Journal of Environmental Health Science and Engineering (2021) 19:1851-1874
https://doi.org/10.1007/s40201-021-00740-8

RESEARCH ARTICLE q

Check for
updates

Effective Cd** removal from water using novel micro-mesoporous
activated carbons obtained from tobacco: CCD approach,
optimization, kinetic, and isotherm studies

Jéssica Manfrin'© . Affonso Celso Goncalves Junior?® - Daniel Schwantes*® - Juliano Zimmermann'
Elio Conradi Junior’

Received: 15 July 2020 / Accepted: 11 September 2021 / Published online: 7 October 2021
© Springer Nature Switzerland AG 2021

Abstract

Purpose This research aimed to develop activated carbons from tobacco by double (thermal-physical) and triple activations
(thermal-chemical-physical) for high-efficiency removal of Cd**.

Methods The adsorbents were characterized by their chemical composition, point of zero charge (pHp,), SEM, FT-IR,
BET, and BJH. The subsequent adsorption studies were conducted: optimal conditions (CCD on adsorbent dose versus pH
of Cd*+ solution), kinetics, equilibrium, thermodynamics, and desorption studies.

Results The activated carbons have irregular and heterogeneous morphology, surface functional groups COO-, C-O, C-O-C,
C=0 and O-H, pHp, of 11.11 and 10.86, and enhanced SSA (especially for CT NaOH + CO, =103.40 g m~2). The opti-
mal conditions for Cd** adsorption occur using 4.0 g L™}, pH from 3.0 to 7.0, with most of the Cd>* adsorbed in the first
10-20 min. The goodness of the fit found for pseudo-first order, pseudo-second order, intraparticle diffusion, Langmuir,
Freundlich, Dubinin—Radushkevich, Sips, and Temkin suggest the occurrence of Cd>* chemisorption and physisorption in
mono and multilayers. The values of AG° <0 kJ mol™" indicate that the observed phenomena are energetically favorable
and spontaneous; the values of AH® <0 and the effective desorption rates (58.52% and 44.64%) suggest that the adsorption
of Cd** is ruled mainly (but not only) by physical interactions.

Conclusion Our excellent results on Cd** removal allow us to state that tobacco use as a raw material for adsorbent develop-
ment is a renewable and eco-friendly technique, allowing the production of highly effective activated carbons and providing
an adequate destination for this waste.
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Introduction

The world population reached 7.6 billion in 2017, and it is
estimated to be 9.1 billion in 2050 [1]. To this increasing
population, new technologies must be employed to meet
the worldwide demand in various fields. More renewable
and productive techniques, with lower cost than tradi-
tional ones, also that aim a better optimization of natural
resources are more than needed [2].

This last statement has especial importance regarding
water treatment technologies. In the last decades, indus-
trialization, agriculture, and expanding urbanization have
increased the pressure on fresh water bodies, causing high
levels of pollutants, in many cases of contamination with
metals [3, 4], pesticides [5—7], organic matter [8, 9], and
their environmental impacts on sediments, benthic organ-
isms, humans, i.e., the trophic chain as a whole [7, 10-13].

Among the high toxicity contaminants that have the
potential for accumulation in environmental compart-
ments and bioaccumulation in living beings, we highlight
cadmium (Cd), as it is the 7th ranked substance in the
“ATSDR 2019 Substance Priority List” [14]. This metal
is still generated as a by-product of the mining and indus-
trialization of Zn, Cu, and Pb [15]. For humans, one of
the main risks associated with Cd is the consumption of
water contaminated with this metal, either in natura or in
the use of this water in the manufacture of beverages and
food preparation [16].

Recent research has shown that humans Cd exposure
may lead to the over-expression of genes responsible for
the synthesis of metallothioneins (MT), genes that encode
heat shock proteins (HSP), including heat shock factor 1
gene (HSF1), the master relator of the HSP pathway, and
other genes involved in response to oxidative stress [17].
According to the ATSDR [18], human exposure to Cd
can affect the following organ systems: Cardiovascular,
gastrointestinal, neurological, urinary system (especially
kidneys), reproductive and respiratory (from the nose to
the lungs), damaging the organs, generally during their
developing.

This toxic metal can be introduced into the environment
by natural means (volcanic activities, rock weathering, and
erosive process) and mainly through anthropic activities,
such as industrial activities (electroplating, batteries, and
electronic components), mining activities, fossil fuel com-
bustion, municipal solid waste incineration, phosphate fer-
tilizer manufacturing, among others [19-22]. The use of
Cd became expressive only from the last century so that
this metal is used in a wide variety of modern processes,
such as the production of batteries, pigments, plastics, and
agrochemicals [23].In addition, the production and use of
this metal have increased considerably in recent decades,
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and, consequently, there is an increase in waste generation
with this contaminant [24].

Given the problems above caused by Cd contamination,
given the ecological need to improve traditional techniques
to reach higher efficiencies of remediation, the development
of adsorbents using low-cost alternative materials is very
welcome. These materials should have high removal rates
of Cd from waters, low cost of production and application,
and applicable on a large scale. In this scenario, the activated
carbon (AC) can be produced from different biomasses with
different activation methodologies, including chemical acti-
vation (use of modifying chemical agents—NaOH, H;PO,,
ZnCl,, etc.) and physical activation (activation at high tem-
peratures with the presence of CO, or water vapor). This
material has high adsorptive potential, presenting excellent
physical and chemical characteristics efficient in removing
various contaminants [25, 26].

One material that currently does not have a proper desti-
nation and added economic value is the cigarette seized by
the Federal Police in border regions of Brazil. This material,
when improperly designated, can cause environmental con-
tamination due to its high pollutant load [27]. On the other
hand, its transformation into AC enables the decontamina-
tion of waters, besides providing this toxic waste a new use,
promoted by science and innovation [26].

According to Ibope (Brazilian Institute of Public Opinion
and Statistics), in 2018, 106.2 billion cigarettes were con-
sumed in Brazil, of which 57.5 billion outside the legal mar-
ket (Agéncia [28], considering that the average weight of one
cigarette as 1.2 g, we estimate that 69,000 tons of tobacco
were smuggled in Brazil only during 2018. The number of
seizures of smuggled cigarettes has been steadily increasing
year after year [27]. However, the disposal of these wastes
is no longer adequate, creating environmental problems on
both sides of the Brazil-Paraguay border.

Recent researches report the use of tobacco for the devel-
opment of ACs and biochars: Manfrin et al. [29] developed
AC from tobacco modified with ZnCl, and CO, for Pb**
removal; Manfrin et al. [30] also performed an attempt in
recycling this material producing thermal-chemical-physical
changes (with H;PO, and CO, in the tobacco for AC produc-
tion; or Conradi Jr. et al. [27] who developed tobacco ACs
modified with ZnCl, and NaOH. Nevertheless, all previous
researches report lower metal removal rates or materials
with poor characteristics. Moreover, the experimental design
usually is not suitable for adequately evaluating the optimal
physicochemical characteristics of the developed ACs, not
using the CCD approach, or optimizing essential parameters
in the adsorption [31-33, 33, 34, 34-37, 37].

Thus, this study aim (i) to enhance the development
of activated carbon (AC) by using tobacco cigarettes
(as a raw-matter) seized by the IRS (Internal Revenue
Service) in Brazilian border regions; (ii) to produce ACs
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using a double and triple activation process, aiming high-
efficiency removal of Cd** from water/wastewater; (iii)
to study the mechanisms of Cd** adsorption using the
characterization of the new carbons (SEM, FT-IR, chemical
composition, pHp,c, SSA, etc.) and through adsorption
studies (optimization studies, kinetics, equilibrium and
thermodynamics studies).

Material and methods

Preparation and characterization of activated
carbons (ACs)

The developed ACs were produced from cigarette tobacco
seized in the west of Parana State, south of Brazil, by the
Internal Revenue Service (IRS). Initially, the tobacco was
dried in an oven at 65 °C for a period of 24 h, crushed, and
sieved for particle size standardization (0.212 to 1.40 mm),
as mentioned by Conradi Jr. et al. [27]. Then, the tobacco
followed two preparation methodologies: thermal-physical
activations, which produced the carbon named CT in nat-
ura+ CO,; and thermal-physical-chemical activations, gen-
erating the carbon labeled CT NaOH + CO,.

In the first stage (thermal activation), the pyrolysis of the
tobacco was performed in a tube oven (FT 1200 1Z, with
an internal dimension of 120 X 300 mm; model FESORPN
digital controller), under a continuous flow of inert gas N,
and absence of O,, until it reached a temperature of 750 °C.
After reached 750 °C, the pyrolyzed material was physi-
cally activated under a continuous flow of CO, for 60 min
(physical activation). Subsequently, the decanted material
was washed with ultrapure water (to neutral pH) and taken
to a drying oven for 4 h at 110 °C [38].

In the second stage (thermal-physical-chemical activa-
tions), the two-stage activation methodology [27, 39] was
adopted, which consists of first obtaining the thermally acti-
vated material at 500 °C, under a continuous flow of inert
gas N,, for 60 min (thermal activation). Subsequently, the
material was washed to neutral pH, dried, and chemically
activated with 1 mol L™! NaOH solution (chemical activa-
tion). The mixture containing the chemical solution and the
material was set in contact for 6 h under constant stirring
(200 rpm) at 45 °C. The material was separated by filtration,
subjected to washing with ultrapure water, and then dried for
24 h at 65 °C. Finally, the physical activation was performed,
i.e., the material was kept at 750 °C, for 60 min, under a
continuous flow of CO,. Thus, these two steps generated the
two ACs from tobacco (Box 1).

After the development of the ACs, their chemical compo-
sition was determined. For this, the ACs were submitted to
nitro-perchloric digestion [40], with subsequent determina-
tion of the concentrations of P, K, Ca, Mg, Cu, Zn, Mn, Fe,

Cd, Pb, and Cr by FAAS [41]. The following analyses were
also performed for the characterization of the obtained mate-
rials: pH of the point of zero charge (pHp,) [27], scanning
electron microscopy (SEM), infrared spectroscopy (FT-IR),
and porosimetry (BET and BJH).

Box 1 Description of the produced activated
carbons (ACs) and their yield

ACs from tobacco Description Yield (Y %)
v= (" )100
CT in natura+CO, Thermally and physi- 43.18
cally (CO,) AC from
tobacco
CT NaOH +CO, Thermally, chemically  57.90

(NaOH), and physi-
cally (CO,) AC from
tobacco

Adsorbent dose and the influence of solution pH
(optimization study)

The optimum adsorption conditions for adsorbent dose and
the pH of the Cd solution were defined by using a central
composite design (CCD) [42]. Five adsorbent doses and five
pH levels (adjusted by the addition of NaOH and HCI at
0.1 mol L") were tested by using actual and coded values
and four repetitions at the central point (Table S1). Adsor-
bent doses and pH values were combined with fixed volumes
of 50 mL solution at the concentration of 10 mg L~! mono-
elemental Cd** prepared using cadmium nitrate [Cd(NO,),
4H,0; PA >99.0% Sigma-Aldrich]. After that, the reactors
were stirred in a thermostated Dubnoff system (200 rpm) for
1.5 h at 25 °C. The obtained values for the final concentra-
tion were plot in response to surface graphs.

Studies on adsorption kinetics

From the results obtained in the step above, 4.0 g of tobacco-
AC was added in an Erlenmeyer flask containing 1 L of Cd**
solutions [10 mg L at pH 5.00. For this, a reactor (Erlen-
meyer) was considered for each AC (CT in natura+ CO,
and CT NaOH + CO,). Then, the reactors were stirred in
time intervals of 10, 20, 30, 40, 50, 60, 80, 100, 120, 140,
160, and 180 min. At each point, 15 mL aliquots were taken,
filtered (on qualitative filter paper), and the residual Cd con-
centration was determined by FAAS [41]. In order to study
the kinetics mechanism that rules the Cd adsorptive process,
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the linear and non-linear models of pseudo-first order [43],
pseudo-second order [44], Elovich [45], and intraparticle
diffusion [46] were used.

Equilibrium studies, isotherm construction,
and desorption studies

In 125 mL Erlenmeyer flasks, 4.0 g of the developed ACs
were weighed and set in contact with 50 mL of Cd** solu-
tions in the concentrations of 0, 5, 30, 60, 90, 120, 150,
180, 210, 240, 270 and 300 mg L' The physical-chemical
conditions of this procedure were: pH 5.00, system tempera-
ture 25 °C, and contact time between adsorbent/adsorbate of
45 min. After stirring, aliquots were taken to determine the
Cd?* residual concentration by FAAS [41]. The adsorption
process was studied by the use of linear and non-linear mod-
els of Langmuir [47], Freundlich [48], Dubinin and Radu-
shkevich [49], Sips [50], Temkin and Pyzhev [51], and Liu
et al. [52].

Also, to verify the possibility of reusing the developed
ACs, an evaluation using an acid elution and water (control)
was performed. After the equilibrium tests (after adsorp-
tion of Cd), the recovered adsorbents were dried at 60 °C
for 24 h. The obtained mass was disposed of in Erlenmeyer
flasks of 125 mL and set in contact with 50 mL HCI solu-
tion (0.1 mol L™!) and water (pH 7.0) for 90 min (25 °C and
200 rpm). The final concentrations of Cd (desorbed) were
determined by FAAS [41].

Adsorption thermodynamics

The influence of temperature on the adsorption process was
also studied. For that, 4.0 g of the ACs were weighted in
125 mL Erlenmeyer flasks and set in contact with 50 mL
of Cd** solution. The physical-chemical conditions of this
test were: Cd concentration of 50 mg L™!, pH 5.00. 200 rpm,
stirring time of 45 min, evaluated temperatures of 15, 25,
35, 45, and 55 °C. After the stirring period, aliquots were

taken to determine Cd concentration by FAAS [41]. From
the obtained results, the parameters of Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS°®) [53] were esti-
mated. All mathematical models and equations employed
in this research are described in Table S2 (Supplementary
materials).

Results and discussion

Determination of the chemical composition
of the activated carbons (ACs)

According to Li et al. [54], by applying chemical or physical
activations in biomass, the characteristics of the adsorbent
material are improved, such as an increase in specific surface
area (SSA), better pore distribution, formation of new func-
tional groups able to interact with pollutants, etc.
Comparing the tobacco obtained from cigarettes (raw-
material) [27] (Table 1), it is possible to see that the pro-
posed activations (thermal and physical) applied to tobacco
biomass resulted in an increase in the levels of K (2.57x), Ca
(2.74x), Mg (2.88x), Cu (3.10x), Zn (17.84x), Mn (1.96x),
Fe (5.48x) and Pb (2.29x) in CT in natura+ CO,. Also,
it is noticeable that the levels of Cd and Cr in cigarettes
were below the LQ (limit of quantification), and the pro-
moted method caused the partial pyrolysis of the cellulosic
structures, generating CO,, the proportion of all metals
increased in the final material (including Cd, Pb, and Cr).
Also, comparing the tobacco biomass to the produced CT
NaOH + CO,, the same process is evident, with an increase
(“accumulation” of metals due to loss of volatile biomass
during the pyrolysis) of the concentrations of the metals K
(0.27x), Ca (1.60x), Mg (2.65x), Cu (2.30x), Zn (21.26x),
Mn (2.24x), Fe (4.59x) and Pb (3.37x). In this case, it is also
possible to observe that Cd and Pb concentrations are below
LQ in the cigarette biomass; nevertheless, the pyrolysis and
the partial loss of the cellulosic structures caused an increase

Table 1 Chemical composition of CT in natura+CO, and CT NaOH + CO, and rate of increase concerning the natural tobacco metal concentra-

tion (biosorbent)

P K Ca Mg Zn Mn Fe Cd Pb Cr
Adsorbents gKg! mg kg~!
Tobacco 5.92 44.80 26.10 5.88 10.00 19.00 283.00 175.67 <LQ 26.67 <LQ
Conradi Jr et al. [27]
CT in natura+CO, <LQ 115.15 71.40 16.95 31.00 339.00 555.00 963.00 20.00 61.00 25.00
- 2.57x 2.74x 2.88x 3.10x 17.84x 1.96x 5.48x - 2.29x -
CT NaOH +CO, <LQ 12.05 41.80 15.60 23.00 404.00 633.00 806.00 4.00 90.00 36.00
- 0.27x 1.60x 2.65x 2.30x 21.26x 2.24x 4.59x - 3.37x -

LQ (limits of quantification): K=0.01, Ca=0.005, Mg=0.005, Cu=0.005, Fe=0.01, Mn=0.01, Zn=0.005, Cd=0.005, Pb=0.01 and

Cr=0.01 (mg kg™
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in the proportion of these metals in the final product. Other
volatile elements, such as P, with a boiling point of 277 °C,
are entirely lost during the thermal activations and produc-
tion of ACs (Table 1).

The incomplete pyrolysis applied to tobacco ultimately
removed a significant portion of the volatile solids in the
biomass since the activation from activating chemical solu-
tions or the insertion of the material at high temperatures
can extract or modify part of the elements that constitute the
initial material [55, 56].

In addition, washing off the material after pyrolysis to
neutral pH may have influenced the variation of the metal
concentration by diluting some of them after the pyrolysis.
Schwantes et al. [57] also observed changes in the chemical
composition of cassava materials after chemical activation
(by using solutions of 0.1 mol L~ of H,S0O,, NaOH, and
H,0,) and washing.

Similar results were found by Conradi Jr. et al. [27] using
thermal activation on tobacco biomass, followed by chemi-
cal activation using NaOH or ZnCl,; these authors also evi-
dence an increase in most metals concentration in the result-
ing ACs, also with lower accumulation when using NaOH
as an activator.

According to Overend et al. [58], chemicals such as ZnCl,
can cause an effect of influence pyrolysis as a catalyst, i.e.,
the decomposition starts at a lower temperature. However,
when basic catalysts are used (NaOH, such in this research),
the beta-bonding exhibits lower stability. According to the
authors above, in the presence of NaOH, cellulose starts
to decompose earlier than amylose, and the wide range of
possible reactions in the pyrolysis of carbohydrate may be
bracketed between two extreme possibilities:

(1) Dehydration C¢H,,05— 6C+ 6H,0 (40% residue)
(2) Rearrangement C¢H,,0,— 3CH;COOH (or
3CH,+CO,)

The pH related to the point of zero charge (pH;y()

The pHp, obtained for CT in natura+CO, is 11.11 and
10.86 for CT NaOH + CO, (Fig. 1). According to Pezoti
et al. [59], the pHp, corresponds to the point of zero charge
on the surface of the adsorbent, i.e., when the pHp,- > pH of
the solution, the adsorbent surface will prefer anion adsorp-
tion, otherwise when pHp, < pH of the solution, the adsor-
bent surface will prefer cation adsorption.

However, it is essential to mention that the pHp,- allows
predicting the adsorptive preference regarding physical
interactions. As adsorption is a very complex process, which
can be ruled by chemical affinity or physical interactions, the
pHpyc can only provide a partial idea of one type of inter-
action that can occur [60]. The results found for pHp, are

directly influenced by the performed chemical activation and
precursor material characteristics. In this sense, Conradi Jr.
et al. [27] observed similar values in the ACs from tobacco
modified by ZnCl, and NaOH, with pHp, values of 5.40 (for
biosorbent—tobacco), 7.47 for the AC modified with ZnClz’
and 12.84 for the AC modified with NaOH.

Hassan, Abdel-Mohsen, and Fouda [61] state that physi-
cal activations performed with CO, allow a high amount of
volatile materials to be released and that due to the numer-
ous reactions that occur during the process, the pH of the
material may become more alkaline, consequently, influenc-
ing the pHp, of the ACs, just as observed in Fig. 1.

Cansado et al. [62] developed AC from a mixture of syn-
thetic polymers, and according to their findings, by using
different ratios of KOH and K,CO3, the pHp, varied from
7.19 to 10.8. The increase in the alkalinity can be attributed
to the formation of carbonates during pyrolysis, as observed
in FT-IR analysis.

The theory behind the pHp,- determination technique
assumes that H* protons and OH™ hydroxyl groups are
potential determinant ions. In an aqueous solution, the
adsorbent surface may adsorb OH™ or H* ions. Thus, sur-
face clusters of each active site may dissociate or associate
protons from the solution, depending on the adsorbent prop-
erties and the pH of the solution. Consequently, the surface
of the active sites becomes positively charged when associ-
ated with protons coming from the solution under acidic
conditions or negatively charged when protons are lost to
the solution under alkaline conditions [63].

Under the experimental conditions of pH (3.0 to 7.0 in
adsorption studies), positive surface charges predominate,
favoring the adsorption of anions. However, for higher pH
values, such as alkaline effluents (11-13), negative charges
in the surface of the ACs will predominate, which can
favor the adsorption of cations [27], such as Cd?** and other
metals.

Scanning electron microscopy (SEM)

The micrographs obtained by SEM (Fig. 2) evidence the
surface morphology of the developed ACs. For both mate-
rials, it is possible to observe irregular and heterogeneous
structures with subtle spongy aspects (in some parts, indi-
cated by the red arrow). A similar observation was made
by Conradi Jr. et al. [27] by developing ACs from tobacco
using ZnCl, and NaOH as chemical modifiers. Also, Li et al.
[54] observed the formation of an irregular network structure
in the ACs produced from cigarette butt waste (chemically
activated with K,COs;).

Different results were obtained by Zhang et al. [64] by
developing ACs from cigarette filters (chemically activated
with KOH). The authors above state that the ACs exhibited
smooth wired morphology, with the promoted pyrolysis

@ Springer
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Fig. 1 pHyp, of the biosorbent 14.0
from tobacco and CT in nat-
ura+CO, and CT NaOH +CO,
12.0 1
10.0 -
T 8.0
o
=
a
= 6.0 T

pHyc (CT NaOH + CO,) = 10.86
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-4.00 - %
\X
-6.00 -

changing cigarette filters into irregular particulate AC
with a grain size of several micrometers. These discrepant
results only show that the morphology of the final adsorbent
depends a lot on the raw material of origin. In Zhang’s stud-
ies, it is a fibrous raw material (cigarette filters), whereas, in
the present study, ACs were developed 100% from tobacco
without the filters (usually made with cotton).

For both materials (CT in natura+ CO, and CT
NaOH + CQ,), it is possible to see their similitude by observ-
ing the cellulosic structure of the tobacco cells (Fig. 2—a
and d, red arrows). However, looking at closer approxima-
tions (Fig. 2f and c¢), it is possible to evidence some differ-
ences between the ACs, as CT NaOH + CO, is irregular and
heterogeneous, but not as irregular as CT in natura+CO,.

@ Springer

pH inicial

Thus, the chemical treatment tends to decrease the irregular-
ity of surface structure.

Similar results were found by Schwantes et al. [55] by
applying NaOH as a chemical treatment in pinus barks
biosorbents. According to the authors above, the use of
NaOH, a strong base with high solubility, can cause alka-
line degradation of polysaccharides in the surface structure
of the adsorbent materials, which may have caused these
subtle differences.

Infrared spectra of adsorbents (FT-IR)
The vibrational stretches observed near 3430-3480 cm ™!,

for both (CT in natura+CO, and CT NaOH + CO,), suggest
the presence of O—H stretch [65], inferring the presence of
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Fig.2 Micrographs (SEM) of CT in natura+CO, [100x (a), 1000x (b) and 5000x (c) times] and CT NaOH+ CO, [100x (d), 1000x (e) and

5000x (f) times]

Fig. 3 Infrared spectrum from
4000 to 400 cm™" for CT in nat-
ura+CO, and CT NaOH +CO,

Transmitance
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Cc=0

‘\\ ~1740 - ~1720
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~1600 - ~1560
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COO- [
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Wavelength (cm™)
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water [66] and O—H bonds in cellulose structure (Fig. 3).
According to Silverstein et al. [67], peaks near 1635 cm™
can also indicate O—H bend for absorbed water.

According to Schulz and Baranska [68], the positions
and intensities of the OH stretching vibration bands vary
for the different polymorphic forms of cellulose. Accord-
ing to the authors above mentioned, one of the forms can
be a strong band near 3430 cm™! and 3380 cm™! [69], as
observed for both ACs. These bands all exhibit dichroism,
and intensity differences are also observed for different
forms near 1430 cm™" and 1110 cm™! [69].

Phenols have an absorption band at 3620-3590 cm™!
due to the O—H stretching vibration [67],some sharp peaks
are found in that region for both ACs, suggesting their
presence.

Amino acids are amine derivatives of carboxylic acids
and contain several amino and carboxylic acid groups [69].
Amino acids, polypeptides, and proteins are related com-
pounds, and their infrared spectra reflect this to a certain
extent [65]. Peaks in the range of 1250-900 cm™~! can indi-
cate C—O-C and C-O form polysaccharides [67]. The peaks
around 1515-1505 cm™' suggest the aromatic skeletal of
lignin [65].

The peaks at 1425 cm™' indicate COO~ stretch;
1265-1240 cm™" indicates C-O; 1640 cm™" indicates C=0
for carboxylates; all indicate carboxylic acids in the ACs
[68]. The peaks found at 1740-1720 cm~! can indicate C=0
for aldehyde, ketone, carboxylic acids, and esters [69].

Free amino acids also have carboxylate ion CO," stretch-
ing vibrations, a strong band occurring in the region
1600-1560 cm™! can indicate its presence [69]. Dicarboxylic
acids have a strong band due to the C=0 stretching vibration
of the carboxyl group at 1755-1700 cm™" [69].

The infrared spectra of inorganic carbonates consist of
robust broadband at 1495-1410 cm™! [70]. Also, according

to Smidt and Meissl [65], peaks at 2520 cm~!and 1425 cm™
(C-O stretch) can also suggest the presence of carbonate.
The peaks~2922 cm™! in both ACs indicate C—H stretch-
ing [66]. The peaks found between 2100 to 1500 cm™! can
suggest C=C stretching from Alkenyl [66].

Vibrational stretches between 1445 and 1440 nm™!
were identified that suggest C—H bands, deducing the pres-
ence of lipids, polysaccharides, and proteins [68]. Moreo-
ver, it can be observed in the adsorbent vibrational strains
related to the presence of amines and hydroxyls (1118 and
1058 nm™") present in lignin (possibly due to the precursor
material—tobacco) [67]. The vibrational stretches observed
at 879 nm~! and 859 nm~! deduce the presence of C-0, also
suggesting the presence of carbonates in the adsorbents [65].

The chemical modification promoted by the oxidation (by
the use of NaOH) of the carbon surface introduces more
hydrophilic surface with an increase of oxygen functional
groups, which can be an excellent method for the develop-
ment of high-efficiency adsorbents, such as the produced
by Kim et al. [39] by the modification with NaOH. These
authors also found the groups' carboxyl acid, O-H stretch-
ing, C-H, C-H, and C-H; bonds, which could be favorable
for the adsorption of metal ions, such as Cd**.

N, adsorption/desorption analysis (BET and BJH)

A considerable increase in the surface area (SSA) of the
AC produced by thermal, physical, and chemical activation
(CT NaOH + CO,) in comparison with the material activated
thermally and physically (CT in natura+CO,) is observed
in Table 2. Thus, it is possible to consider that the thermal-
chemical-physical activation is the main responsible for this
considerable increase in SSA [71] for the tobacco carbons.

When comparing the results observed for CT
NaOH + CO, with a gold-standard from the literature

Table 2 Porosimetry characterization of adsorbents CT in natura+CO, and CT NaOH +CO, and a comparison with other adsorbents from lit-

erature
Material/Authors Parameters
Specific superficial area ggt) Average pore volume Average pore diameter
(m? g™ (em® g™ (nm)
CT in natura+ CO, (this research) 2.39 0.0090 1.54
CT NaOH + CO, (this research) 103.40 0.0285 1.67
AC — NaOH wheat bran [72] 71 to 2278 0.052 to 1.790 1.84 to 3.08
AC fiber [39] 1421.7 to 1588.6 0.4929 to 0.5982 0.7 to 0.8 nm
AC—KOH/NaOH [73] 51to 1038 0.05 to 0.80 3to 34
Ulva lactuca AC [74] 345.40 0.320 1.85
AC Tobacco [75] 121.28 0.1514 4.99
AC Tobacco—NaOH [27] 76.61 0.0525 0.060
AC Tobacco—ZnCI2 [27] 479.40 0.06012 1.67
Biosorbent from tobacco [27] 0.27 0.0008 2.18

@ Springer



Journal of Environmental Health Science and Engineering (2021) 19:1851-1874

1859

[AC fibers modified with NaOH cited by Kim et al. [39]],
it is observed that the mentioned adsorbent exhibits 1588
m? g7, that is, 15X greater SSA than the evidenced by CT
NaOH + CO,. However, it should be noted that the prod-
uct developed by Kim et al. [39] is from pure AC fibers, a
product of the highest purity and quality. In contrast, CT
NaOH + CO, is produced from tobacco residues (apprehen-
sions of cigarettes by the Brazilian Federal Court), i.e., zero
cost and high availability.

Other authors demonstrate that by using other vegetal raw
materials, such as wheat bran [72], banana peels [73], or
seaweed [74], AC with enhanced SSA, pore-volume, and
pore diameter were generated (Table 2). However, when
comparing our findings with other ACs developed from
tobacco wastes [27, 75], it is possible to observe that the CT
NaOH + CO, have a significant improvement in SSA (103.4
m? g~ 1), pore volume (0.028 cm? g~') and pore diameter
(1.67 nm). Moreover, in this comparison, it is essential to
state that most authors use pure or ideal raw materials to
develop ACs, whereas, in our research, we used a residue,
i.e., with zero cost and high availability.

In addition, the treatment (thermal-physical-chemical
activation) proposed in the development of CT NaOH+ CO,
evidence an increase of 382 X in SSA and 35 X in pore vol-
ume regarding the biosorbent produced from tobacco wastes
by Conradi Jr. et al. [27].

There is a proximity between the produced tobacco car-
bons in terms of pore diameter (Table 2). Results show that
the tobacco ACs exhibit a predominantly microporous struc-
ture, with a pore diameter < 2.00 nm [76], and this is one of
the main characteristics of excellent adsorbents [73].

As shown in Fig. 4, the N, isotherm obtained for CT
in natura+ CO, is characterized as type V, with a typical
behavior of a mesoporous solid, proceeding through mon-
olayer and multilayer hysteresis followed by capillary con-
densation [77, 78]. This classification also states that the
observed behavior for N, adsorption/desorption occurs due

22
2 CT in natura + CO,
1.8 :
—B— Adsorption
1.6 1 —E— Desorption

[N
P

Volume (cm?)

RO
R o

=}

to the mesoporous structure CT in natura+ CO, and its
weak interaction with the N, in the surface [79]. In these iso-
therms, it is possible the occurrence of multilayer of adsorp-
tion. Therefore, the isotherm inflection point (as indicated
in Fig. 4 by the black arrows) corresponds to the formation
of the first adsorbed layer covering the entire surface of the
material. On the other hand, for CT NaOH + CO,, a type I
isotherm is observed, i.e., typical for microporous solids,
limited by monolayer formation [78].

Adsorbent dose and the effect of the pH
(optimization study)

The factor “Adsorbent Dose” (L and Q) presented statis-
tical difference at the level of 1% (Table 3) for both ACs
(CT in natura+CO, and CT NaOH + CO,). The evaluated
pH range (3.0 to 7.0) does not significantly influence Cd>*
removal, and there is no significant interaction between the
factor “Adsorbent Dose” and the factor “pH” in the evalu-
ated conditions.

Table 3 Analysis of Variance (ANOVA) for the influence of adsor-
bent doses and the pH solution on Cd** removal for CT in nat-
ura+CO, and CT NaOH +CO,

Sources of  Degrees of  Mean squares

variation freedom -

(SV) (GL) CT in natura+CO, CT NaOH +CO,
Dose (L) 1 18,766.97** 12,183.50%*
Dose (Q) 1 3,903.13%%* 3,921.22%

pH (L) 1 0.00™ 220.96 ™

pH (Q) 1 22.69™ 2.52™
Dose x pH 1 0.01™ 613.95™
Error 6 107.95 554.78

Total 11

L linear; Q Quadratic

16 1 | CT NaOH CO,

Volume (cm?)
o0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/P,

Fig.4 Adsorption and desorption BET isotherms of CT in natura+CO, and CT NaOH +CO,
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CT. in natura + CO,

CT NaOH + CO,
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B <24 e <120
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B 4 & \é - <40
CA
Equations
CT in natura + CO2 Qe (cale) = 348.6166 — 19.2792x — 0.3151x% - 26.5756y + 0.4945y? + 1.2464xy Adj. R?=0.702
CT NaOH + CO: Qe (cale) = 256.1204 + 9.5350x — 0.9457x% - 21.6168y + 0.4934y> — 0.0041xy Adj. R?=0.949

Fig.5 Response surfaces for Cd>* removal as a function of adsorbent dose (Masses: 200 to 1400 mg or 4 g L™! to 28 g L™!) and pH of Cd solu-
tion (3.0 to 7.0). Experimental conditions: 1.5 h of stirring, 200 rpm, and 25 °C. Details of CCD are exhibited in Table S1

The decrease in adsorptive capacity due to the increase
of adsorbent dose (Fig. 5) may be related to the formation of
agglomerates in the material, reducing the surface area and,
consequently, the adsorptive capacity, as already observed
by Schwantes et al. [56] by evaluating grape stem adsor-
bents for Cd** removal from water. In this preliminary study
(optimization study), it is possible to evidence that CT in
natura+CO, removed 100% of Cd** when using the lower
adsorbent doses regardless of the evaluated pH (optimal
conditions of adsorption). In comparison, CT NaOH + CO,
removed 82% of Cd>* when used the lowest proportion of
the adsorbent (for both materials, the best result was pre-
dicted using doses <8 g L ™).

Similar results were obtained by Schwantes et al. [56]
by evaluating the Cd** uptake capacity by using grape stem
adsorbents and Gongalves Jr. et al. [80] by using the acai
berry (amazon fruit) biosorbent in the removal of Cd*,
Pb?*, and Cr’** from water. For the authors above, the best
adsorption rates were found using adsorbent doses around
4-8gL7".

Adsorption kinetics and comparison between linear
and non-linear models

The studies of the kinetics of adsorption are essential to
elucidate the dynamics of the reactions that occur during
the adsorptive process [81]. After 10 min, 94% of Cd** is
removed by CT in natura+ CO,. In comparison, only 82%
is removed for CT NaOH + CO, during the same period
of time,, with a gradual increase in the adsorption rate,

@ Springer

until 160 min, where more than 97% of Cd** is effectively
adsorbed (Fig. 6-A).

This show that the adsorption of Cd** by the developed
AC:s is a fast process, especially for CT in natura+ CO,,
while for CT NaOH + CO, it is observed a fast Cd** uptake
(from O to 10 min) firstly, with subsequent slowly uptake
of Cd** (from 10 to 180 min). This result may corroborate
with the observed behavior in N, adsorption/desorption
isotherms (Fig. 4), as CT NaOH + CO, has a higher pore
volume (3 X higher than CT in natura+ CO,) and higher
SSA (43 xhigher than CT in natura + CO,). These results
may indicate a redistribution of the Cd** on the adsorbent
surface; since the most energetic adsorption sites are already
occupied, less energetic sites can compete to remove Cd>*
from the solution in a slower and more gradual process.

Based on Pholosi et al. [82] findings, we can state that the
mechanism of Cd** adsorption onto the tobacco AC parti-
cles can consists of the following basic steps, (i) diffusion
of Cd** from the solution to the liquid film on the adsorbent
surface, (ii) diffusion of Cd** across the liquid film on the
adsorbent surface, (iii) cd** adsorption on the active sites
on the surface, the strength of the bonding depending on
whether the process is physical or chemical and (iv) dif-
fusion of metal ions through pores of different sizes in the
adsorbent particles (intraparticle diffusion).

The values observed for pseudo-first order (Table 4)
indicate physical interactions between Cd** and the CT
in natura+ CO, surface, where, in this particular case, are
observed adj-R? values of 0.98 and 0.99 (for linear and
non-linear model respectively), with low values of RRS
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Fig.6 A The contact time effect as described by the non-linear kinetics models of pseudo-fist order, pseudo-second order, and Elovich, and B as
described by the linear model of Weber and Morris for CT in natura+CO, and CT NaOH +CO, in Cd** adsorption systems

(Residual Sum of Squares) and with the similarity between
the values obtained for q, (calc.)=2.489 (non-linear) and
q. (exp.)=2.476 mg g~'. Also, even for CT NaOH + CO,,
with lower adjust values (adj-R*>=0.96), the prediction made
by the non-linear model of pseudo-first order is quite pre-
cise, with g, (calc.)=2.231 and q, (exp.) =2.209 mg g L.
These results may suggest that physical interactions have an
essential role in the Cd** adsorption for both materials. It is
also observed that the linear parameters of pseudo-first order
failed in the prediction of q, (exp.) values.

Excellent adjusts are observed for pseudo-second order
(linear and non-linear), with values of adj—R2> 0.98 for
CT in natura+ CO, and CT NaOH + CO,. Moreover, in
those cases, the lower values of RRS obtained for the mod-
els’ parameters and the good predictions of q, (calc.), i.e.,
the proximity between q, (calc.) and q, (exp.), suggests
that the adsorption is also ruled by the chemical affinity
between Cd** and AC surfaces. According to Schwantes
et al. [55], the pseudo-second order model describes well
the chemical adsorption processes involving electron

donation or exchange between adsorbate and adsorbent as
covalent and ion exchange forces. For the author above,
pinus barks chemically modified with H,0,, H,SO,, and
NaOH 1 mol L~! showed a high adjustment correlation for
the pseudo-second order model, also suggesting the occur-
rence of chemisorption.The values of k; and k, obtained
by the nonlinear models of pseudo-first order and pseudo-
second order for CT in natura+CO, (k;=0.283 min™';
k,=0.596 g mg~' min~!) and CT NaOH + CO,
(k,=0.221 min~'; k,=0.203 g mg~! min~') were higher
than the found by Miiller et al. [83], when evaluating the
adsorption kinetics of methylene blue in sawdust from
Pinus elliottii (pinus) and Drepanostachyum falcatum
(bamboo) (values of k; from 0.017 to 0.029 min~'; values
of k, from 0.005 to 0.0088 g mg~! min~"). Both of these
constants (k; and k,) are adsorption rate constant, demon-
strating that the adsorption of Cd** by tobacco ACs is a
fast process compared to the adsorption of methylene blue
by sawdust of pinus or bamboo.
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Table 4 Linear and non-linear kinetics parameters for Cd** removal by CT in natura+CO, and CT NaOH + CO,

Parameters/Adsorbents

CT in natura+CO,

CT NaOH +CO,

CT in natura+CO,

CT NaOH +CO,

RRS

RRS RRS

RRS

Pseudo-first order (linear) log(qe - qt) = logge — <L )t

2.303

Pseudo-first order (non-linear) g, = g,,(1 — ekt

k, (min~!) 0.065 0.002 0.009 0.009 0.283 0.010 0.221 0.053
q, (cal.) 0.233 0.069 0.429 0.009 2.489 0.004 2.231 0.038
(mgg™)
Adj-R? 0.980 0.990 0.999 0.961
Pseudo-second order (linear) + = 5ot Lt q., = kgt
at a2 Qe Pseudo-second order (non-linear) “¢¢  1+kaq,t
k, 1.163 0.137 0.081 0.669 0.596 0.004 0.203 0.060
(g mg™" min™")
q, (cal.) 2.504 325¢7* 2.442 0.007 2.516 0.003 2.318 0.039
(mgg™)
Adj-R? 0.999 0.999 0.999 0.979
Elovich (linear) Qeqg = A + B Int Elovich (non-linear) g, = }l’ln(l + abt)
A (mg g 'hh 2.446 0.007 0.011 0.086 1.61 1.9¢? 9201.695 15,076.120
B(gmg™) 1.375 0.002 0.198 0.019 24.531 4.861 6.868 0.795
Adj-R? 0.877 0.918 0.998 0.994
Intraparticle diffusion (Weber-Morris) g = kidll /2 +c,
Adsorbent CT in natura+CO,
Parameters Line A (10 to 30 min) Line B (40 to 60 min) Line C (80 to 180 min)
kiy (g mg™! min~"?) 0.055 (RRS 0.013) 0.008 (RRS 7.59 e™%) 9.48 e~ (RRS 4.73 ¢™%)
C, (mgg™) 2.181 (RRS 0.059) 2.427 (RRS 0.005) 2.487 (RRS 0.005)
Adj-R? 0.889 0.985 0.377
Adsorbent CT NaOH +CO,
Parameters Line A (10 to 30 min) Line B (40 to 60 min) Line C (80 to 180 min)
k;; (2 mg™! min~1?) 0.020 (RRS 0.003) 0.037 (RRS 0.008) 0.057 (RRS 0.006)
C,(mgg™h 1.961 (RRS 0.015) 1.880 (RRS 0.057) 1.677 (RRS 0.066)
Adj-R? 0.945 0.910 0.960
Average D, (cm? s™1) CT in natura +CO,=3.3¢710 CT NaOH+CO,=3.5¢71°
(RRS 1.7¢71%) (RRS 1.8¢71%)
Average q, (exp.) (mg g7} CT in natura+CO,=2.476 CT NaOH +C0O,=2.209
(RRS 0.044) (RRS 0.139)

k,: rate constant of pseudo-first order; q.: the amount of adsorbate retained per gram of adsorbent at equilibrium; k,: rate constant of pseudo-sec-
ond order; A: constant indicating the initial chemisorption rate; B: number of suitable sites for adsorption, related to the extent of surface cover-
age and the activation energy of the chemo reaction; k(¢ mg™! min~"2): intraparticle diffusion rate constant; C; (mg g~!): reflects the boundary
layer effect or surface adsorption. D; (cm?® s™1): diffusion coefficient of intraparticle diffusion. RRS: residual sum of squares. Adj-R*: adjusted
coefficient of determination

In experimental conditions of this research, the best
adjustments (for kinetics models) were found for the
non-linear models, with excellent adj-R? for pseudo-
second order and good adj-R? for pseudo-first order. A
similar conclusion was found by Moussout et al. [81] by
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comparing both models (pseudo-first order and pseudo-
second order), aiming for a better interpretation of batch
adsorption experiments for Cd>* and other contaminants.

The Elovich model (linear and non-linear), on the other
hand, did not present good adjusts for the ACs or showed
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overestimation, with low adj-R2 and high RRS values,
i.e., these results are not suitable for the elucidation of the
observed adsorption process. Elovich equation is often used
to describe chemisorption predominantly on highly heter-
ogeneous sorbents. It is based on the assumption that the
sorption sites increase exponentially with sorption, implying
multilayer sorption [84].

Figure 6B shows that the plot q, versus do not pass
through the origin, which according to Pholosi et al. [82], the
intraparticle diffusion is not the only rate-limiting step for
cd*+ uptake. For the tobacco-ACs, the Weber-Morris model
presented satisfactory adjustments (adj-R? and RRS) in some
cases, thus evidencing the limiting steps of the Cd** adsorp-
tion process, i.e., deducing the movement of Cd** particles
to inside the pores of the adsorbent (Fig. 6B).

As shown in Fig. 6B and Table 4, both materials demon-
strate that at least part of the adsorption phenomenon can
be explained by intraparticle transfer, given that the material
has marked porosity. Figure 6B (left) shows that the intra-
particle diffusion is not linear throughout the process, sug-
gesting that the diffusion mechanism is not dominant. In the
case of CT in natura + CO,, data can be easily represented
by three linear phases equilibrium (1st phase: boundary layer
effect and external mass transfer effect, followed by the 2nd
phase: diffusion of molecules to internal sites and, the 3rd
phase: with the reduction in the intraparticle diffusion) [85].

For CT NaOH + CO,, as it is a more porous material
than CT in natura + CO, (Table 2), the possibility of dif-
fusing Cd** into the pores (CT NaOH + CO; e volume > CT

tOAS

2,01

in natura +COy yore volume)> OF even redistributing the ions
on the surface is greater (CT NaOH + CO, g, > CT in
natura + CO, ¢g»). Here also separated into three phases
(Fig. 6B right), it is observed that in the first phase we have
removal from 82 to 84% of Cd**, which increases in the
second phase from 85 to 88%, and that finally in the third
phase it evolves from 89 to 100%.

Moreover, for both materials, the values of D; are within
the range of 107 to 107"* cm? s~!, which according to Pho-
losi et al. [82], indicates that the intraparticle diffusion plays
an essential role in the rate-limiting step of Cd** adsorption,
especially for chemisorption systems.

Adsorption equilibrium studies and comparison
between linear and non-linear forms of isotherms

The linear and non-linear isotherms of Langmuir, Freun-
dlich, Dubinin—Radushkevich, Sips, Temkin, and Liu are
exhibited in Figs. 7, 8, and 9. The linear and non-linear
parameters of Langmuir exhibited similar adjustments (adj-
R? ranging from 0.96 to 0.97), with also certain similarities
among the results. Moreover, the linear form of the model
exhibited lower RRS for Langmuir parameters. The q,,,,
values observed are 76.62 mg g~! (linear) and 94.27 mg g~
(nonlinear) for CT in natura+CO,, and 82.51 mg g_1 (lin-
ear) and 75.64 mg g~! (nonlinear) for CT NaOH + CO,, indi-
cating a high capacity of Cd** adsorption in monolayers by
tobacco ACs.

27,21
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Fig. 7 Langmuir, Freundlich, Dubinin—Radushkevich, Sips, and Temkin linear isotherms (CT in natura+ CO, removing Cd2+)
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Fig. 9 Non-linear isotherms proposed by Langmuir, Freundlich, Dubinin—Radushkevich, Sips, Temkin, and Liu applied to CT in natura+CO,

and CT NaOH + CO, in the removal of Cd** from water solutions

The K; values obtained by the linear model of Langmuir
are 1.08 L mg™! (CT in natura+ CO,) and 0.36 L mg™~" (for
CT NaOH + CO,), indicating that the adsorption of Cd**
by CT in natura+ CO, is the result of a more vital inter-
action between adsorbate/adsorbent. Although with lower
values, the estimate of K| by the non-linear model of Lang-
muir also shows stronger interactions between CT in nat-
ura+CO,— Cd** than CT NaOH + CO, — Cd**.
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The obtained values for Freundlich are only suitable for
CT in natura+ CO,, with adj—R2 values from 0.95 to 0.96
and low values of RRS. The k; values obtained by the lin-
ear model are more suitable for its lower RRS values [k
linear=13.51 mg g~! (mg L™!)~"", RRS =0.049; k; nonlin-
ear=36.46 mg g~! (mg L™))~!"], RRS=3.14).

The n values obtained by Freundlich for CT in nat-
ura+ CO, vary from 1.36 to 1.96. According to Taiwo
and Chinyere [86], values of n ranging from 1 to 10
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Table 5 .Parameter S for o Parameters CT in natura + CO, CT NaOH + CO,
Langmuir, Freundlich, Dubinin—
Radushkevich (D-R), Sips, Langmuir (linear) RRS RRS
Temkin, and Liu for the removal G 1, Ce = 1
of Cd** by CT in natura+CO, g amaxb  qmax (1+Coa)
and CT NaOH + CO, Qay (Mg gh 76.616 0.004 82.508 0.001
k; (L mg™) 1.083 0.001 0.356 0.009
Ry estimate from 5 t0 300 mg L ) 0.208 to 0.940 0.216 to 0.943
Adj-R? 0.960 0.956
. . C,
Langmuir (non-linear)g, = g,,,, k;. mRL = (HéT[)
Qe (Mg g7 94.268 14.202 75.638 5.163
k. (L mgh) 0.727 0.273 0.449 0.104
Ry (estimate from 5 to 300 mg L ) 0.156 to 0.003 0.009 to 0.359
Adj-R? 0.956 0.969
1
Freundlich (linear) 10€9eq = logkf + (;) log Ce
k{mg g~ (mg L1~ 13.511 0.049 20.464 0.082
n 1.136 0.077 2.087 0.110
1/n 0.880 0.479
Adj-R? 0.955 0.782
Freundlich (non-linear)g,, = k_t-Ceqi
kdmg g~! (mg L~1)~1""] 36.469 3.143 26.556 5.020
n 1.966 0.296 2.689 0.675
1/n 0.508 0.372
Adj-R? 0.958 0.858
D-R (linear) Inge=1InQd — Bde2 and € = RTIn (1 + é) and £ = V25,
Q, (mol LY 0.003 0.229 0.003 0.361
E (KJ mol ™) 13.867 11.501
By 0.003 31e* 0.004 49e*
Adj-R? 0.932 0.919
2 1
1 _ 1 _ 1
D-R (non-linear)?e = qsat( exp (‘BdRTL"<1 to )) and & = RTIn (1 + a) and E V2B,
Qpnax (M 27 0.005 0.002 0.005 0.002
E (KJ mol™) 11.656 11.625
By 0.004 56¢e* 0.004 56e*
Adj-R? 0.957 0.957
9e _ 1 1
Sips dlinean™ (757 ) = nC. + i ks
ng 0.747 0.057 0.363 2.756
k, (L mg™) 0.856 0.094 0.176 0.078
Adj-R? 0.993 0.997
Sips (non-linear) ¢, = ¢,,.k,C, ( Lk S )
Qo (M g7 150.038 181.850 78.947 23.005
ng 0.717 0.411 1.000 0.498
k, (L mg™) 0.341 0.584 0.389 0.166
Adj-R? 0.947 0.902
Temkin (linear) g,=B InA,+BInC,
A, (L mg™) 17.295 0.549 3.536 3.877
b, 175.050 0.360 135.722 2.137
B (J mol!) 14.154 0.360 18.255 2.137
Adj-R? 0.997 0.935
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Table 5 (continued)

Parameters CT in natura + CO, CT NaOH + CO,
RT
=(—)In(A

Temkin (non—linear)q"" ( b, > n( C)
A (L mg‘l) 14.742 5.092 3.993 1.244
b, 153.102 18.874 14591 15.619
B (J mol™!) 16.182 16.979
Adj-R? 0.942 0.956

N (XA
Liu (non-linear) ¢ 1+(kC)"
Qmax 149.922 182.217 74.478 11.564
kg 0.223 0.720 0.464 0.168
ng 0.717 0.414 1.231 0.448
Adj-R? 0.945 0.923
Jmax. Maximum adsorption capacity; k;: constant related to adsorbate/adsorbent interaction forces; ki:

related to adsorption capacity; n: related to solid heterogeneity (n for Freundlich and ng for Sips); Q4: maxi-
mum adsorption capacity; E: average sorption energy; n: related to the heterogeneity of the adsorbent mate-
rial; e: the potential of Polanyi; B,: coefficient related to sorption energy (Dubinin—Radushkevich); k; is the
Sips constant; At (L g~!): Temkin isotherm equilibrium binding constant; b,: Temkin isotherm constant; B
(J mol™!): Constant related to the heat of sorption; k,: Liu equilibrium constant (L mg"); n; : dimension-
less exponent of the Liu equation; RSS: residual sum of squares; adj-R?: adjusted coefficient of determina-

tion

suggest favorable conditions to adsorption and a coop-
erative system, which indicate that there is the reactivity
of CT in natura+ CO, active sites with Cd>* in a coop-
erative manner. According to Al-ghouti and Da’ana [87],
when 0 < 1/n < 1, adsorption is favorable, as shown for all
tobacco-ACs (Table 5).

These results above corroborate with our findings
already exhibited in Fig. 4, where CT in natura + CO,
exhibit an isotherm (N, adsorption/desorption) that
indicates the possibility of the formation of multi-
layer (explained by Freundlich model). In contrast, CT
NaOH + CO, present an isotherm type I, typical for wmi-
croporous solids, limited by the formation of a monolayer,
explained mainly by Langmuir.

According to Jeppu and Clement [88], the Sips equation
offers a flexible analytical framework for modeling both
Langmuir and Freundlich type sorption effects. Alyasi
et al. [89] state that the Sips behave similarly to the Lang-
muir isotherm model at high adsorbate concentration but
with slightly more significant deviation. The Langmuir
isotherm also shows an excellent correlation, although the
Sips model is significantly more accurate at the lowest
concentrations.

Also known as Langmuir-Freundlich isotherm, the
Sips equation is a versatile isotherm expression that can
simulate both Langmuir and Freundlich behaviors [88]. In
this research, suitable adjustments were obtained by Sips
linear equation for CT in natura+ CO, (adj-R?>=0.99)
and NaOH + CO, (adj-R?=0.99), which can suggest the

@ Springer

occurrence of mono and multilayer of Cd** adsorption by
the tobacco-ACs.

Also, if the value of ng=1, that means that the adsor-
bent material is entirely homogeneous, whereas values of ng
closer to 0 suggest heterogeneous materials. Mathematically,
when ng=1, the Sips isotherm is reduced to the Langmuir
isotherm, i.e., predicts predominant monolayer adsorption
[89]. By the linear equation of Sips, it can be seen that the
tobacco adsorbents exhibit values of ng=0.74 (CT in nat-
ura+CO, and 0.36 (CT NaOH + CO,), suggesting that the
Cd** adsorption processes are not exclusively governed by
the two-parameter Langmuir isotherm [90].

Good adjustments were also found for Dubinin—Radu-
shkevich nonlinear equation for CT in natura+ CO, (adj-
R?=0.96) and CT NaOH + CO, (0.96). It is observed
in Table 5 that E (sorption energy) assume values of
11.65 kJ mol~! (CT in natura+CO,) and 11.62 kJ mol ™!
(CT NaOH + CO,), which according to the interpretation of
Gongalves Jr et al. [80] E> 8 kJ mol~! suggests the occur-
rence of chemisorption. However, recent studies[77, 91]
state that the use of the D-R isotherm model to describe the
adsorption of a solute at the solid/solution interface is differ-
ent from its use in gas adsorption (which D-R was initially
designed for). According to them, the D-R model ignores the
influence of the solvent, solution pH, the chemical species of
the solutes, surface charge, and functional groups dissocia-
tion of the adsorbents in a solid/solution adsorption system.
So, D-R isotherm may not accurately provide the average
free energy to distinguish physical or chemical adsorption
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in a solid/solution adsorption system. The assumptions of
Temkin isotherm are (i) the adsorption heat of the surface
molecules decreases linearly rather than logarithmically with
coverage; (ii) the adsorption process is characterized by a
uniform distribution of binding energies at the adsorbent
surface; and (iii) this model covers the adsorbate-adsorbent
interaction [63, 84]. In our research, suitable adjustments
were found by applying Temkin linear isotherm for Cd>*
adsorption by CT in natura+ CO,.

The slightly better adjustment of Temkin linear iso-
therm for CT NaOH + CO, (adj-R2=0.96) than CT in nat-
ura+CO, (adj-R*=0.94) can imply that Cd** adsorption
process by CT NaOH + CO, is more likely to be affected by
the sorbate/sorbent interaction. Similar results were found
by Tian et al. [84] by using sludge-derived char for Pb** and
Cd>* removal from waters.

A, (ranging from 3.87 to 17.29 L mg™') is the equilib-
rium binding constant, which indicates the maximum bond-
ing energy, whereas the B constant is related to the heat of
adsorption (values ranging from 14.15 to 16.97 J mol™").
When B >0, it indicates an exothermic process [53], as
observed for the adsorption of Cd** by both tobacco-ACs.
According to Nascimento et al. [63], the heat involved in
the physisorption is generally below 10 kcal mol™!, i.e., on
the order of condensation/vaporization. In chemical adsorp-
tion, the heat of adsorption is of the order of reaction heat,
so above 20 kcal mol~!. In this sense, B values assume val-
ues from 3.38 cal mol~! to 4.3 cal mol™!, i.e., the estimated

adsorption heat is deficient, suggesting the predominance of
physical forces in the Cd** sorption, such as Wan der Waals
forces and other intermolecular forces.

Reasonable adjustment was found by Liu isotherm for CT
in natura+ CO, (adj -R?=0.94) and CT NaOH + CO, (adj-
R%=0.92), with respectively values of g, of 149.92 mg g~
(in this case with high RRS=182.217) and 74.48 mg g~!
(RRS=11.564).

Like Sips, the Liu model combines the Langmuir and
Freundlich isotherm models, but in this case, the monolayer
assumption of the Langmuir model and the infinite adsorp-
tion assumption originates from the Freundlich model is dis-
carded [92]. Liu isotherm predicts that the active sites of the
adsorbent cannot possess the same energy [52].

Prola et al. [93] found out that the Liu model can present
RRS values lower than Langmuir, Freundlich, and Sips mod-
els, indicating that this isotherm model was a better fit the
experimental equilibrium data. Also, Lima et al. [92] state
that the advantages of the Liu isotherm model (a 3-param-
eter isotherm) over the Sips isotherm model is that the expo-
nent of Liu isotherm could admit any positive value, unlike
the exponent of Sips that is limited to 1/n< 1.

Based on the obtained values of q,,,, and ki, our tobacco-
based AC is superior (in terms of Cd** uptake) to grape stem
biosorbent [56], AC from Ulva Lactuca [74], AC from oak
wood [94], carbon activated with rhamnolipid biosurfactant
[95], having a similar capacity than the composite AC (car-
bon/zirconium oxide) [96] (Table 6).

Table 6 Comparison among tobacco activated carbons (ACs) and other materials in terms of Cd>* removal rates

Adsorbent Qmax (Langmuir) ki (Freun- Linear or nonlinear Contaminant Reference
(mg g_') dlich)
[mg g™
(mg
L0~y
CT in natura+CO, AC 94.27 36.47 Non-linear Cd** This research
CT NaOH+CO, AC 75.64 26.56 Non-linear cd* This research
Ulva Lactuca AC 84.60 - - cd** Ibrahim, Hassan and Azab [74]
Grape stem biosorbent activated with 14.92 7.79 Linear cd** Schwantes et al. [55-57]
NaOH
AC from tobacco (ZnCl,) 84.75 7.16 Linear Pb>* Conradi Jr. et al. [27]
Oak wood AC 4.34 3.72 Linear cd** Hajati, Ghaedi and Yaghoubi [94]
AC/ zirconium oxide composite 166.7 16.59 - cd* Sharma and Naushad [96]
AC from Nigella sativa seeds 18.16 50.30 Non-linear cd* Thabede et al. [97]
AC activated by rhamnolipid biosur- 50.00 19.76 Non-linear Ccd** Shami, Shojaei and Khoshdast [95]
factant
Biogenic Ag@Fe nanocomposite 125.00 15.80 Non-linear Methyl red ~ Zaheer, Al-Asfar and Aazam [98]
adsorbent
Silver impregnated AC 2.65 1.62 Linear Cr(VD Mishra and Ghosh [99]
Spirulina/chitosan foam - 0.101 Non-linear Phenol Alves et al. [100]
Soil—Rhodic Ferralsol (mainly hema-  389.61 2.03 Non-linear Chlorpyrifos Schwantes et al. [7]

tite)

AC activated carbon
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The order for the best adjustments found using nonlinear
models in the adsorption of Cd** by CT in natura +CO,
was: Freundlich > D-R > Langmuir > Sips > Liu > Tem-
kin; for nonlinear models applied on CT NaOH + CO,:
Langmuir > D-R > Temkin > Liu > Sips > Freundlich.
For the use of linear models, for CT in natura+ CO,
we have the following order: Temkin > Sips > Lang-
muir > Freundlich > D-R; and for CT NaOH + CO,:
Sips > Langmuir > Temkin > D-R > Freundlich.

The results above suggest that no single ruler governs
the uptake of Cd>* by the tobacco-ACs (chemical bonds or
weak physical interactions, specific surface group, etc.), but
a diversity of factors that possibly rule the removal of Cd**
from solution. According to Schwantes et al. [7], this usually
occurs when studying complex and heterogeneous matrices,
such as the colloidal interfaces of soils or biomasses (such
as ACs). Those materials have complex and heterogeneous
surfaces (Fig. 2, and there is more than one type of interac-
tion (physical and chemical; strong and weak, etc. among
the active sites and the Cd?* ions. Thus, the removal of
Cd** occurs through a set of interactions between adsorbent/
adsorbate.

In almost every adsorption study, linear shapes have been
used to conclude the best kinetic/equilibrium model that
influences the adsorption mechanism. This result can be a
mistake because, in some instances, as found in some of our
findings, even with some relatively high errors, the mathe-
matical adjustments are superior for non-linear models, sug-
gesting better adequacy of experimental data [101]. Many
authors observed that non-linear models have a better fit to
the experimental data, like Sahin and Tapadia [102], by eval-
uating fluoride adsorption onto a limonite geo-material,or
like Markandeya et al. [103], by evaluating disperse orange
25 dye on AC; or even like Can [104], by studying rhodium

Fig. 10 Adsorption versus

adsorption onto gallic acid derived polymer,or Moussout
et al. [81], which studied Cd** adsorption onto chitosan
(Cd**/CS) and methyl orange onto bentonite (MO/Bt).

The parameter values estimated by linear isotherms are
relatively different from those observed by non-linear equa-
tions; for example, high values for adj-R? are sometimes
accompanied by high RRS values and overestimated param-
eters, with discrepancies between the calculated and esti-
mated values and q,,,, (Table 5). According to Moussout
[81], non-linear regression is a more general method that can
be used to estimate the parameters of empirical mathemati-
cal models. Its main advantage is the easy adjustment, even
if the isotherm model cannot be linearized. In addition, the
linearization process modifies the original equations, which
may cause some variation in the final result, not correspond-
ing with the observed natural phenomena [105]. Thus, the
use of non-linear models may help interpret the obtained
results by linearizations or, on the other hand, may dem-
onstrate when the linearized parameters have misleading
results [106].

The mathematical reason for differences between linear
and non-linear models is that linear regression considers the
standard deviation equally at each point. However, due to
linearization, the unit standard deviation at each point in the
linear form is not valid for the non-linear form [105].

Desorption studies and the reuse of the tobacco
activated carbons (acid elution desorption)

In order to determine the possibility of reuse of ACs, the iso-
therm construction was followed by the recovery of the ACs
and the desorption evaluation in acid elution (HCI1 0.1 mol
L™1). The following Cd** desorption rates were obtained:

desorption % of Cd>* by the
tobacco activated carbons
(CT in natura+CO, and CT
NaOH +CO,)
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CT in natura+ CO, 58.52% and CT NaOH + CO, 44.64%
(Fig. 10).

The non-desorbed portion (41.48% for CT in nat-
ura+CO,; 55.36% for CT NaOH + CO,) may indicate that
some of the Cd** were chemically adsorbed to the car-
bon structure. Thus, chemical bonds could be ruling cd**
adsorption, as already predicted by pseudo-second order
(high adj-R? and low RRS) and Langmuir (high adj-R? and
low RRS), which suggest that at least part of the observed
adsorption is ruled by the chemical affinity between adsor-
bent/adsorbate. Nevertheless, the excellent desorption rates
observed for both ACs (58.52% for CT in natura+CO, and
44.64% for CT NaOH + CO,) also suggests that a signifi-
cant part of the Cd** uptake is physically retained, i.e., this
result highlight the reversibility of the adsorption reaction,
suggesting that Cd>* is mostly physisorbed (dipole-diploe
forces, ion—dipole forces or London dispersion forces) [107,
108]. These results corroborate with what was already high-
lighted by the goodness of the fit found and the interpreta-
tion of the parameters from pseudo-first order (high adj-R?
and low RRS), Freundlich (high adj-R? and low RRS), Sips
(high adj-R?; low RRS and ng < 1) and Temkin (high adj-R?,
low RRS and B < 20 kcal mol™").

Similar results are found in the literature by Coelho et al.
[109], where using biosorbent from Anacardium occidentale
L. the authors found 56% of Cd** of desorption (unmodi-
fied biosorbent), 50% (biosorbent modified with H,O, 1 mol
LY, 97% (biosorbent modified with H,SO, 1 mol L™!) and
77% (biosorbent modified with NaOH). Gongalves Jr. et al.
[80] by using acai berry biosorbent found out 44.5% of Cd**
desorption. It is essential to highlight that both authors used
an acid elution of HCI 0.1 mol L™! for their evaluations,
using a similar desorption method to ours (acid elution).

As the produced ACs have as precursor raw-material the
tobacco, the adsorbents resulting from the triple (thermal-
chemical-physical) and double (thermal-physical) activation
have small concentrations of Cd, Pb, and Pb in their com-
position Cr. As Table 1 show, CT in natura+ CO, contains

20 mg kg™! of Cd, 61 mg kg~! of Pb and 25.00 mg kg~!
of Cr, while CT NaOH + CO, contains 4 mg kg_1 of Cd,
90 mg kg~! of Pb, and 36 mg kg~! of Cr.

In order to evaluate the possibility of releasing some trace
concentration of Cd, Pb, or Cr into the water solution in
extreme conditions, the ACs (before any adsorption study)
were set in contact (200 mg) with 50 mL of HC1 0.1 mol L™,
and stirred for 1.5 h. As a result, no Pb or Cr was detected in
the water solution, but 0.076 mg L~! of Cd** was found out.

Moreover, desorption tests with water (at pH 7.0, in the
same conditions above) were conducted to simulate the pos-
sible Cd**releasing into water. As a result no Pb or Cr was
detected in the water solution, but trace Cd>* concentra-
tions were found: CT in natura+CO,=0.013 mg L™'; CT
NaOH + CO, = <0.005 (LQ). It is important to state that
this amount of Cd** ([Cd**];¢; 0.076 mg LY [CA* e
0.013 mg L™!) complies with the provisions of CONAMA
430/2011 [110] but does not fall within limits established by
Resolution 2914/Ministry of Health [111] ([Cd2+] maximum
permitted value =0.005 mg L"), which concerns the human
consumption of freshwater. Considering those above, as a
matter of safety, we recommend the use of the developed
ACs as part of the water/wastewater industrial treatment
systems, and we also state that it is advisable to add a com-
ponent after the use of AC in order to remove eventual trace
concentrations of Cd** from water.

Adsorption thermodynamics

The results found out by the evaluation of the thermody-
namics of Cd** adsorption by CT in natura + CO, and CT
NaOH + CO, (Table 7) suggests that the uptake of Cd>*
is exothermic (AH® o1 iy patwra + co2=— 14.75 kJ mol™";
AH® o1 neon + co2=— 16.92 kJ mol™!) [112]. The
AH° <40 kJ mol~! may indicate the predominance of phy-
sisorption of Cd>* by the tobacco adsorbents, with adsorp-
tion of Cd>* by the surface functional groups (Fig. 3) that
may act a fundamental role in the colloidal interface, such

Table 7 Thermodynamics Activated carbon (AC)  Temp  q, AG® AH® AS° R?
parameters for CT in °C) (mg g™ (KJ mol™") (KImol™)  (J mol™)
natura+CO, and CT
NaOH+CO, in the removal of CT in natura+CO, 15 124604028  —19.557+0.11 —14.749  16.695 0.636
Cd 25 124184021  —19.724+0.16 +3.58 +3.54

35 12.408+0.35  — 19.891+0.29

45 12.390+0.23  — 20.058+0.28

55 12.400+0.12  —20.225+0.19

CT NaOH + CO, 15 124444038  —43329+027 —16917  91.708 0.692

25 124574022  —44.247+0.19 *+2.35 +2.89

35 124474028  —45.164+0.11

45 124774024  — 46.081+0.20

55 124744036  —46.998+0.17
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as COO—-, C-0O, C-0-C, C=0, and O-H. The values of
AG° <0 (Table 7) indicate that the observed adsorption
phenomenon is an energetically favorable and spontaneous
process (at the studied range of temperatures from 25 to
35°C) [113].

Conclusion

The obtained results demonstrate that the proposed method
of producing AC (by thermal-chemical activation and by
thermal-chemical-physical activation) is feasible (yield of
43% for CT in natura+CO, and 58% CT NaOH + CO,),
generating adsorbents with a high Cd** adsorption capacity
for possible application in water and wastewater treatment
systems.

The developed tobacco-based adsorbents are gifted
with high pHp, values (CT in natura+CO,=11.11 and
CT NaOH + CO,=10.86) due to the generation of carbo-
naceous groups on the surface and the physical activation
with CO,. SEM analysis shows heterogeneous morphologies
and an irregular surface; FT-IR analysis evidence the surface
functional groups COO-, C-0O, C-0O-C, C=0, and O-H,
possibly from carboxylic acids, hydroxyl, esters, ketones,
and aldehydes. BET analysis shows a specific surface area
of 2.30 g m~2 (CT in natura+ CO,) and 103.40 g m~2
(CT NaOH + CO,), which indicate excellent adsorptive
properties.

The optimal conditions for adsorption were found out
by using 4.0 g L™! of activated carbon, regardless of the
evaluated pH value (studied range: 3.0 to 7.0); the Cd>*
uptake is a fast process, with most of the metal adsorbed in
the first 10-20 min of contact time; and the uptake of ca*
by tobacco adsorbents is exothermic (AH® <0), is consti-
tuted of an energetically favorable and spontaneous process
(AG°<0).

Considering: 1st) the goodness of the fit (high adj-R®
and low RRS) found for pseudo-first-order, pseudo-sec-
ond order, intraparticle diffusion, Langmuir, Freundlich,
Dubinin—Radushkevich, Sips, Temkin and Liu; 2nd) the
surface groups COO-, C-0O, C-0O-C, C=0, and O-H;
3rd) the pHp, values (CT in natura+CO,=11.11 and
CT NaOH + CO, =10.86); 4th) the heterogeneous and
irregular structures highlighted by SEM micrographs; 5th)
the enhanced SSA evidenced by N, adsorption/desorp-
tion isotherms (CT in natura+CO, _ 2.30 g m~2 and CT
NaOH +CO,=103.40 g m~2); 6th) AH® <0 kJ mol~" and
the considerable desorption rates (desorption of 58.52%
for CT in natura+ CO, and 44.64% for CT NaOH + CO,)
it is possible to state that the Cd>* uptake by tobacco acti-
vated carbons is a complex process, not ruled by a single
factor. Thus, Cd** removal seems to occur by chemisorp-
tion and physisorption, with the formation of mono and
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multilayers. Also, the values of AG® <0 kJ mol~! indicate
that the observed phenomena are an energetically favorable
and spontaneous process; and the values of AH® <0 and
the effective desorption rates suggest that the adsorption of
Cd?* is ruled mainly (but not only) by physical interactions
between adsorbent/adsorbate.

Thus, tobacco use as a raw material for activated carbon
development is a renewable and eco-friendly technique,
especially for smuggled cigarettes, such as those seized
between Brazil and Paraguay.
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