5 g !
of adsorbent) at room temperature reveal that is possible to remove an
amount of the heavy metal from the aqueous solution per unit mass of
the adsorbent ranging from 0.19 to 1.99 mg per g of adsorbent (cf.
Table 2), being the highest uptake capacity of Ni(II) obtained with the
PC adsorbent, i.e., the pyrochar. Although ACs show more interesting
textural properties for this application (highest specific surface areas
and total pore volumes); however, lower adsorption capacities are ob-
tained with ACMSs (1.43-0.40 mg g~ ') when compared to the pyrochar
(1.99 mg g1). On the other hand, HCMSs show some unexpected uptake
capacity (0.60-0.19 mg g '), when considering their textural properties.
In fact, the capacity of adsorption per surface area (Q,) of these materials
is significantly higher (27.8-54.8 pg m™2) than that of PC (19.1 pg m™2)
and ACMSs (1.7-5.0 pug m’z).

It is noteworthy that the largest uptake capacities among ACMSs
(1.43mg g’l) and HCMSs (0.60 mg g’l) were obtained for the TP-based
adsorbents prepared with the highest concentration of FeCls during the
HTC (ACMS-2.5 and HCMS-2.5). For this reason, only these materials
were selected for further investigation.

4.3. Morphology

Texture and morphology of three selected TP-based adsorbents
(HCMS-2.5, PC and ACMS-2.5) were determined through SEM (cf.
Fig. 1). The microphotographs confirm the production of microspheres
by HTC using FeCls. For HCMS-2.5, it is possible to observe particle sizes
ranging from 1858 to 3615 nm at low image magnification (Fig. 1a), but
many carbon microspheres were found with sizes between 50 and
350 nm (Fig. 1b).

The material prepared by pyrolysis of TP without further physical-
chemical treatment (PC) presents higher particle sizes
(105.7-238.1 um) than HCMS-2.5 and ACMS-2.5 (Fig. 1c). The particle
size of PC is in accordance with the sieving performed to prepare the
adsorbents (sieves with a metallic mesh to separate particle sizes be-
tween 106 and 250 um). The implication is that the particle size of the
precursor is not strongly affected by pyrolysis, as it is by HTC with FeCls,
which led to decrease more than 100 times the particle size. Regarding
the morphology, PC shows irregular particle shape and a rough surface,
likely due to the porosity developed during the pyrolysis to prepare PC.

The pyrolysis of HCMS-2.5 to obtain ACMS-2.5 allowed to keep the
particle size of microspheres, although it is possible to observe the sin-
tering of some microspheres of HCMS-2.5, leading to agglomeration of
activated carbon microspheres (Fig. 1e). The surface of this material is
also slightly rough, probably due to the porosity development during the
thermal treatment, as observed for PC.

Selected regions of micrographs were analysed by EDS to determine
the elemental content of HCMS-2.5, PC and ACMS-2.5 (Fig. S2). As
observed, the materials mainly consist of carbon. HCMS-2.5 (Fig. S2a)
and ACMS-2.5 (Fig. S2c) show a slight iron content. On the other hand,
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Fig. 2. FT-IR spectra of raw TP and selected adsorbents (HCMS-2.5, PC and
ACMS-2.5).

the EDS of PC adsorbent confirms the presence of alkali and alkaline
earth metals (Na, Mg, K and Ca) from the precursor. The presence of this
metal and the highest signal in oxygen for PC compared to ACMS-2.5 is
in accordance with the CHNS-elemental analysis presented above. Alkali
and alkaline earth metals were not detected for HCMS-2.5, nor ACMS-
2.5, meaning that HTC allows to obtain more purified carbonized
adsorbents.

4.4. Surface chemistry

The adsorptive properties of carbonaceous adsorbents are influenced
not only by their textural properties but also by their surface chemistry.
TP-based adsorbents may contain heteroatoms such as oxygen, nitrogen
and phosphorus on their surface that form organic functional groups,
such as carbonyls, carboxylic acids, lactones, ethers, phenols, aldehydes,
amines and phosphates, which can be neutral, acidic or basic [40]. The
surface chemistry depends on the composition of the precursor and on
the method of carbonization [7,30]. Fig. 2 shows FT-IR spectra obtained
for the TP precursor and the selected adsorbents (ACMS-2.5, PC and
HCMS-2.5). The bands were assigned to probable bounds according to
FT-IR spectra of diverse carbon-based materials [90].

As observed, the TP precursor presents more bands than the
respective TP-based carbon materials due to the complex composition of
the biomass. As a C-rich material, some bands can be ascribed to the
presence of C-H (2930-2850 cm_l) and C=C (1635 cm_l) bonds.

Intensity (a.u.)

Cls K2p Ca2p Nis Ols Fe2p3
(%) (%) (%) (%) (%) (%)

HCMS-2.5 80.59 148 1773 0.20
PC 76.60 2.03 245 096 17.90 0.05
ACMS-2.5 95.30 0.67 3.85 0.19
T T T T T T
200 300 400 500 600 700 800 900
Energy binding (eV)

Fig. 3. XPS spectra and atomic percentage of elements on the surface of TP-
based adsorbents.
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Table 3
Binding energy assignment for oxygen functional groups and their atomic per-
centage content on the adsorbents’ surface.

Binding energy Functional group HCMS-2.5 ( ACMS-2.5 (

(eV) %) %)

531.1 Carbonyl (C=0) 2.1 1.5

532.3 Hydroxyls groups (-O-H) 14.7 0.7

533.3 C-O in esters and 0.8 0.9
anhydrides

534.2 Carboxylic groups 0.1 0.4

536.1 Water 0.1 0.3
TOTAL 17.7 3.9

Table 4
Acid-based properties of the carbonaceous materials based on tangerine peels.
Sample Acidity (mmol SA" (pmol Basicity (mmol SB™ (umol
gh m?) gh m?)
HCMS- 0.32 45.7 0.21 30.4
2.5
PC 0.01 0.10 1.83 17.6
ACMS- 0.23 0.78 0.70 2.44
2.5

@ Surface acidity (SA) and basicity (SB) was determined as acidity/Sggr and
basicity/Sggr, respectively.

However, this material stands out for the high content of surface oxygen
groups (SOGs). Hydroxyl groups (-O-H) are found at 1635-1625 cm ™.
Carbonyls (-C=O0) can be identified at 1385 cm~! and the presence of
epoxy groups are demonstrated by bands at 1050, 1075 and 1150 cm ™.
The carbonized samples (HCMS-2.5, PC and ACMS-2.5) show a strong
decrease in the bands representative of SOGs. In fact, PC and ACMS-2.5
only present a significant band at 1630 cm ™! that can be assigned to
double bounds between carbon atoms. The absence of significant bands
for C—H bonds and SOGs demonstrated the success of the carbonization
and a poor functionalized surface. The lower content of O and H agrees
with the elemental composition found by elemental analysis. On the
other hand, HCMS-2.5 show significant bands at 2930-2850 cm
(C—H bonds) and the regions of diverse SOGs, as expected for the hy-
drothermal treatment at low temperatures, also agreeing with the results
for elemental analysis.

Fig. 3 shows the XPS spectra and the relative atomic percentage
content of elements on the surface of each TP-based adsorbent. As ex-
pected, HCMS-2.5 corresponds to hydrochar microspheres rich in sur-
face oxygen groups (SOGs), since 17.73 % of Ols was obtained.
Surprisingly, PC also presents a high content of oxygen on the surface
and this technique also confirms the presence of metals (K and Ca). The
values obtained are close to those obtained by SEM/EDS and also similar
to the elemental composition obtained by CHNS-AE. K and Ca were not
detected in ACMS-2.5 and HCMS-2.5, as HTC can remove those ele-
ments, as corroborated by SEM/EDS. ACMS-2.5 shows the lowest con-
tent of oxygen and the highest content of C among the selected
materials, agreeing with the results obtained by elemental analysis. As
observed, most of iron was removed from the microsphere materials
(HCMS-2.5 and ACMS-2.5) after washing. On the other hand, the low
iron content observed for PC most likely comes from the raw TP used as a
precursor.

To deepen knowledge of the surface chemistry, Ols peaks of XPS
spectra analysis were assessed for the materials without significant
quantities of other metals, i.e., HCMS-2.5 and ACMS-2.5. Ols decon-
volution curves are represented in Fig. S3 and the assignments to the
relative content of SOGs are summarized in Table 3. As observed, HCMS-
2.5 presents mainly hydroxyl groups (14.7 % out of 17.7 %), whereas
ACMS-2.5 shows lower content of hydroxyl groups with a more pre-
dominant presence of carbonyl groups (1.5 % out of 3.9 %). The
reduction of hydroxylic groups in ACMS-2.5 can be ascribed to the
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Fig. 4. Isotherm adsorption of Ni(II) on (a) HCMS-2.5, (b) PC and (c) ACMS-2.5
TP-based adsorbents and fitted isotherm adsorption models (Operating condi-
tions: Cgqs = 2.58 L’l, room temperature, and Cyiap,0 = 5-100 mg L™H.

release of weak hydroxyl groups during the pyrolysis at 800 °C of HCMS-
2.5 to obtain ACMS-2.5.

The results obtained in terms of acidity and basicity of the selected
adsorbents (ACMS-2.5, PC and HCMS-2.5) are shown in Table 4. As can
be seen, acid-base properties show significant differences among the
adsorbents, hydrochar HCMS-2.5 being more acid (0.32 mmol g™) than
ACMS-2.5 (0.23 mmol g’l) and, especially, than PC (0.01 mmol g’l).
Taking into account the specific surface area of the materials, the same
order is observed for the surface acidity: HCMS-2.5 (45.7 pmol m?)
> ACMS-2.5 (0.78 pmol m2) > PC (0.10 pmol m™2). On the opposite, the
basic character of the adsorbents follows a different order when
measured per mass or per surface area, highlighting the basicity of PC
(1.83 mmol g’l) and HCMS-2.5 (30.4 pmol m2). Interestingly, the same
order was found for the basicity (Table 4) and the uptake capacity of the
materials (Table 2) per gram (PC > ACMS-2.5 > HCMS-2.5) and per
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Table 5
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Parameter values and statistical data obtained from the fitting of the isotherm models to the adsorption runs with HCMS-2.5, PC, and ACMS-2.5 (units: mg for

pollutant, g for adsorbent, L for volume).

Model Non-linear form Sample qn K n SSE P rzadjm,
Sips _ qm-K-C" HCMS-2.5 2323 1107 0.682 0.37 0.976 0.961
¢ T 14+KCH PC 15.7 1.07 0.430 3.59 0.972 0.954

ACMS-2.5 5.20 0.287 1.26 0.15 0.989 0.981

Redlich-Peterson _ AcC. HCMS-2.5 0.209 64.7 0.292 0.39 0.977 0.962
% = 1+KC PC 8.51 21.6 0.883 1.91 0.985 0.975

(gm =A/K) ACMS-2.5 6.16 0.266 1.029 0.15 0.988 0.980

T6th -~ qm-Ce HCMS-2.5 6.16 1107 2131 0.97 0.955 0.925
B (/K +c)m PC 17.7 4.07 0.279 3.14 0.976 0.959

ACMS-2.5 5.36 0.254 1.131 0.15 0.988 0.981

Khan _ gnKC, HCMS-2.5 0.00 379.8 0.314 0.37 0.977 0.961
Q=T rKC) PC 5.62 27.7 0.880 1.80 0.986 0.977

ACMS-2.5 6.37 0.253 1.05 0.16 0.987 0.979

Vieth-Sladek qm-K-C, HCMS-2.5 0.97 0.308 0.046 0.25 0.984 0.973
%=1 gc, "G PC 9.26 12.8 0.082 1.80 0.986 0.977

ACMS-2.5 5.45 0.324 11074 0.17 0.986 0.977

Brouers-Sotolongo e = qm-(1 —exp(-K-C})) HCMS-2.5 169.9 14107 0.680 0.38 0.976 0.960
PC 14.96 0.701 0.301 4.22 0.968 0.946

ACMS-2.5 244.4 0.011 0.156 2.34 0.885 0.809

Jovanovi¢ (multilayer) e = qm-(1 —exp(—K-C,) )-exp (n-C,) HCMS-2.5 1.53 0.137 0.014 0.07 0.996 0.993
PC 8.81 11.6 8.0103 4.03 0.969 0.948

ACMS-2.5 4.63 0.295 1.5.1073 0.27 0.977 0.962

Jovanovi¢ (monolayer) e = qm-(1 —exp(—K-C.)) HCMS-2.5 7.40 0.012 0.76 0.966 0.958
PC 12.9 1.77 16.18 0.934 0.918

ACMS-2.5 5.08 0.243 0.39 0.968 0.961

Langmuir _ gm'K-Ce HCMS-2.5 9.96 0.011 0.69 0.962 0.953
e = 1+K-C. PC 12.9 4.26 10.94 0.930 0.912

ACMS-2.5 5.44 0.334 0.18 0.987 0.983

Freundlich qe = K-C;/’" HCMS-2.5 0.24 0.671 0.37 0.976 0.970
PC 6.76 0.179 5.44 0.958 0.948

ACMS-2.5 2.14 0.215 1.63 0.866 0.833

surface area (HCMS-2.5 > PC > ACMS-2.5), evidencing the strong role
played by the basicity in the adsorption of Ni(II).

The highest acidity of HCMS-2.5 can be ascribed to the chloride
precursor (FeClg) used as activating agent during HTC. The strong acid
and basic character of this material compared to the others are due to the
carbonization in the presence of water that leads to a material highly
functionalized with oxygen-containing surface groups [4]. This can be
expected by the oxygen content of hydrochars according to the
remaining content presented in Table 1 (24.0-28.0 wt% for HCMSs,
whereas 2.5-9.6 wt% was found for PC and ACMSs). The basicity of PC
may be ascribed to the fact of having the highest content of ashes (8.0 wt
%, whereas less than 5.1 wt% is found for other TP-based adsorbents),
consisting mainly of alkali and alkaline earth metals, as observed both in
SEM/EDS and XPS analysis.

4.5. Equilibrium adsorption of Ni(II)

Fig. 4 shows the isotherm adsorption of Ni(II) on the selected ad-
sorbents: (a) HCMS-2.5, (b) PC and (c¢) ACMS-2.5. As observed, PC shows
the highest uptake capacity of Ni(II), reaching values of 13.9 mg g* at
the highest tested initial concentration of Ni(II) (Cniqr,0 = 100 mg L.
In contrast, the highest adsorption capacity of ACMS-2.5 and HCMS-2.5
was 5.18 and 4.88 mgg’, respectively, at the same operating
conditions.

The shape of the isotherms is also considerably different among the
TP-based adsorbents. Giles classification is usually used to distinguish
the isotherm adsorption curves according to their characteristic shapes
between four isotherm classes: high affinity (H), Langmuir (L), constant
partition (C) and sigmoidal-shaped (S) [29]. H and L isotherms have a
convex shape. However, the slopes of H isotherms reach higher values
than L isotherms because the sorption affinity of H isotherms strongly
increases with decreasing concentration. S isotherms have a concave
shape at low concentrations, while C isotherms are defined by a constant
sorption affinity [34].

Accordingly, the isotherm curve obtained with ACMS-2.5 may be

classified as L1 since it describes a medium affinity at low concentrations
of Ni(II) and equilibrium uptake capacities (g.) gradually describe an
asymptotic curve for C, higher than approximately 20 mg L™\, The
isotherm curve obtained with PC may be classified as H1, since it de-
scribes a similar curve, but it shows a strong affinity at a low concen-
tration of Ni(II). The isotherm curve obtained with HCMS-2.5 may be
classified as C1, because of the line trend described by the equilibrium
uptake capacities upon the initial concentration of Ni(II). These differ-
ences may be ascribed to the different textural and acid-base properties
of the adsorbents. PC should present the highest affinity and uptake
capacity for the combination of a significant porosity and basicity,
whereas HCMS-2.5 has not enough specific surface area and ACMS-2.5
shows limited functionality.

The isotherms for adsorption of Ni(II) onto the TP-based adsorbents
were evaluated by 10 models: 7 with three parameters (Sips, Redlich-
Peterson, Téth, Khan, Vieth-Sladek, Brouers-Sotolongo and Jovanovié¢
for multilayer adsorption), and 3 with two parameters (Jovanovié¢ for
monolayer adsorption, Langmuir and Freundlich) in their functions
[20]. Those models were fitted by a non-linear regression method, since
model parameters may be distorted by linear regressions [49,54] and
adjusted determination factor (rﬁdjmt) used to take into account the
number of parameters from each model function [20]. The equations,
the parameter values and the most significant statistical data obtained
from the fitting of the isotherm adsorption models to the experimental
data are compiled in Table 5 (isotherm curves obtained are depicted in
Fig. 4). As observed, most of the isotherm models accurately fit =
0866 — 0.996 and rgdjm[, = 0.809 - 0.993) to the experimental data ob-
tained with the TP-based adsorbents. The fitting with all models
considered the minimization of different error functions (SSE, SAE,
HYBRYD, MPSD and ARE), since other studies reported about the
importance of the objective function in the fitting with the models [42,
48]). However, non-significant differences were observed among the
models for the parameter and statistical data (%), as exemplified by the
gm values predicted using SSE, SAE, HYBRYD, MPSD, and ARE for each
isotherm model in Fig. S4. For this case, the maximum difference for the
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Fig. 5. Kinetic adsorption of Ni(II) on (a) HCMS-2.5, (b) PC and (c) ACMS-2.5
(Operating conditions: Cggs = 2.58 LY, room temperature, and Cy;
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predicted value of g, was 2.8 mgg ! found for the T6th model
(simplified function). It is noteworthy that the isotherm models keep the
same order of values for the predicted g, regardless of the error func-
tions used for the fitting, as follows: Toth > Sips > Brouers-Sotolongo
> Langmuir > Jovanovi¢ (monolayer) > Vieth-Sladek
> Redlich-Peterson > Jovanovi¢ (multilayer) > Khan > Freundlich. A
similar trend was observed in a previous work [20], so it may be ex-
pected to predict higher values of monocape uptake capacity (qn,) with
the models of Téth (simplified model), Sips, Brouers-Sotolongo, Lang-
muir and Jovanovi¢ (model for monolayer adsorption). Among the
TP-based materials tested, PC leads to the highest values of both K and
gm, evidencing it as the material with the highest affinity and uptake
capacity.

The isotherm adsorption of Ni(II) on ACMS-2.5 is best represented (r2
= 0986 - 0.989, and rgdjust, = 0.977 - 0.983) by hyperbolic isotherm
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adsorption models (Sips, Redlich-Peterson, Téth, Khan, Vieth-Sladek
and Langmuir), which is in agreement with the sorted L1 type
isotherm curve according to Giles classification. Taking into account the
degrees of freedom in the fitting (rﬁdm), Langmuir is the best model
representing the curve of ACMS-2.5 with ¢, =5.44mgg?’, K
=0.334L mg’l, rﬁdjmt_ = 0.983, as also evidenced by the value taken by
parameter n (close to 1 as the exponent, and close to 0 for Vieth-Sladek)
in the other models. The values of the g, and K for the Langmuir model
obtained through the minimization of the different error functions (SSE,
SAE, HYBRYD, MPSD, and ARE) were similar (5.44-5.50 mg g’l, and
0.289-0.334 L. mg ! for gy, and K, respectively).

The adimensional Langmuir separation factors (Ry) predicted from
the Langmuir model for each TP-based adsorbent are depicted in Fig. S5.
As can be seen, the values of Ry obtained for ACMS-2.5, PC, and HCMS-
2.5 range from O to 1. Hence adsorption is favorable in all cases, but Ry,
values show great differences among the TP-based adsorbents. HCMS-
2.5 leads to values close to 1, characteristic of linear type isotherms,
as is described by this adsorbent (Fig. S1). On the opposite, the adsor-
bent presenting the highest adsorption capacity (PC) shows values of R;,
close to 0, expected for irreversible adsorption.

The isotherm adsorption of Ni(Il) obtained with PC is also well
described using hyperbolic models (? = 0.930 - 0.986, and r2guse =
0.912 - 0.977) being best represented by Khan (g, = 5.62mg g, K =
27.7L Ing*l, n = 0.880, r,zldju_;t, = 0.977) and Vieth-Sladek models (g, =
9.26mgg !, K = 12.8Lmg™", n=0.082L g™, régus. = 0.977). The
differences obtained by fitting with different error functions were also
negligible.

For the isotherm adsorption curve of Ni(II) on HCMS-2.5, the model
developed for Jovanovi¢ for multilayer adsorption (g, = 1.53 mg g1, K
= 0.137Lmg !, n=0.014 L mg™!) considerably fitted better (¥ =
0.996 and rﬁdjm = 0.993) than all other models evaluated. In a previous
work, Jovanovi¢ multilayer isotherm was found to satisfactorily predict
the adsorption of a pollutant onto activated carbonaceous materials [20]
with the same magnitude for both K and m constant values.

Considering the BET surface area of each TP-based adsorbent, the
uptake capacity on the monolayer of HCMS-2.5 could be considered the
highest (Qm = qm /Sger = 139 pg m2). In this case, the values of the
parameters obtained using different error functions were also similar.

4.6. Adsorption kinetics of Ni(II)

The adsorption of Ni(II) from aqueous solution (Cyjcm,0 = 5 mg LY
upon time of contact with 2.5 g L™} of ACMS-2.5, PC, and HCMS-2.5 is
represented in Fig. 5. Although HCMS-2.5 shows the lowest adsorption
capacity, the adsorption of Ni(II) on HCMS-2.5 is faster compared to
ACMS-2.5 and PC, likely due to the absence of microporosity. In
contrast, internal diffusion may be hindered in PC and ACMS-2.5. As a
consequence, kinetic adsorption on HCMS-2.5 shows an asymptotic
trend that is quickly reached, and the equilibrium uptake capacity
should be achieved fast.

The assessment of the kinetic adsorption of Ni(II) on the TP-based
adsorbents was evaluated using pseudo-first-order, pseudo-second-
order, Bangham, Elovich, Diinwald-Wagner, Weber-Morris, and Avrami
kinetic models. The equation of these models, the kinetic constants and
the statistical data resulting from their fitting to the experimental data
obtained in the adsorption of Ni(II) on ACMS-2.5, PC, and HCMS-2.5 are
summarized in Table 6. Those models were also fitted by a non-linear
regression method [49,54] (rgdjmt was not presented, since only one
model has three parameters — Avrami — and it is not the model best able
to predict the data obtained).

The kinetic adsorption curves on the TP-based adsorbents predicted
by the models are represented in Fig. 5. As observed, most of the kinetic
models are capable of accurately predicting the experimental data ob-
tained and, except for the Weber-Morris for ACMS-2.5 and HCMS-2.5 (°
= 0.532-0.647), well fitness is available for the kinetic models to predict
the kinetic adsorption curves of the TP-based adsorbents (¥ =
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Table 6
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Kinetic parameter values and statistical data obtained from the models fitting to the adsorption runs with HCMS-2.5, PC, and ACMS-2.5 (units: mg for pollutant, g for

adsorbent and minutes for the time).

Kinetic model Non-linear equation Sample qe k m SSE I
Pseudo-first-order qr = qe-(1 —exp(—k-t)) HCMS-2.5 0.529 0.0768 0.0030 0.987
PC 1.16 0.0401 0.180 0.864
ACMS-2.5 1.07 0.0469 0.023 0.978
Pseudo-second-order _ 1 HCMS-2.5 0.553 0.270 3.1E-05 0.999
=7 1.1 PC 1.27 0.0430 0.079 0.940
(kqe®) t (qe) ACMS-2.5 1.14 0.0600 0.0036 0.997
Bangham q = kti/m HCMS-2.5 0.452 49.9 0.014 0.942
PC 0.471 6.54 0.0057 0.996
ACMS-2.5 0.537 8.68 0.038 0.963
Elovich 1 HCMS-2.5 a=145 f=214 0.0063 0.975
q: = -In(a-pt+1)
B PC a=0.739 f=6.30 0.0061 0.995
ACMS-2.5 a=248 p =827 0.027 0.974
Diinwald-Wagner @ = qey/T —exp(—KkO) HCMS-2.5 0.536 0.0420 0.0012 0.995
PC 1.25 0.0135 0.097 0.929
ACMS-2.5 1.10 0.0226 0.012 0.988
Weber-Morris ¢ =kVi+m HCMS-2.5 0.0038 0.442 0.011 0.532
PC 0.0203 0.714 0.035 0.910
ACMS-2.5 0.0134 0.753 0.084 0.647
Avrami 4 = qe-(1 — exp( —k-)™) HCMS-2.5 0.529 0.040 1.923 0.0030 0.987
PC 1.16 0.116 0.346 0.180 0.864
ACMS-2.5 1.07 0.315 0.149 0.023 0.978
0.864-0.999). As expected, all models predict higher values of equilib- 18
rium adsorption capacity for PC, followed by ACMS-2.5 and HCMS-2.5. ] ' ' ' ' ' ' ' ' ' ]
Kinetic constants (k) for pseudo-first-order and pseudo-second-order 16 4 PC - |
are higher for the hydrochar (HCMS-2.5), followed by ACMS-2.5 and PC, | e |
. . . . . —e— AC-2.5 7
evidencing that surface chemistry is not so determinant for the 14 " 4
adsorption rate, as was found for the uptake capacity. The specific sur- | HC-2.5 / )
face area and pore volume of the TP-based adsorbents do not show 12 / E
apparent relation with the kinetic constants, so the adsorption rate of Ni — /
(II) on the ACMS-2.5, PC and HCMS-2.5 is ruled by the combination of > 10 / b
. . . )} /
different factors, such as textural properties and surface chemistry. £ /
In the case of HCMS-2.5, the highest adsorption rate of Ni(II) may be o 8 / A 7]
ascribed to the surface chemistry and to the absence of porosity (all Ni < 5 1 .
(I1) is adsorbed on its external surface, and there is no internal diffusion). 7 7
The model able to better predict the kinetic adsorption of Ni(II) on 4 i
HCMS-2.5 was the pseudo-second-order (g = 0.553mgg, |
k=0.270g mg‘1 min'l, 2= 0.999), due to the fast adsorption because 24 o _
of the affinity of HCMS-2.5 with Ni(II). ACMS-2.5 shows values of ki- | e B
netic constant higher than PC, likely due to the highest specific surface 0 —— % :
area available (Sp = 70 m? g’l and Sy = 217 m? g’l) and moderate 3 4 7

affinity of ACMS-2.5 according to the surface chemistry (SA = 0.78 pmol
m2and SB = 2.44 pmol m’z). The kinetic adsorption of Ni(II) on ACMS-
2.5 was also better described by pseudo-second-order (g, = 1.07 mg g+,
k =0.0469 g mg™! min}, ¥ = 0.978).

It is typically assumed that the pseudo-second-order model fits well
adsorption processes controlled by chemisorption, involving valence
forces by sharing or exchange of electrons that may happen between Ni
(ID) and functional groups on the surface of HCMS-2.5 [58]. It is also
reported that the adsorption of Ni on biomass-based adsorbents is well
predicted by pseudo-second-order [50,84]. For the sample with the
highest uptake capacity (PC), the pore diffusion model of Bangham was
the kinetic model able to better predict the kinetic adsorption of Ni(II)
on PC (k = 0.471 mg g"! min ™, m = 6.54, r? = 0.996), revealing that
the process may be strongly controlled by the internal diffusion of Ni(II)
inside pores of PC.

The parameter m of the kinetic model of Bangham may be used as an
indicator of the intensity in the adsorption of Ni(II) [70]. In this sense,
the value of 49.9 for HCMS-2.5 reveals a strong affinity for the Ni(II) on
this adsorbent, as expected for the fast adsorption observed. The value is
considerably higher when compared with previous works [20].

It is noteworthy that the best kinetic models predicting the adsorp-
tion of Ni(II) on each TP-based adsorbent was the same when other error
functions were considered (SAE, HYBRYD, MPSD, and ARE) to fit the

11

Fig. 6. Equilibria adsorption of Ni(II) on each TP-based adsorbent at different
pH (Operating conditions: Cags = 2.5gL™!, room temperature, and Cy;
an,0 = 100 mg L_l).

kinetic models, obtaining values for the parameters close to those pre-
sented minimizing SSE.

4.7. Effect of pH

In the same sense that acid-base functionalities of carbon-based ad-
sorbents affect the adsorption of Ni(Il), the pH of the aqueous solution
also plays a key role in adsorption. The alteration of the pH media may
cause dissociation of acid-base groups on the surface of the adsorbent
and cause a significant improvement or worsening of the efficiency of
removal of Ni(Il) ions. In Fig. 6 is shown the effect of pH on nickel
adsorption with the TP-based adsorbents evaluated.

It is notable that there is an increase in Ni adsorption at alkaline pH,
as reported in literature [32,95,96]. At pH 3 there was no adsorption on
any TP-based adsorbent. The adsorption of Ni is improved at a higher
pH, due to the lower number of H ions, while at low pH there is a
competition between hydronium cations and metals, reducing the
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Table 7
Maximum Ni(II) adsorption capacity (gmay) Of different carbonaceous materials.
Carbon precursor Adsorbent preparation Sger (M? Qmax (Mg Adsorption Conditions Reference
gh g
Fireweed Chemical treatment with 80 % H,SO,, followed 241 3.3 Cnian,0 = 40 mg L' and Cogs = 0.8 g LY, Dwivedi et al., ($year
by heating at 450 °C under nitrogen flow 22°C,18h $)[21]
Commercial AC (F 400) - - 2.8 25°C, pH 5 Satapathy, Natarajan
($year$)[74]
Commercial AC (F 400) Modification with KBrOs for 1 h - 5.8 25°C, pH 5 Satapathy, Natarajan
($year$)[74]
Cucumis mole peel Carbonization in a muffle at 200 °C for 2 h. - 5.4 Cnian,0 = 100 mg L' Cogs =25gL7Y, Manjuladevi et al.,
natural pH, 25 °C ($year$)[59]
Hazelnut shell Impregnation with concentrated H,SO4 and 441 3.9-11.6 Cnian,0 = 15-200 mg L 1, pH 3-8, 20-40 (E.[22])
heating in a hot air oven at 150 °C for 24 h. °C,3h
Phragmites australis Treated with 85 % H3POj, solution and heated to 1109 12.3 Cnian,o =30 mg L™, Cogs = 0.6 gL 7Y, pH Yu et al., ($year$)[96]
450 °C in a muffle 6,25°C, 24 h
Phenolic resin Carbonized at 900 °C under nitrogen stream and 545 13.83 Cnian,o =50 mg L™, Cogs =4 gL, pH7, Leeetal, ($year$)[53]
impregnated with Fe,O3 room temperature, 4 h
Rice husk Carbonized at 800 °C for 2 h - 4.82 Cnian,0 = 150 mg LY, Cags = 20 g LY pH Farhan et al., ($year$)
6,30°C,3h [24]
Carbon residue from Obtained from Woodchips at 1000 °C 14.4 5.6 Cnian,0 = 25 mg LY, Cus=5gL 7}, pH8, Runtti et al., ($year$)
gasification process room temperature, 24 h [72]
Chemically (ZnCl,) AC - 254 18.2 Cnian,o0 = 125 mg L™, Coqs =5g L', pH Runtti et al., ($year$)
residue 8, room temperature, 24 h [72]
Commercial AC - 603 2.9 Cnian,0 = 25 mg LY, Cags =5 g LY PH 8, Runtti et al., ($year$)
room temperature, 24 h [72]
Tangerine peels Carbonization at 800 °C for 4 h (PC sample) 104 16.5 Cnian,0 = 100 mg LY, Cags=2.5g L7, pH This study
8, room temperature, 72 h
Tangerine peels HTC with FeCls 2.5 M at 200 °C for 3 h (HCMS- 11 7.6 Cnian,o= 100 mg L™}, Cag;=2.5g L™',pH  This study
2.5 sample) 8, room temperature, 72 h
Tangerine peels Carbonization at 800 °C for 4 h (PC sample) 104 1.99 Cnian,o=5mg L™}, Cogs=2.5g L™}, pH6,  This study
room temperature, 72 h
Tangerine peels HTC with FeCl; 2.5 M at 200 °C for 3 h (HCMS- 11 0.60 Crian,o=5mgL™!, Cogs=2.5g L™}, pH6,  This study

2.5 sample)

room temperature, 72 h

adsorption of metal ions [1,57]. When the pH is higher, the concentra-
tion of H30" ions decreases and the sites on the surface of the carbon
turn mainly into dissociated forms and can exchange H3O" ions with
metal ions in solution [86].

4.8. Ni(II) adsorption mechanism and capacity

According to the above results related to the characterization of the
TP-based adsorbents and their performance, it can be concluded that
textural properties and mainly surface chemistry plays a significant role
in Ni(II) adsorption. HCMS-2.5 adsorbent shows a significant uptake
capacity of Ni taking into account its BET surface (11 m? g~1), reaching
the highest Ni adsorption capacity per surface area (54.6 pg m~2). FT-IR
and XPS spectra revealed that HCMS-2.5 is rich in SOGs mainly con-
sisting of hydroxyl groups. PC sample, which was prepared by pyrolysis
of the raw precursor at higher temperatures than HCMS-2.5, also pre-
sents a significant content of oxygen on its surface. Its functionalization,
coupled with a higher porosity, make it a standout adsorbent for Ni
removal. The pyrolysis of HCMS-2.5 to obtain ACMS-2.5 results in
activated carbon microspheres with the highest surface area, but the
adsorbent does not display a surface chemistry suitable for adsorption of
Ni. A proper combination of SOGs allows adsorbing Ni by cation ex-
change (hydroxyl and carboxylic groups), electrostatic attraction (ester,
carbonyl groups) or complexation (epoxy, ether groups) [37,96]. Taking
into account that pseudo-second order model is the best kinetic model
able to predict Ni adsorption on these adsorbents, it is expected that the
process is controlled by chemisorption, involving valence forces by
sharing or exchange of electrons because of the functional groups on
their surface.

Table 7 gives a comparison of the maximum Ni(II) adsorption ca-
pacity on different carbonaceous materials reported in literature. As
observed, TP-based adsorbents show values of uptake capacity similar or
higher than others reported taking into account the diverse operating
conditions in the adsorption of Ni(II) found in literature (Cyic,o0
=30-150 mg L™}, Cags = 0.6-20 g L™}, 20-40 °C, pH 3-8, 3-24 h of

12

contact time).
5. Conclusions

The successful preparation of hydrochar and activated carbon mi-
crospheres from tangerine peels has been proved by hydrothermal
carbonization with FeCls followed by pyrolysis at mild and moderate
conditions, respectively, evidencing that biomass waste, such as citrus
fruit peels, may be turned into high-added value materials in the context
of a circular economy approach. The presence of chemical agents, such
as FeCl;3 in hydrothermal carbonization, has resulted in an effective tool
for tuning the morphology, surface chemistry and increased carbon-
ization yields in hydrochars and further preparation of activated carbons
from those hydrochars. Furthermore, it was demonstrated that the shape
and size of the microspheres obtained by hydrothermal carbonization
are maintained even after heating to obtain activated carbon micro-
spheres with higher porosity.

The role played by textural properties and surface chemistry of
carbonaceous adsorbents has been elucidated, concluding that the
functionality of carbon-based materials is determinant in their perfor-
mance for the adsorption of Ni (the highest uptake capacity of Ni was
found with pyrochar, which shows a basicity of 1.83 mmol g~! and a
Sger of 104 m? g%, whereas a poor adsorption capacity was observed
with the activated carbon, which has a Sggr of 287 m?> g‘l).

The best isotherm and kinetic models predicting the adsorption of Ni
on the carbonaceous materials were different among them due to their
unique characteristics. Langmuir, Khan, and Jovanovi¢ are models that
best represent the adsorption of Ni on the activated carbon, pyrochar
and hydrochar, respectively. On the other hand, kinetic adsorption of Ni
was well predicted by the pseudo-second order model for activated
carbon and hydrochar. In contrast, the adsorption of Ni on pyrochar was
represented by the Bangham model.
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