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Abstract In this study, the activated carbon
(TmAC) with a high surface area and appropriate
pore distribution was produced from einkorn (7riti-
cum monococcum L.) husks by using ZnCl, with
chemical activation method. The efficiency of the
obtained activated carbon on the adsorption of ani-
onic (metanil yellow) and cationic (methylene blue)
dyestuffs from aqueous solutions was investigated
in more detail. In addition, the surface characteriza-
tion of activated carbon was performed using ther-
mogravimetric analysis-differential thermal analysis
(TGA-DTA), elemental analysis, scanning electron
microscopy (SEM) images, Brunauer—Emmett—Teller
(BET) specific surface areas, N, adsorption—desorp-
tion isotherms, pore volumes, pore size distributions,
and Fourier-transform infrared spectroscopy-attenu-
ated total reflection (FTIR-ATR) spectra. The high-
est surface area of activated carbon was measured
as 1321 m* g~! at the carbonization temperature of
500 °C by using impregnation ratio (w/w=2.0).
Batch method was used in adsorption experiments.
The parameters affecting the adsorption studies such
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as adsorbent concentration, initial dye concentration,
adsorption time, temperature, and pH were investi-
gated. The adsorption mechanisms of metanil yellow
(MY) and methylene blue (MB) on activated carbon
were explained by using isotherms (Langmuir, Freun-
dlich, Temkin, and Dubinin-Radushkevich), kinetic
models (pseudo-first-order and pseudo-second-order),
and the thermodynamic parameters (Gibbs free
energy, enthalpy, and entropy).

Keywords Einkorn (Triticum monococcum L.)
husk - Activated carbon - Adsorption - Metanil
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1 Introduction

Paint, textile, food, cosmetics, and paper industries
use dyes and pigments for coloring. Commercially,
there are over 100,000 varieties of dyes, and the
annual production of dye stuff exceeds 700,000 t. It is
estimated that approximately 280,000 t of dyes is dis-
charged into water bodies on a global scale every year
(Abbas & Trari, 2015; Erdogan and Oguz Erdogan
2016; Kishor et al., 2021). Discharging dye-contain-
ing wastewater into streams and lakes creates an envi-
ronmental pollution that affects the photosynthesis
activity in the aquatic ecosystem by reducing the effi-
ciency of light use by plants. Polluted water sources,
which pose a serious threat to sustainable and long-
term development worldwide, and especially those
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contaminated with the dyes of industrial wastes, are
mutagenic and carcinogenic (Aguayo-Villarreal et al.,
2013; Azam et al., 2022; Duman et al., 2016). There
is no certain method used for dye removal from differ-
ent types of wastewaters. The method to be employed
varies according to the specific characteristics of the
wastewater. Mortada et al. (2023) have presented
activated carbon prepared from rise husk by chemi-
cal activation with ZnCl,. The main aim is to reduce
chemical oxygen demand from wastewater. The maxi-
mum removal of chemical oxygen is 45.5 mg g~!. In
general, physical, chemical, and biological treatment
techniques are used to purify wastewater from various
impurities. These techniques include electrochemical
degradation (Gui et al., 2019; Song et al., 2010), pho-
tocatalytic degradation (Lu et al., 2019; Reza et al.,
2017), coagulation-flocculation (Ihaddaden et al.,
2022), membrane process (Aluigi et al., 2014; Benos-
mane et al., 2022), and adsorption (Ma et al., 2015;
Unugul & Nigiz, 2020). Among these techniques,
adsorption was probably the most efficient method for
wastewater treatment. Its advantages are easy process,
affordability, facile regeneration, absence of sludge
formation, and the non-production of hazardous final
or intermediate products (Azari et al., 2020). Addi-
tionally, other treatment processes are high cost and
frequently fall down to treat a wide variety of dyes in
wastewater (Valix et al., 2004). Particularly, activated
carbons (ACs) have an important place among widely
employed industrial adsorbents for managing envi-
ronmental pollution, owing to their substantial porous
structure, high adsorption capacity, and expansive
specific surface area (Ahmad et al., 2021).

Activating agents, in the chemical activation pro-
cess, encompass a variety of chemical reagents. These
agents play a crucial dual role as dehydrating agents
and oxidizers, impacting the pyrolytic decomposition
process. Various activating agents interact with cellu-
lose, hemicellulose, lignin, or polysaccharides within
the carbon precursor, initiating diverse activation
mechanisms. These agents also have the ability to
obstruct the formation of tar or ash, thereby enhanc-
ing the overall carbon yield (Gao et al., 2020; Yahya
et al., 2015). Specifically, reactive agents facilitate
the generation and expansion of cavities and reticu-
lated or latticed structures. In this regard, commonly
employed chemical agents include ZnCl,, H;PO,,
KOH, NaOH, H,SO,, CaO, and HF (Sosa et al,,
2023). The widespread preference of ZnCl, during
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the production of the adsorbent is due to the ease of
synthesis, big porous size, high chemical capacity,
and large specific surface area (Kumar & Jena, 2017;
Xia et al., 2020; Yagmur et al., 2020). Moreover, vari-
ous biomaterials, such as barley straw (Pallarés et al.,
2018), oak acorn (Nourmoradi et al., 2018), rub-
ber seed shell (Azani et al., 2019), watermelon rind
(Uner et al., 2019), orange peel (Wei et al., 2019),
olive stones (Saleem et al., 2019), and sappan wood
(Du et al., 2020), are widely used in activated car-
bon production. They have been preferred not only to
reduce the cost of production but also have high car-
bon yield. Einkorn (Triticum monococcum L.) husks,
which have similar properties (sustainable, low cost,
abundant carbon content, and agricultural bio-waste)
with these biomaterials, were selected as a suitable
adsorbent for TmAC in this study.

Cereals and their derivatives as staple foods are
among the most trusted nutrients by the world popu-
lation. In addition, they include substantial propor-
tions of antioxidants, vitamins, microelements, ben-
eficial fibers, and mineral matters (Brandolini et al.,
2008; Dimov et al., 2019; Kecgeli, 2019). One of these
cereals, einkorn (7. monococcum L.) was the first spe-
cies of wheat grown in the Southeast of Turkey about
12.500-11.000 years ago. One of the most impor-
tant parts of biodiversity and local ancestral seeds of
einkorn has a limited and regional production (Hen-
dek Ertop, 2019). Nonetheless, there is a growing
interest in this crop attributed to its nutritious grain
(Nakov et al., 2018), suitability for low-input agri-
culture, and its remarkable resistance to pests and
diseases (Brandolini et al., 2018), making it advan-
tageous for organic farming practices. Additionally,
cultivated einkorn serves as a valuable gene pool for
enhancing the traits of wheat (Zaharieva & Monn-
eveux, 2014). Nowadays, some producers try to reach
industrial manufacture to enlarge manufacture ability
by protecting their traditional product standards and
converting their production stages to an industrial
scale (Hendek Ertop, 2019). Einkorn husks were used
to obtain TmAC (T. monococcum activated carbon)
adsorbent by using ZnCl, with chemical activation
due to their cheap and abundant waste biomaterial.

In this study, TmAC obtained from einkorn husk
was used to remove of anionic and cationic dyes. As
far as we know, both these dyes were comparatively
given firstly four different adsorption isotherms and
kinetic and thermodynamic studies. The surface
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properties of the produced TmAC were characterized
by convenient techniques, such as TGA-DTA, BET,
SEM-EDX, and FTIR-ATR. The efficiency of TmAC
as an adsorbent for the removal of MB and MY dyes
from aqueous solutions was assessed through the
modifying various parameters, including contact
time, initial concentrations, temperature, and pH,
which are known to impact on the adsorption pro-
cess. The adsorbent amount of TmAC was checked
for MY and MB removal from the aqueous solution.
In addition, the adsorption mechanism of TmAC was
clarified by isotherms and kinetic and thermodynamic
studies.

2 Experimental Section
2.1 Materials

MY (acid yellow 36, color index (CI)-13,065,
chemical formula, C,;gH;,N;NaO;S, and molar
mass=375.38 g mol™") and MB (basic blue 9,
CI-52015, chemical formula, C,cH;gCIN;S, and
molar mass=319.85 g mol~!) were bought from
Sigma-Aldrich and Merck, respectively, to be used as
adsorbates in the current study. Zinc chloride (ZnCl,)
and hydrochloric acid (HCI) were used in different
steps of experiments. All chemicals were used with-
out further purification.

2.2 Instruments

Centrifuge device (Avvel C12, 6000 rpm), digital
titrator (Titronic Universal), thermostat-controlled
shaking water bath (WiseBath), deionized (DI) water
equipment (GFL 2002), oven (Binder ED115), and
UV-vis spectrophotometer (Mecasys Optizen POP
Series) were used in different steps of experiments.
Thermogravimetric analysis (TGA-DTA, Exstar
6300) was performed to follow up the weight losses
of the einkorn (raw material). The morphology of the
einkorn and TmAC were examined by SEM-EDX
(ZEISS, EVO-LS10). The elemental analysis of
einkorn and TmAC were evaluated by Leco True-
Spec Micro model. Spectroscopic analyses of einkorn
and TmAC were performed using FTIR-ATR (Perki-
nElmer Frontier). Moreover, BET analysis (sample
degas micromeritic Flow Prep 060 and Micromer-
itics TriStar II 3020) was used for measuring the

micropore areas, specific surface areas, pore sizes,
and micropore volumes.

2.3 Preparation of ZnCl,-Treated Activated Carbon

Einkorn (T. monococcum L.) husks were supplied
from the Central Anatolia region of Turkey to attain
this study. The raw biomaterial was dried at room
temperature after being washed with DI water, and
stored in sealed colored glass bottles without grinding
process. For the activation process, the dried einkorn
(T. monococcum L.) husks (10 g) and ZnCl, solu-
tion were mixed in different impregnation ratio (w/w)
from 0.5 to 3 (6 samples). These solutions were then
poured into flasks and refluxed for about an hour until
they reached boiling temperature to thoroughly treat-
ment the einkorn husks and the chemical agent. Then,
solutions were transferred to Petri dishes and dried at
105 °C in an oven along a day. After drying, carboni-
zation process was optimized with 4 different temper-
atures (400, 500, 600, and 700 °C). The highest sur-
face area was obtained at 500 °C for 1 h. Einkorn (T.
monococcum L.) husk activated carbon (TmAC) was
treated with 0.1 M HCI solution in order to neutralize
after carbonization and washed with DI water. TmAC
with neutral pH value was dehydrated at 105 °C.
In addition, the optimum ZnCl, concentration was
determined at different concentration of ZnCl, solu-
tions. The surface areas of TmAC were taken by BET
measurements.

2.4 Characterizations of TmAC

Thermogravimetric analysis of einkorn (7. monococ-
cum L.) husks was carried out at a temperature rang-
ing from 20 to 950 °C with a gradual temperature
increase of 10 °C min~"!, while maintaining a nitrogen
flow of 20 mL min~'. Nitrogen (N,) adsorption—des-
orption experiments were conducted using Micromer-
itics TriStar IT 3020 at partial pressure between 0 and
1 bar and liquid nitrogen temperature (—196.15 °C).
Before BET measurements, samples of TmAC were
degassed for 30 min at 105 °C and shortly after under
vacuum for 240 min at 350 °C to discharge evaporat-
ing contaminants (Uner et al., 2019).

The surface morphology, porosity of both the
raw material, and TmAC materials were taken by
SEM-EDX. The functional groups of materials were
determined by FTIR-ATR. The zero point of charge
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(pHzpc) was determined as follows: An amount of
0.1 ¢ TmAC was put into a flask and added KNO,
solution (0.1 M, 50 mL). The necessary amounts of
HCI or NaOH solutions (0.1 M) were added to set the
initial pH value from 2 to 12. The final pH was deter-
mined by constant shaking in 48 h (rate of agitation
150 rpm) (Milonji€ et al., 1975).

2.5 Experiments of Adsorption

The adsorption experiments were conducted using the
batch method. In this approach, dye solutions were
prepared by diluting dye stock solutions with water
to achieve the desired concentrations and were then
placed in Erlenmeyer flasks. Subsequently, TmACs
were introduced into the flasks, which were then
positioned in a thermostat-controlled shaker and agi-
tated at 150r min~! until adsorption equilibrium was
attained at the specified temperature. Following this,
the samples underwent centrifugation for 20 min at
40001 min~! to separate solid and liquid phases. The
remaining amounts of dye not adsorbed in the solu-
tions were determined using UV-visible spectropho-
tometry at 434 and 665-nm wavelengths for MY and
MB dyes, respectively. Employing this methodology,
adsorption experiments were conducted to investigate
the impacts of TmAC concentration (0.1-0.7 g L™"),
initial dye concentration (17.5-105.0 mg L™!), and
temperature (25-45 °C). The adsorbed dye amount
per unit mass of TmAC ¢, (mg g~ ') was calculated
using the following equation (Daoud et al., 2019):

(CO - CE)
Ry 1)
q. W
and the percentage of dyes removal equation was cal-
culated as follows:

(G-c)
e

Removal(%) = x 100 )]
where C; (mg L™ and C, (mg L) are the dye con-
centrations at initial and equilibrium, respectively. V
is the volume of dye solution in liters, and W is the
mass of TmAC adsorbent in grams.

The kinetic investigation primarily focuses on elu-
cidating the mechanism of the adsorption process,
wherein a system transitions from an initial state to
a final state over time. To comprehend the kinetics,
pseudo-first-order (PFO) and pseudo-second-order
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(PSO) models were employed for testing. Both
PFO and PSO kinetic models were developed and
expressed in Egs. 3 and 4, respectively (Lagergren,
1898; Zhang et al., 2015).

1 —q) =1 -

0g(g. —4;) =10g(4.) ~ 5753 3)
where k; (min~") was the adsorption rate constant of
PFO and ¢, and ¢, (mg g~!) were adsorbed quantity
of MY and MB dyes at equilibrium and at time ¢,
respectively.

t 1 1

—=—+—t
4 hf 4 @

where k, (g mg~! min~!) was adsorption rate constant
of PSO and ¢, and ¢, (mg g~!) were adsorbed quan-
tity of MY and MB dyes at equilibrium and at time ¢,
respectively.

In this study, 4 different isotherm models, such
as Langmuir (Langmuir, 1916), Freundlich (Freun-
dlich, 1906), Temkin (Temkin & Pyzhev, 1940), and
Dubinin-Radushkevich (D-R) (Dubinin & Radushk-
evich, 1947), were assessed at various temperatures
for MY and MB dye adsorption.

For Langmuir isotherm model in Eq. 5, adsorp-
tion was linearly increased with the initial amount of
adsorbate due to the uniformity of adsorption energy.
Adsorbate concentration was directly proportional to
the adsorption rate.

C, 1 C

= =+ ¢
9. qmaxKL Dmax (5)

where the capacity adsorption of monolayer at maxi-
mum was ¢,,,, (mg g”') and the adsorption constant
of Langmuir model was K, (L mg™).

The separation factor R; (Parab et al., 2009; Weber
& Chakravorti, 1974), equilibrium parameter or a
dimensionless constant was derived from Langmuir
expression, could be utilized to define the feasibility
of the adsorption processing in Eq. 6:

1
R o= —1
LT TTK,.G, ©)

R, explained the absorption-processing nature
and indicated if the adsorption processing was (0 <
R; <1) positive, (R; = 1) linear, (R; > 1) negative,
or (R, = 0) non-reversible.
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Freundlich isotherm model was defined as multi-
layered adsorption (Eq. 7) (Hameed et al., 2008). The
surface of multilayer was accepted as heterogeneous in
terms of adsorption sites and energy.

Ing, = InK + llnCe @)
n

where n (dimensionless) and K, (mg g7!) (L mg)'"
were constants depending on temperature, adsorbate,
and adsorbent in Freundlich Eq. 1/n was the hetero-
geneous factor in the range of 0—1. The more hetero-
geneous surface was obtained if I/n value was closer
to zero. Adsorption; if (0 < 1/n< 1), it was considered
desirable, (1 < I/n) undesirable, and (I/n=1) irrevers-
ible (Ayawei et al., 2017).

Temkin isotherm model was based on the interaction
between adsorbent and adsorbate, which assumed that
the heat of adsorption decreased linearly with increas-
ing degree of adsorption process (Ganguly et al., 2020;
Wang et al., 2018) in Eq. 8:

RT
q, = B—Tln(ArCe) (8)

where B, was symbolized Temkin isotherm constant
(J mol™!), A, was given as Temkin isotherm equilib-
rium binding constant (L g~!), R was defined as uni-
versal gas constant (8.314 J mol™' K™'), and T was
represented as absolute temperature of solution in K.

D-R isotherm model was generally used to express
the adsorption mechanism with the distribution of
Gaussian energy on heterogeneous surfaces. The char-
acteristic sorption curve was related to the porous struc-
ture of the sorbent (Alberti et al., 2012; Celebi et al.,
2007).

Ing, = Ing, — pe’ )
e =RTIn[1 + L]
C. (10)
1

e a

where g, was symbolized D-R constant (mg g,
p was given constant related to free energy, € was
Polanyi potential, and £ was mean free energy (kJ
mol~!). The physical and chemical adsorption pro-
cess was applied using Eq. 11. If E < 8 kJ mol~!, it

was determined as physical adsorption. However, if
8 < E <16 kJ mol™!, it was dominated as chemical
adsorption (Chowdhury & Saha, 2010; Olasehinde
et al., 2020).

The spontaneous, randomness, and endothermic
or exothermic behavior of adsorption process were
obtained by thermodynamic parameters, such as
Gibbs free energy (AG"), entropy (AS"), and enthalpy
(AH’), respectively. These parameters were calculated
by applying the experimental values obtained from
MY and MB adsorption on TmAC in the following
equations (Hassan et al., 2020; Rahman et al., 2017).

AG" = —RTInK, (12)

AG = AH —TAS 13)
AS" AH' 1

InK, = =~ - =——— 14

nke=—4 R T (14)

where R was gas constant (8.314 J mol™' K™, TT
was absolute temperature in Kelvin 7, and K, was
equilibrium constant, which was obtained from Lang-
muir constant.

3 Results and Discussion
3.1 TGA-DTA Analysis of Einkorn

The thermal behaviors of the materials during the
carbonization and activation process were investi-
gated by TGA-DTA. The thermograms of einkorn
(T. monococcum L.) husks are depicted in Fig. 1. The
first mass loss was seen in the degradation of material
in Fig. 1 from 102.5 to 223.4 °C.

This first stage corresponds to the drying period
in einkorn husks during the volatile solvents, espe-
cially water molecules. The first degradation was
completed with small weight loss (less than 10%) as
found by Zhang et al. (2017). Devolatilization is the
most important step in all thermochemical conver-
sion processes involving biomass. This step is the
second decomposition step, corresponding to a sig-
nificant reduction in the mass of the sample (~80%).
In this step, volatile hydrocarbon was set free due
to the fast thermal decomposition of hemicellu-
loses, cellulose, and some of the lignin. It occurs at
a temperature between 200 °C and 500 °C, where
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Fig. 1 TGA-DTA of 50
mesh and smaller einkorn
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the remarkable slope of the thermal analysis curves
is observed (Abdullah et al., 2010). In the last stage,
there was no significant loss of mass after 500 °C, the
inorganic materials do not melt, and the degradation
continues at very low rates till its end. For this rea-
son, the carbonization process for the production of
TmAC from the starting material was carried out at
temperatures between 400 and 700 °C (Nirmaladevi
& Palanisamy, 2019). In a study conducted by Ave-
lar et al. (2010) on the utilization of piassava fibers
in the preparation of activated carbon, it was reported
that the differential thermal analysis curve exhibited
a broad band around 320 °C, attributed to the decom-
position of hemicellulose, cellulose, and lignin, with
a maximum point at approximately 378 °C. Similarly,
einkorn is shown in Fig. 1 with a shoulder at about
340 °C and a maximum peak at 490 °C and also
shows a broad band in DTA. It also shows an exother-
mic behaviour of the einkorn.

3.2 FElemental Analysis of Einkorn and TmAC

The elemental analysis of einkorn and TmAC is
listed Table 1. The weight percent of C element in
TmAC was remarkably raised from 40.58 to 77.33%
after activation process of einkorn. However, the
weight percent of oxygen element was sharply
decreased from 50.87 to 15.94%. In addition, the
weight percents of hydrogen and nitrogen elements

@ Springer

1
500 700 900
Temperature / C

Table 1 The elemental analysis of einkorn and TmAC with
impregnating ratio 1/2 (w/w)

Elements Einkorn (wt%) TmAC (wt%)
Carbon 40.58 77.33
Hydrogen 5.50 3.81
Nitrogen 0.95 0.77
Sulfur 2.10 2.15
Oxygen (by differ- 50.87 15.94

ence)

were gradually lower in TmAC. On the contrary, the
weight percent of sulfur element seems to be compa-
rable between einkorn and TmAC. During chemical
activation and carbonization process of einkorn husk,
oxygen, nitrogen, and hydrogen gases easily leave
from einkorn husk due to the volatile gases. Probably,
this process produced a rich carbon product of lower
functional groups (low oxygen content).

3.3 BET Analysis of TmAC

The BET analysis of TmAC could be presented in
the following parameters: surface area (m?> g~!),
micropore area (m?> g~!), micropore volume (cm’
g™ 1), total pore volume (cm® g~!), and average pore
diameter (nm) (Table 2). Starting from an impregna-
tion ratio of 0.5, the BET surface area progressively
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Table 2 BET analysis of
TmAC

ZnCl,/einkorn (w/w) 0.5 1.0 1.5 2.0 2.5 3.0
impregnation ratio

BET surface area (m* g™!) 854.05 116452 1291.06 1321.01 1288.12 1224.61
Micropore area (m? g™!) 567.12 31216 16347 10642  89.90 109.43
Micropore volume (cm® g7y 0.26 0.13 0.06 0.03 0.03 0.04
Total pore volume (cm® g™)  0.45 0.71 0.97 1.22 1.34 1.52
Average pore diameter (nm) 2.08 2.44 3.00 3.68 4.16 4.97

rises, reaching its peak at an impregnation ratio of 2.0
(1321.01 m? g~!). However, a further increase in the
impregnation ratio to 3.0 results in a slight decrease
in the BET surface area to 1224.61 m? g~!. The data
indicates that there is an optimal impregnation ratio
(around 2.0) that maximizes the BET surface area of
the activated carbon. As a result, the optimum ZnCl,/
einkorn (w/w) impregnation ratio was assessed as 2.0
for the activation treatment.

The physisorption isotherms, approximately in
the last 30 years, have been updated from the clas-
sification proposed by IUPAC into six types, associ-
ated with specific pore structures, since their initial
categorization (Sing et al., 1985), to their current
state (Thommes et al., 2015). Many variants of hys-
teresis loops have been reported in six character-
istic types (Thommes et al., 2015). When the N,
adsorption—desorption isotherm was examined, it
resembles the reversible type I isotherm, resulting
to micropore structures at impregnation ratio of 0.5.
However, when impregnation ratio was rised to 2.0,
the mesoporous structures were obtained from the
hysteresis loops and look like type IV isotherms. As
a result, ZnCl,/einkorn (w/w) impregnation ratio was
obtained as 2.0 (optimum value); the hysteresis loops
and pore shape were obtained as type H4 and a nar-
row capillary cleft, respectively Fig. 2.

3.4 SEM-EDX Analysis of Einkorn and TmAC

The high-resolution SEM images of einkorn and
TmAC are shown in Fig. 3. There was a surface mor-
phology difference between einkorn (Fig. 3a, b) and
TmAC (Fig. 3c, d). Both images of einkorn (a and
b) have no porosity, and flat capillary surfaces. How-
ever, the surfaces of TmAC (c and d) have irregular
caves and pores with a heterogeneous structure after
the activation process, and these findings were also
noticed by Chen et al. (2011). Both BET analysis

and SEM images of TmAC obtained from einkorn
with chemical activation (ZnCl,) are suitable for the
adsorption experiments.

The EDX analysis of einkorn and TmAC is
shown in Table 3. The results of EDX analysis were
similar to elemental analysis results (Table 1). The
weight percent of carbon element in the total con-
tent increased from 49.11 to 83.25%, but the weight
percent of oxygen element in total content decreased
from 47.70 to 10.52% after the activation process. In
addition, due to the treatment of ZnCl, as an activa-
tion agent, there was an increase of weight percent of
zinc and chloride elements in total content of TmAC.

3.5 FTIR-ATR Analysis of Einkorn and TmAC

The FTIR-ATR analysis of einkorn and TmAC was
obtained to understand the structure of the func-
tional groups (Fig. 4). The broad and strong peak
of einkorn was referred at 3295 cm™! by overlap-
ping of O—H and N-H stretching in lignin, pectin,
cellulose, and hemi-cellulose (He et al., 2021). The
peak at 2912 cm™! was attributed by the symmet-
ric and asymmetric stretching in CH; and aliphatic
CH, (Kang et al., 2019). The weak band positioned
at 1632 cm™! was conformed to stretching vibration
of C=C bonds in aromatic groups of lignin or ben-
zene rings (Prakash et al., 2021). The strong peak at
1032 cm™! was pertaining to O—H bending and C-O
stretching vibrations in alcohols and carboxylic
acids (Dagdelen et al., 2014; Hesas et al., 2013).
When the FTIR spectra of einkorn and TmAC were
compared with each other, it was clearly seen that
the peaks of TmAC exhibited less adsorption bands
(less transmittance %). This suggests that various
functional groups present in the raw material spec-
trum disappear after the carbonization and activa-
tion steps. Additionally, it can be attributed to the
molecular convergence within the TmAC caused

@ Springer
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Fig. 2 a N, adsorption—desorption isotherms, b pore size distributions, and ¢ pore volumes at 77 K of TmAC

by the high carbonization temperature (500 °C).
This convergence continues without degradation
throughout subsequent cooling, neutralization, and
washing processes.

3.6 pHpyc of TmAC

The point of zero charge of pH (pHp,) value of
the adsorbent was given as a fundamental feature of
interphase properties. The surface chemistry of any
material like carbon can be predicted by the acidic or
basic nature of its surface. Density of positive charges
(cations) equals that of negative charges (anions) was

@ Springer

accepted as pHp . pHpyc of TmAC was obtained as
7.33 shown in Fig. 5.

3.7 Effect of Adsorbent Concentration for MY and
MB

The effect of adsorbent concentration on the per-
centage of dye removal was carried out in the fol-
lowing parameters: agitation rate of 150 rpm,
temperature of 25 °C, and dye initial pH value are
shown in Fig. 6a, b for MY and MB, respectively.
The percentage of MY dye removal significantly
increased from 68.27 to 98.73% when the activated
carbon concentration increased from 0.1 to 0.3 g
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Fig. 3 SEM images

of einkorn: a 100x, b
500 x and TmAC, ¢ 100X,
and d 500 x

Table 3 EDX spectra with element contents of the einkorn
and TmAC

Elements Einkorn (wt%) TmAC (wt%)
C 49.11 83.21
(0] 47.70 10.52
Si 1.51 1.36
K 0.88 0.00
Ca 0.38 0.00
Cl 0.13 241
Mg 0.12 0.67

S 0.09 0.23
Al 0.08 0.00
Zn 0.00 1.61
Total 100.00 100.00

L~! (Fig. 6a). Further increases in activated car-
bon concentration, i.e., from 0.4 to 0.7 g L~ the
percentage of dye removal was almost unchange-
able. Therefore, the adsorbent concentration was
determined as 0.3 g L~! for MY, and this amount
was used in the adsorption experiments. Similarly,
absorbent concentration of MB was obtained from
different TmAC concentrations from 0.1 to 0.5 g
L~! (Fig. 6b). The percentage removal of MB raised
from 54.34 to 99.29%. Thereafter, there was no sig-
nificant increase of percentage of dye removal of

MB from 0.55 to 0.7 g L™! (Fig. 6b). The optimum
concentration of TmAC was chosen as 0.5 g L™! due
to the stable concentration of MB. The adsorbent
concentration difference was obtained by chemical
structures of MY and MB dyes.

3.8 The Effects of Contact Time and Initial Dye
Concentration for MY and MB

The effects of contact time versus dye removal of MY
and MB (%) are given at different dye concentrations
in Fig. 7a, c, respectively. In addition, the effects of
initial dye concentration of MY and MB versus per-
centages of dye removal (%) are shown in Fig. 7b,
d, respectively. For both MY and MB dyes, the fig-
ures reveal that an increase in contact time positively
influences TmAC dye removal, while an increase in
the initial dye concentration has a negative impact.
Although the percentage of dye removal of MY and
MB at 17.5 mg L' was obtained as 99.03% and
99.57%, respectively, the percentage of dye removal
of MY and MB at 105.0 mg L™! was obtained as
77.45% and 74.01%, respectively. Furthermore, the
duration required to reach equilibrium extended with
the rise in dye concentration. As an illustration, for
the initial dye concentration of 17.5 mg L', equilib-
rium was reached in 45 and 40 min, while for the ini-
tial dye concentration of 105.0 mg L™, equilibrium

@ Springer



200 Page 10 of 21 Water Air Soil Pollut (2024) 235:200

Fig. 4 FTIR-ATR spectra
of einkorn and TmAC 100 -
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Fig. 6 Adsorbent concentration effect on dye removal: a MY and b MB. (Temperature 25 °C, rate of agitation 150 rpm, pH initial

pH)

was achieved after 270 and 200 min for MY and MB,
respectively. Therefore, the increase in the electro-
static repulsion forces between the dye molecules in
solution and the dye molecules adsorbed by TmAC
occurred with the increase in the initial dye concen-
tration (Geggel et al., 2016).

Based on observations from SEM and BET analy-
sis results, it can be inferred that the surface of TmAC
is likely to have a porous structure. Due to the hol-
low nature of the pores within this porous structure,
the removal of MY and MB dyes occurred rapidly
at the beginning of the contact time. After a certain
period, as the empty pores filled with dye molecules,
the reduction in binding rate led to the establishment
of adsorption equilibria (Geggel et al., 2015).

3.9 Effect of Temperature on MY and MB
Adsorption

The effect of temperature on MY and MB removal
from aqueous solution was studied for six different
dye concentrations from 17.5 to 105.0 mg L™ at four
different temperatures from 15 to 45 °C, respectively
(Fig. 8a, b). By increasing of temperature from 15 to
45 °C, the percentage removal of MY and MB was
slightly raised from 98.43 to 99.76% and from 99.53
t0 99.70% at 17.5 mg L~!, respectively. Similarly, the
temperature increased from 15 to 45 °C, and the per-
centage removal of MY and MB rose from 73.03 to

74.27% and from 69.88 and 74.01% at 105.0 mg L,
respectively. As a result, both MY and MB at the ini-
tial concentration from 17.5 to 105.0 mg L™, temper-
ature versus the percentage removal of dye concentra-
tions were gone up together between the temperature
of 15 to 45 °C. Thus, the heat behavior of MY and
MB adsorption on TmAC was resulted in endother-
mic behavior.

3.10 Effect of pH on MY and MB Adsorption

pH is an important parameter on the adsorption of
MY and MB (Benhachem et al., 2019). When the pH
value was raised from 2 to 11, the percentage removal
of MY was decreased from 98.03 to 75.11% (Fig. 9a).
Surface charge information was obtained from pHp.
It was set as 7.33 for TmAC as found above. For pH
values below 7.33, TmAC surface was positively
charged. On the contrary, for pH values above 7.33,
TmAC surface was negatively charged. The percent-
age removal of MY increased at pH value below 7.33
due to the electrostatic attraction of the positively
charged TmAC (pH dependent charge) and MY dye
molecules (anionic from) in spite of the fact that the
percentage removal of MY was decreased at pH value
above 7.33 due to the electrostatic repulsive of TmAC
and MY dye molecules.

Unlike adsorption of MY, the percentage removal
of MB was decreased at pH value below 7.33 due
to the electrostatic repulsive of TmAC and MB dye

@ Springer
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Fig. 7 Effects of contact time versus dye removal (%) of a MY
and ¢ MB. Effects of initial dye concentrations of versus per-
centages of dye removal (%) of b MY and d MB. Temperature

molecules (cationic from) in spite of the fact that the
percentage removal of MB was increased at pH value
above 7.33 due to the electrostatic pulls of TmAC and
MB dye molecules.

3.11 Kinetic Studies

The adsorption time and mechanism were explained
using kinetic models. Time-dependent kinetic mod-
els were applied in liquid adsorption studies, called as
pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models. Batch adsorption kinetic stud-
ies of MY and MB dye molecules were performed to
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25 °C, rate of agitation 150 rpm, pH: initial pH, concentration
of adsorbent for MY and MB were taken in 0.015 g/50 mL and
0.025 g/50 mL, respectively

investigate the effective adsorbate-adsorbent contact
time and step of the adsorption reaction rate (Ozacar
et al., 2008).

The q, and k; parameters of MY and MB dye
molecules could be determined in different ini-
tial concentrations (C,) at 25 °C by the inter-
cepts and slopes of the lines according to the
plots of log(q. — q,) vs. t, respectively (Fig. 10a,
b). Likewise, the q. and k, parameters of MY and
MB dye molecules were calculated according to
the plots of t/q, vs. t, respectively (Fig. 10c, d).
Kinetic parameter constants were given for dif-
ferent initial concentrations of MY and MB dye
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molecules in Table 4. PSO plots of MY and MB
dye molecules fitted the g,y and g, better
than PFO as shown in Fig. 10c, d. The adsorp-
tion rate fitted PSO kinetic model for both MY
and MB dye adsorptions. Kinetic parameters
were appropriate for g, and ¢, The values
of correlation coefficients (R?) with the kinetic

Dye Removal / %

b)

T T T T T
8 10 12

Initial pH

of adsorbent for MY and MB were taken in 0.015 g/50 mL and
0.025 g/50 mL, respectively

parameters in Table 4 supported that both MY
and MB dye molecules on TmAC fit PSO kinetic
model. It is because the correlation coefficients
of PSO model (R?>0.994) were quite higher
than correlation coefficients of PFO model
(R?<0.987) for all initial MY and MB concen-
trations at 25 °C.
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3.12 Equilibrium Studies

The principal information was supplied by adsorp-
tion equilibrium isotherms from adsorbate parti-
cles, which were dispersed among liquid or solid
phases to evaluate the capability and compatibility
of an adsorbent. The better suitability of adsorption
of isotherm was found by applying the experimen-
tal data to all isotherm equations. Isotherm type
was determined drawing a linear plot as shown in
Figs. 11 and 12. Adsorption isotherm parameters of
Langmuir, Freundlich, Dubinin Raduskevich, and
Temkin isotherm models are presented in Table 5
for MY and MB dyes on TmAC at 25 °C. Lang-
muir isotherm model was determined as the best-
fitted adsorption model for both the system of MY/
TmAC and MB/TmAC. The maximum adsorption

@ Springer

capacities for MY/TmAC and MB/TmAC were
calculated as 266.67 mg g~' and 151.52 mg g7!,
respectively.

Adsorption capacity (q,,,,) iS an important param-
eter for comparison of other adsorbents. Max. adsorp-
tion capacities (q,,,,) of other studies are given from
literatures in Table 6.

3.13 Thermodynamic Studies

AH" And AS’ values were derived from the slope
and intercept of the Van’t Hoff plot of InK; vs.
1/T, respectively (Fig. 13a, b). Furthermore, AH',
ASG, and AG’ values at various temperatures (298,
308, and 318 K) are listed in Table 7. The negative
values of AG™ showed spontaneous and feasible
MY and MB adsorption on TmAC. According to
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Table 4 Kinet.ic parameter 0 Gos ox Pseudo-first order (PFO) Pseudo-second order (PSO)
constants for different initial (mgL™) (mg g—l)
concentrations of MY and . ky R’ e, cal kyx 1073 R?
MB (mgg™) (min™) (mgg™) (gmg™' min™)
MY
17.5 57.14 7.880 0.0472  0.85108 57.971 29.52 1.00000
35.0 113.95 38.675 0.0363 091181 115340 4.09 0.99981
52.5 169.03 73.877 0.0286  0.93993 171.527  1.67 0.99900
70.0 208.07 120.526  0.0204  0.96456 214.133 048 0.99873
87.5 233.57 130.828  0.0166  0.98608 248.756  0.38 0.99842
105.0 259.93 150.872  0.0178  0.98674 278.552 0.34 0.99837
MB
17.5 34.84 4.144 0.0424  0.90563 34.953 4591 0.99996
35.0 69.24 13.820 0.0299  0.97172  69.541 10.62 0.99980
52.5 98.36 20.155 0.0237  0.87617 98.522 7.10 0.99984
70.0 120.98 47.845 0.0156  0.88247 121.212 148 0.99781
87.5 137.92 65.993 0.0134  0.89035 137.931 0.84 0.99401
105.0 149.86 78.583 0.0206  0.94203 153.139 093 0.99807
Fig. 11 a Langmuir, b
Freundlich, ¢ D-R,andd | a)
Temkin isotherms of MY .
adsorption on TmAC. o . .
(Conditions: Vyy=50 mL, 2 o
adsorbent amount=0.015 g, 2. g
agitation rate =150 rpm, o T .
adsorption tempera- ©
ture =25 °C, and contact
time =270 min). 404 ®
Ce (mg<L™) InCe
564y
- c) d) <
1 L
g’ 184 é’_ 1 )
\.’I‘ ?CS&CCC SWCISCC $000000 .ZCOICCC». -IZ 1 .4
g2 InCe

Eq. 13, the more efficient adsorption process was
acquired at high temperatures (AG™ < 0). If AH’
value was less than 10 kcal mol™', the adsorption
of MY and MB on TmAC was obtained as physi-
cal and reversible process. In addition, the posi-
tive value of AH was indicated as endothermic

adsorption behavior. The randomness of MY and
MB adsorption was defined as positive AS value
during penetration of dye molecules in pores of
TmAC. As a result, the adsorption activity of both
dye molecules increased the randomness (Auta &
Hameed, 2011).
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Fig. 12 a Langmuir, b
Freundlich, ¢ D-R, and d ) 1 b) -
Temkin isotherms of MB
adsorption on TmAC. B
Conditions: V5 =50 mL, — o7
adsorbent amount=0.025 g, 29 g -
agitation rate = 150 rpm, S o0y -
adsorption tempera- ,j’ ) 07
ture =25 °C, and contact 005
time =200 min). .
Ce (mgL™) nCe
: Cc) d)
25
2 444 © 01 -
g . <
4,0 4 L)
‘ InCe
Table 5 Adsorpti
_anes Adsorpion MY  Langmuir Freundlich
isotherm parameters of 5 )
Langmuir, Freundlich, Imax ] Ky . R R., 1/n Kr . R
Dubinin Raduskevich, and (mgg™) (Lmg™) (mg g_u)
Temkin isotherm models (L mg)™
for MY and MB dyes on 266.67 0.6856 0.9952 O0<R; <1 0.3079 104.97 0.8579
TmAC at 25 °C Dubinin-Radushkevich (D-R) Temkin
da p E R Ag By R
(mgg™")  (mol’kI™?) (kJ mol ™) Lg™h (I mol™)
212.19 1.1272x1077  2.106 0.8892 15.114 56.932 0.9619
MB Langmuir Freundlich
Qimax K R? R, 1/n Ky R?
(mgg™) (Lmg™) (mgg™)
(L mgfl)lln
151.52 0.8462 0.9924 O<R; <1 0.2299 72.06 0.9511
Dubinin-Radushkevich (D-R) Temkin
da B E R Ag B; R
(mgg™")  (mol*kI™?) (kJ mol ™) Lg™h (I mol™)
120.36 3.1239x 1078 4.002 0.8665 84.422 133.35 0.9877

4 Conclusion

Einkorn (T. monococcum L.) husks were used as
a raw material to obtain TmAC. TmAC was char-
acterized by different methods, such as elemental
analysis, BET, SEM-EDX, FTIR-ATR, TGA-DTA,
and pHypc. The highest surface area was indicated

@ Springer

as 1321.01 m? g~! by using ZnCl, concentration of
2 (w/w) for TmAC. In this study, adsorbate concen-
tration, contact time, initial MY and MB concentra-
tions, temperature, and pH on TmAC were inves-
tigated in aqueous medium. Equilibrium data for
both MY and MB were fitted well and were found
to be quu = 266.67 and g, = 151.52 mg g/,
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Table 6 Comparison of the maximum adsorption capacity (q,,,,) for MY and MB onto different activated carbons

Raw material Activating imax Specific surface Reference
agent (mgg™") area (m? gh
MY Gmelina arborea bark (PAAC) H;PO, 34.238 454.54 Isiuku and Nwabueze (2019)
Pitaya fruit peel (Hylocereus undatus) (HUPAC) ZnCl, 144.07 667.30 Georgin et al. (2022)
Peanut shells (PnsAC) H;PO, 66.70 965.678 Garg et al. (2019)
Einkorn husks (7. monococcum L.) (TmAC) ZnCl, 266.67 1321.01 This study
MB Apricot stones (ASAC) H;PO,+HNO; 36.68 359.40 Dijilani et al. (2015)
Watermelon (Citrullus lanatus) Rind (WAC) ZnCl, 231.48 1156.00 Uner et al. (2016)
Sorghum residues (ACZ) ZnCl, 386.10 1817.00 Khalil et al. (2017)
Moringa oleifera leaf (ACB) NaOH 136.99 1.6881 Do et al. (2021)
Einkorn husks (7. monococcum L.) (TmAC) ZnCl, 151.52 1321.01 This study
45 38
.
W a) b)
43 - 574
5} . =
A Q
= 424 % 5.6
- =
414 5.5
4,0 . 54
5, -
0310 000315 0005 GO0 00080 000335 000840 000310 000315 00030 00035 000330 000335 000340
1T (/K
(1/K) 1/T (1/K)

Fig. 13 Van’t Hoff plot for a MY and b MB

respectively. The rate of adsorption is found to fol-
low PSO kinetic model, and parameters calculated

Table 7 Thermodynamics for removal effects of MY and MB
at various temperature

Tem- AG" (kI mol™) AH (kI mol™) AS” (kJ
perature mol~' K™
(K)

MY 298 -9.91 15.92 0.087
308 —10.98
318 —11.69

MB 298 —13.35 17.76 0.105
308 —14.53
318 —15.49

from this kinetic model are considerable closely
experimental parameters.

The spontaneous and feasible adsorption of both
MY and MB dyes on TmAC was demonstrated by
negative AG values obtained from thermodynamic
study. The positive value of AH was shown that the
adsorption of MY and MB dyes was reversible and
endothermic behavior. In addition, kinetic, thermo-
dynamic, and equilibrium studies showed that both
MY and MB adsorption on TmAC was used as an
efficient and affordably convenient adsorbent. As a
result, the activated carbon obtained from Einkorn
(T. monococcum L.) husks is an efficient and cheap
adsorbent for the removal of MY and MB from
aqueous media.
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