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In the present study, the influence of temperature and activating agents in the production of activated carbon from
peach pits was evaluated to determine the most effective removal of water hardness. To obtain experimental
data, activation was carried out using a 1:1 ratio of KOH, H,P0O,, ZnCl,, and H,S0, at temperatures of 400°C, 500°C,
and 600°C. The results indicate that the highest preparation yield was achieved with carbon activated by H,PO, at
400°C, resulting in a 47% yield. In all activation cases, the surface acidity, determined by Boehm titration, exceed-
ed the basic character. The predominant acidic character was obtained with ZnCl, at 500°C, reaching 62.08 mol%;
acid character analyses were supported by zero-charge point pH analysis. The best iodine index analysis results
were 797.22 mg/g and 747.72 mg/g, obtained with ZnCl, at 400°C and 600°C, respectively. The activated carbon
with ZnCl, at 400°C demonstrated an efficiency of 66.88 % in removing water hardness, representing the highest
removal compared to other activated carbons.
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Introduction

The quality of water is a critical concern for human  contaminants such as microorganisms, chemicals,
health and the well-being of aquatic ecosystems. Water  or infectious agents that could have harmful effects
potability implies that it does not contain objectionable  on people (Lin et al,, 2022). To determine if water is
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potable, chemical analyses are conducted to assess
its electrical conductivity, density, pH, total hardness,
calcium hardness, calcium, magnesium, total and par-
tial alkalinity, and chlorides, among other parameters
(Pérez-Lopez, 2016).

Every organism requires access to potable water, al-
though humans, in particular, depend on a purified
supply enriched with minerals and salts. Water purity
implies that it is free of bacteria, pathogenic microor-
ganisms, dissolved metal ions and heavy contaminants
that can have detrimental effects on health (Chop-
parapu et al,, 2020). However, climate change, severe
droughts, population growth, increased demand, and
mismanagement over the past decades have further
strained scarce freshwater resources worldwide and
have led to severe water shortages in many regions,
which could become a major obstacle to public health
and development (Van Vliet et al., 2021; Salehi, 2022;
Tarrass and Benjelloun, 2012). Water scarcity is expect-
ed to affect socioeconomic activities, food security, ed-
ucation, health, and the intensity of climate change, so
it has drawn public attention (Mulwa et al., 2021).

Access to basic water and sanitation services, fresh-
water variability, and water storage are some of the
dimensions that can impact human development
worldwide (Amorocho-Daza et al., 2023). In this sense,
Peru is one of the countries with the lowest percent-
age of population with access to safe drinking water
in the Latin American region (Hernandez-Vasquez et
al.,, 2021).

Water hardness, one of the undesirable attributes
present in ground and surface water supplies, is a
widespread problem that poses global challenges by
causing mineral buildup in pipes and altering the taste
of drinking water. Its origin lies in dissolved minerals,
mainly calcium and magnesium compounds, present
in natural sources and aggravated in municipal sup-
plies by various factors such as saline groundwater
discharge, seepage through mineral-rich soils, agri-
cultural flows, municipal wastewater, and atmospher-
ic deposition, which can result in negative economic
consequences for households and industries (Ahn et
al., 2018; Farah and Torell, 2019). Thus, the common
presence of hard water in various regions of the world
poses health concerns, and research in this field could
address the specific needs of communities and sectors
affected by water quality challenges, offering solutions
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that improve health and well-being in these areas
(Dubey, 2022).

A study conducted in the Peruvian Andes revealed that
water sources at 3500 m.a.s.l,, in the dry season, pres-
ent a total hardness between 77 and 355.80 mg/L, in
relation to calcium carbonate, exceeding the maximum
value recommended by the World Health Organization,
which establishes a range between 100-300 mg/L
(Choque-Quispe et al., 2021); however, the maximum
permissible limit in Peruvian legislation is 500 ppm
of total hardness. In the coastal zone, for example, in
Lima, between 1995 and 2003, maximum total hard-
ness values of 377 ppm for surface water and 595 ppm
for groundwater have been reported. For Piura, Pai-
ta, Sullana, Chulucanas, and Talara, a maximum val-
ue of 385 ppm has been reported, while it was 1134
ppm in La Libertad and 563 ppm in Chimbote, Casma
and Huarmey. In the Peruvian Amazonian rainforest,
for example, Tarapoto, Lamas and Juanjui, the max-
imum hardness value reported in the study was 220
ppm (SUNASS, 2004). Although in most cases the val-
ues are below the maximum limit of 500 ppm, they do
not comply with the World Health Organization’s rec-
ommendation.

On the health issue, there is apparently an inverse re-
lationship between hard water intake and cardiovascu-
lar mortality, especially in case of very hard water, i.e.,
with hardness greater than 180 ppm, although in some
studies this relationship has not been conclusive; how-
ever, consumption of water with high hardness may
decrease intestinal absorption of iron, magnesium,
zinc and phosphorus, triggering hypermagnesemia
and subsequent renal failure (Sengupta, 2013; Morris
et al., 2008; Bykowska et al., 2023).

To eliminate or reduce the presence of calcium and
magnesium ions, responsible for water hardness,
among various methods, previous scientific research
has confirmed that activated carbon acts as highly
adsorbent (Lima et al.,, 2020). The use of agricultural
waste to obtain activated carbon represents a sus-
tainable and environmentally friendly alternative, as
it transforms this waste into a useful product for wa-
ter treatment (Mo et al., 2018). Research on the pro-
duction of activated carbon from peach pit could not
only drive technological advances in water treatment
systems and purification technologies but also gen-
erate economic benefits by offering a more efficient
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and cost-effective water treatment technology, when
considering the impact of temperature and activating
agent in its manufacture (Moreno-Castilla, 2004; Wang
et al,, 2020). To produce activated carbon from agricul-
tural waste biomass, activating agents are necessary,
and the temperature must be raised to 500-1200°C
(Ukanwa et al., 2019).

One of the alternatives for producing activated car-
bon is the reuse of agricultural waste, such as peach
pits. World peach production reached 21 029 000
metric tons in the 2020/21 cycle, with China leading
production (68.95%), followed by the European Union
(16.52%) and Turkey (4.14%) (De Medina-Salas et al,,
2022). However, a lack of control in the management
of peach waste can have significant environmental
impacts, including unpleasant odors, greenhouse gas
emissions that contribute to global warming, and at-
mospheric pollution, which can have negative conse-
quences for human health (Lam et al.,, 2016). In Peru,
the annual peach production is approximately 35 650
t, cultivated across around 4 500 hectares, with the
majority of the harvest concentrated in February and
March. The peach tree, scientifically known as Prunus
persica, is a deciduous fruit tree characterized by its
semi-spherical fruits, which have smooth or fuzzy skin
and succulent flesh (Ministerio de Comercio Exterior y
Turismo del Peru, 2007). A study conducted by Takmil
et al. (2020) has assessed fluoride ion adsorption us-
ing activated carbon/Fe,0, nanocomposites, achiev-
ing an efficient removal of 97.4% with a surface area
of 226.78 m?/g, indicating a promising method for
wastewater treatment. The study conducted by Rost-
ami et al. (2023) focuses on the synthesis of activated
carbon derived from bitter orange wood and Amygda-
lus scoparia Spach. Activation parameters, including
activation time, temperature, and initial particle size,
were optimized. Analytical techniques, encompassing
Fourier-transform infrared spectroscopy (FT-IR) and
elemental analysis, confirmed the successful surface
modification, with the presence of functional groups.
Furthermore, field emission scanning electron mi-
croscopy (FESEM) images revealed three-dimensional
particles with an average thickness of 300-400 nm. As
a complementary investigation, the study by Rostami
et al. (2022) has utilized cysteine-modified activated
carbon derived from orange wood for cadmium ad-
sorption, achieving a maximum adsorption capacity of
120 mg/g under optimized conditions (pH 6, 60 min).
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The results demonstrated an endothermic and chemi-
cally driven process that aligned with the pseudo-sec-
ond-order kinetic model (R? = 0.97). Javidi Alsadi and
Esfandiari (2019) analyzed mercury removal from
aqueous solutions using commercial activated carbon
and sugarcane bagasse-derived activated carbon. The
study revealed that mercury adsorption increased with
higher activated carbon dosage and contact time, while
decreasing with elevated mercury concentration. Nota-
bly, the bagasse-derived carbon demonstrated compa-
rable effectiveness to commercial activated carbon in
removing mercury and other heavy metals, including
lead and cadmium.

Other previous studies put to test precursor materials
for hardness removal. In this line, coconut shell acti-
vated carbon showed a 47% efficiency at 333 K (Ro-
lence et al., 2014), cassava peels showed a rate of
removal of 90% (Nyangi, 2023), while in the cases of
moringa oleifera-derived seed pod husk-activated car-
bon resulted in a maximum removal efficiency of 59%
(Varada, 2018). Other materials that have been tried are
apricot shells and coconut shell powder, which have
reported removal efficiencies of 80.12% and 62.58%,
respectively (Al-Layla and Fadhil, 2022; Tomar, 2018).

Since water is a natural resource threatened by con-
tamination and possible scarcity, it is imperative to
treat and care for it in order to guarantee its use for
future generations. Favorable results have been ob-
tained in the removal of cationic metals from aqueous
solutions through the chemical activation of carbon
precursor materials, such as bitter orange wood and
Amygdalus scoparia Spach, by varying adsorption time,
activating agent, and temperature. In this context, it is
important to seek alternative carbon sources for water
purification and solid waste reduction through reuse
or recycling. This approach will contribute to the circu-
lar economy of productive activities and environmen-
tal preservation. Therefore, the use of carbon sources
such as peach pits is appropriate for activation with
chemical agents to remove hardness from drinking
water (Rostami et al., 2023).

This study addresses the better conditions of activa-
ted carbon synthesis from peach pits for water hard-
ness removal, employing various activating agents
(KOH, H,PO,, ZnCl,, and H,S0,) and activation temper-
atures (400°C, 500°C, and 600°C). The research aims
to develop an improved adsorbent, thus contributing
to the advancement of water treatment technologies.
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Furthermore, the study explores the relationship be-
tween activation parameters and the efficacy of the
resulting carbon, promoting the valorization of agri-
cultural waste products. The research question is as
follows: How do temperature and activator agents in-
fluence the production of activated carbon from peach
pits for reducing water hardness?

This study innovates by comprehensively optimizing
the production of activated carbon from peach pits to
treat water hardness. It systematically evaluates tem-
perature and activating agents, offering a unique and
detailed comparison. The discovery of optimal condi-
tions (ZnCl, at 400°C) is significant for water treatment.
The research stands out for valorizing agro-industrial
waste, contributing to the circular economy and ad-
vancing water purification techniques. The novelty of
this study lies in its specific focus on the adsorption
of calcium and magnesium ions to treat water hard-
ness using activated carbon from peach pits, an area
that has been little explored. Unlike most research
on activated carbon, this work concentrates on ionic
adsorption for this particular purpose, providing val-
uable data on the properties and effectiveness of the
material in this application. This research innovates
through its detailed examination of water hardness ion
adsorption using peach pit-derived activated carbon.
It uniquely correlates the adsorbent’s physicochem-
ical properties with ionic adsorption capacity, provid-
ing crucial insights into adsorption mechanisms. The
study addresses a significant gap in scientific literature
by elucidating ionic interactions with activated carbon
surfaces specifically for water softening. By focusing
on the relationship between structural characteristics
and adsorption efficiency, this work contributes valua-
ble data for optimizing hard water treatment processes
and adsorbent design.

Materials and Methods

Materials

The equipment and reagents used during the research
included an analytical balance (Sinergy Lab, model AS
R2), a Thelco Precision Scientific stove, a Barnstead
Thermolyne muffle furnace (model 1600), vacuum
filtration equipment with a Welch vacuum pump, a
Barnstead Thermolyne magnetic stirrer (series 11511),
and a JENWAY 3510 pH meter. Personal protective
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equipment was also employed throughout the exper-
iments. Characterization of the activated carbon sam-
ples was performed using a Thermo Fisher Scientific
scanning electron microscope (SEM) for microphoto-
graphs and electron transfer dissociation (ETD) anal-
ysis. Additionally, attenuated total reflectance (ATR)
analysis was conducted with a Shimadzu IRTracer-100
FTIR spectrophotometer. Peach pit was used as the
raw material for the preparation of activated carbon,
while KOH (85%), H,P0, (85%), and H,S0, (98%), all of
analytical grade, as well as ZnCl, (g.p.), served as acti-
vating agents. For the hardness removal experiments,
drinking water sourced from the Physicochemical Lab-
oratory of the National University of Trujillo, Peru, was
utilized.

Methods

The methodology followed in this research is outlined
below.

Activated carbon preparation

For the realization of the research, the following steps
were followed: collection, washing, drying (in a cooker
at 85°C during 72 hours to constant weight), grinding of
the peach pit, sieving, impregnation of the sample with
chemical reagent solution (KOH 40%, H,P0,40%, ZnCl,
40%, H,SO, 40%) weight proportion 1:1, for 24 hours,
neutralization, anaerobic carbonization in muffle for
60 minutes at variable temperatures (400°C, 500°C,
600°C), washing and neutralization were carried out
with NaOH 1 M (Gimba et al., 2009). To prevent car-
bon loss due to the presence of oxygen, the covered
crucible technique was used. This involves filling the
crucible with the material and sealing it tightly with a
lid made of the same material.

Characterization of activated carbon

The activated carbon obtained was subjected to differ-
ent analyses to evaluate its physicochemical properties.

Moisture percentage

Moisture content directly influences the energy ef-
ficiency and quality of the activated carbon, affecting
its porosity and adsorption capacity. To determine the
moisture percentage, peach pits were chopped, and
10 g were weighed and distributed in 4 porcelain cap-
sules. Subsequently, the samples were dried in an oven
at 110°C for 3 hours. Subsequently, they were cooled
in a desiccation chamber, and finally, the dry samples
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were weighed (the procedure was repeated until a con-
stant mass was achieved). This analysis was based on
the ASTM D2867 - 09 Standard.

The percentage of moisture content was determined
according to the equation:

wi-w
%H = W—mf x 100 )

where W, — initial weight in g; W, - final weight in g;
W,,, — weight of the sample in g. For the final value, the
4 results were taken, and an arithmetic average was
calculated.

Percentage of volatile

Volatile compounds in the raw material decompose
and evaporate during the carbonization process, favo-
ring the formation of pores. This analysis was based on
the ASTM D5832-98 standard where the dry samples
were placed inside a muffle at 500°C for 15 min, then
allowed to cool in a drying hood and the calcined mate-
rial was weighed and the percentage of volatile matter
was calculated using the equation:

wi-w
%H = W—mf x 100 @)

where W _ — weight of the sample in g; W,
non-volatile weight in g.

onvolatile —

Percentage of ash

The percentage of ash in the raw material is a key indi-
cator in the production of activated carbon, as it reflects
the amount of non-combustible minerals remaining af-
ter the carbonization process. A high ash content reduces
the amount of available carbon and can clog the pores of
the carbon, which decreases its surface area and, conse-
quently, its adsorption capacity. Based on the Standard
to ASTM D2866-11, the samples were calcined without
moisture, taking 2 g for each activated agent at a certain
temperature, inside a muffle at 500°C for 3 hours, and it
was left to cool in the drying hood to then quantify the
weight of the ashes, making use of that weight the per-
centage of ashes was obtained with the equation:

%C = % x 100 3
m

where W, — final weight in g; W, — weight of the sample
ing.
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Percentage of fixed carbon

The percentage of fixed carbon in the raw material is a
fundamental parameter in the production of activated
carbon since it represents the fraction of carbon that
is not volatilized during the carbonization process. A
high fixed carbon content is highly desirable, as it pro-
motes the formation of a porous structure and im-
proves the adsorptive capacity of the activated carbon.
This parameter is directly related to the efficiency of
the process, since a higher percentage of fixed carbon
indicates a greater amount of active material available
for adsorption of contaminants in various applications.
To calculate the fixed carbon percentage, previously
obtained values for volatile matter, ash, and moisture
were used (Acevedo et al., 2017).

%Fixed carbon = 100% —
(YeMoisture + % volatiles + % ashes)

Determination of point of zero charge

The point of zero charge is the pH value at which the
surface of the material has no net charge, i.e., the
positive and negative charges on its surface are bal-
anced. This parameter is critical to understanding the
adsorbent’s behavior against different ionic species in
solution because it determines whether the surface
will tend to adsorb cations or anions depending on the
pH of the medium. It was determined by adapting the
procedure described by Newcombe et al. (1993). Acti-
vated carbon was weighed in different masses (0.10 g
and 0.80 g) in amber flasks and 25 mL of 0.1 M NaCl
was added to each weight; the initial pH was measured
and then stirred at 25°C for 48 hours. After this time,
the equilibrium or final pH was measured. The point of
zero charge is obtained graphically and corresponds to
the point where the final pH curve as a function of the
initial pH cuts the diagonal.

lodine index

The iodine index is a key parameter for evaluating the
adsorptive capacity of activated carbon, as it meas-
ures the amount of iodine, in milligrams, that can be
adsorbed by one gram of carbon. This index reflects
the presence of micropores in the material, which are
responsible for adsorbing small molecules, such as
iodine. A high iodine index indicates a higher surface
area, which translates into a higher efficiency of the
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activated carbon for adsorption of contaminants. It was
determined based on the international standard ASTM
D4607-94: Standard test method for the determination
of the iodine value of activated carbon, where 1 g of
activated carbon was weighed and 10 mL of 5% HCl
was added to moisten the entire sample. The sample
was heated to boiling, kept there for 30 seconds and
then allowed to cool to room temperature. Then 100
mL of iodine in standard solution was added to the 0.1
N stirring for 30 s. Then it was filtered, discarding the
initial 20-30 mL of filtrate, and 50 mL was taken and
titrated with 0.1 N sodium thiosulfate until the solution
turned pale yellow. Then, 3 drops of starch were add-
ed, continuing with the titration until the solution was
completely transparent.

X _ A-22xBxmlL of thiosulphate solution used

= ®)

M g of activated charcoal

where X/M: mg iodine adsorbed per g activated carbon;
A =N, x12693; B=N, x 126.93; N,: normality of the
iodine solution, eq/L; N,: normality of the sodium thio-
sulfate solution, eq/L; 2.2: factor of the aliquot when
using HCL.

__ NpxmlL of spent thiosulphate solution

¢ 25mL ©)
where C is residual normality of filtrate, eq/L.
lodinelndex = % XD )

where D is the normal of the corrected residual filtrate
(C), correction factor.

Yield

Activated carbon vyield refers to the amount of final
product obtained from a given amount of raw material
after the carbonization and activation processes. This
parameter is essential to evaluate the efficiency of the
production process, as it is influenced by factors such
as raw material composition, carbonization conditions
(such as temperature and time), and the removal of
volatiles and ash. A high yield indicates a higher effi-
ciency in the conversion of the raw material into acti-
vated carbon, maximizing both the amount produced
and the adsorptive capacity of the final material. The
yield of activated carbon obtained during the activation
process was determined (Pefa et al,, 2012) using the
following formula:
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final dry mass(g)

%Yield = X 100 ®)

initial dry mass(g)

Percentage of burn off

The percentage burnup in activated carbon production
represents the fraction of raw material that is lost du-
ring the carbonization and thermal activation process-
es, mainly due to the removal of volatile compounds
and other impurities. Maintaining a controlled burn rate
is essential to balance the removal of impurities with
the preservation of activated carbon. Too high a burn-
off rate can reduce the performance of the activated
carbon, while too low a burn-off rate can compromise
the porosity and thus the adsorptive capacity of the fi-
nal product. The burn off percentage or activation yield
was determined as follows (Fan et al., 2004):
initial dry mass(g)—final dry mass(g) % 100
9

Y%burnof f =

initial dry mass(g)

Moles of acidic and basic groups

The analysis of acidic and basic moles in an activa-
ted carbon is fundamental to characterize its surface
chemistry since it allows quantifying the presence of
oxygenated functional groups on its surface, which act
as Brensted-Lowry acids or bases. The proportion of
these groups directly influences the activated carbon’s
adsorption capacity and selectivity towards certain ad-
sorbates, affecting its effectiveness in various applica-
tions. The Boehm method was applied, as described by
Broche et al. (2018). For that, 2 samples were weighed,
250 mg each, one of them was placed in a container
with 50 mL of NaOH, 0.1 N, and the second one was
placed in a container with 50 mL of HCL, 0.1 N. The
solutions were covered and left at room temperature
for 5 days. After 5 days, 10 mL samples of the solutions
were taken and each one was titrated with the standard
solution of NaOH and HCl as appropriate, using phe-
nolphthalein and methyl orange as indicators. The data
obtained were plotted by determining the acidic and
basic groups using the following equations:

Va

Va (Ca)_VeqNaOH(CNaOH)Va”quot a

basic group moles = —

(10)

where C, — concentration of the acid to be reacted with
the biosorbent in the mixture, eq/L; V, - volume of the
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acid that will react with the biosorbent in the mixture,
ML; Viiquon - — Volume of aliquot taken, mL; Cyq, — con-
centration of titrant, eq/L; V,, y.on — Volume of the base
at which the equivalence point occurs, mL.

Va

Vb(Cb)—VeqHCl(CHCl)m

basic group moles = —

1n

where C, — concentration of the base to be reacted with
the biosorbent in the mixture, eq/L; V, — volume of the
base that will react with the biosorbent in the mixture,
MU); V,iqu0rs = VOlume of aliquot taken, mi; C,,, — concen-
tration of titrating agent, eq/L.

Activated carbon morphology

A SEM study was conducted to analyze the distribu-
tion and uniformity of micropores, mesopores, and
macropores in the activated carbon. The surface mor-
phology was examined using a Thermo Fisher Scien-
tific electron microscope with magnifications ranging
from 250x to 1000x, operating at 28.70 kV to 30 kV, and
equipped with a secondary high-vacuum ETD detector.
The analysis was performed at a scale of 50 ym to pro-
vide detailed insight into the pore structure.

Elemental microanalysis

The surface composition of the activated carbon, iden-
tifying and quantifying elements such as carbon, oxy-
gen, and ash residues (metals or minerals), was car-
ried out by elemental analysis by ETD using electron
microscopy. This analysis was performed immediately
after the SEM analysis in the same equipment, using
the secondary ETD detector.

Attenuated total reflectance

To evaluate the chemical properties of the activated
carbon surface, the functional groups present were
identified, as they influence the adsorption capacity
and interaction with various contaminants. A Shimad-
zu IRTracer100 FTIR spectrophotometer in the 400 to
4000 cm™' wavenumber range was used to determine
the functional groups present on the activated carbon.

Water hardness removal

A sample of drinking water was subjected to total hard-
ness analysis prior to treatment with activated carbon.
For each analysis, 25 mL of the sample was taken and
mixed with 25 mL of distilled water, 10 mL of buffer
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solution, 3 drops of magnesium chloride MgCl, and a
pinch of EBT (Eriochrome black T). They were titrated
with 0.01N EDTA (Ethylenediaminetetraacetic Acid) to
blue shift, and the volume spent was recorded (Ameri-
can Public Health Association, 2015).

_ NEDpTA XVg'EDTAXIOOO
Vm

Dt

(12)

where Dt - total hardness mg/L; Ny, — normality of
EDTA solution, eq/L; V, ¢yra — volume of EDTA spent in
the titration, mL; Vm - sample volume, mL.

Twelve drinking water samples were taken to which
activated carbons were added, with the four activat-
ing agents at 400°C, 500°C and 600°C obtained inde-
pendently and of a mesh size of less than 0.25 mm,
at a ratio of 0.5 g/L. These samples were shaken at
100 rpm for 20 minutes. A 25 mL aliquot of each sam-
ple was extracted, filtering the activated carbon. Each
sample was subjected to total hardness analysis. This
procedure was repeated with new treatments at times
of 40 and 60 minutes.

The % removal of total hardness was determined using
the formula:

% ofremovalofDt = % x 100 (13)

L

where Dt - total hardness, mg/L; C, - initial hardness
of the sample, before adsorption, mg/L; C; - final hard-
ness of the sample, mg/L.

Research design

A randomized complete block design was used, where
the blocks represent different levels of activation tem-
perature and activating agent used. Peach pit charcoal
was activated with the agents KOH, H,PO,, ZnCl, and
H,S0,, each at the temperatures of 400°C, 500°C and
600°C. Each activated carbon sample was character-
ized, and finally these samples were used to remove
hardness from the drinking water of the laboratory.

The tests were conducted considering two variables:
activating agents and temperature, with 4 and 3 levels,
respectively. A total of 12 experiments were performed,
with 3 analyses conducted for each experiment, resul-
ting in 36 experimental data points. Table I shows the
experimental design of the research. The results coded
with “ab” are the average values of hardness removal.
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Table 1. Experimental design of the research

Temperature (°C)
Activating agent
400 (b1) 500 (b2) 600 (b3)
KOH (a1) alb1 alb2 alb3
H,PO, (a2) azbl azb2 azb3
ZnCl, (a3) a3bl a3b2 a3b3
H,S0, (a4) a4bl abb2 akb3

Statistical analysis

To evaluate the significance of the variables on the
hardness removal percentage, Minitab v.19 software
was used. For the analysis of variance, the General
Linear Regression Model was applied, configuring the
response variable as the hardness removal percent-
age, the factor as the type of activating agent, and the
covariates as temperature, time, iodine index, and per-
centage of acidic moles. The iodine index variable was
nestled with the type of activating agent.

Results and Discussion

Characterization of raw material and activated
carbon performance

The moisture and ash content in the raw material are
key parameters in the production of activated carbon,
as they directly affect process efficiency and product
quality. High moisture content increases energy costs
due to the need to remove water during carbonization,

Fig. 1. Performance of activated carbon production
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while a high ash percentage reduces the amount of
available active carbon, negatively impacting adsorp-
tion capacity.

Preliminary analyses of peach pit, presented in Table 2,
reveal a low moisture content (8.25%) and a reduced
percentage of ash (0.8%), results very close with those
reported in previous studies (Uysal et al., 2014; Calix-
tro, 2016; Filippin et al., 2017).

Table 2. Preliminary analysis of peach kernel

Essay Result

% Humidity 8.25

% volatile matter 77.15
% ashes 0.80

9% fixed carbon 13.8

Fig. 1 shows the percentage yield obtained with the ac-
tivating agents used at temperatures of 400°C, 500°C
and 600°C.

The chemicals H,PO,, ZnCl,, and H,SO, showed high-
er yields at all temperatures compared to KOH, with
the best value of 47% for the activated carbon treated
with H,PO,. The lowest yield was 24.3% for activated
carbon with KOH at 600°C, similar to that obtained for
physically activated carbons with the same raw mate-
rial (Reyna and Chuquilin, 2006) or chemically activated
with ZnCl,, with yields between 28% and 41% (Uysal et
al,, 2014). Generally, at higher temperatures, the yield
decreases due to carbon loss through oxidation or re-
lease of volatile materials.

50 47
40
33.89

T30 25w 2835
o 243
>
X 20

10

0
KOH
H.PO,

45.72
38.41

.69
g 881 504 = 400°C
W 500°C
m 600°C

Zncl,

H,SO,
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From the results in Fig. 1, it is inferred that in the
KOH-activated carbon, there is excessive loss of car-
bonaceous material due to vigorous reactions with
carbon at relatively low temperatures, which can lead
to overactivation. The precursor material used is prone
to degradation during the activation process. The ele-
mental analysis (EDT) in Fig. 7 provides a clear view
of the potential formation of oxidation substances or
elements as a result of interaction with KOH, such as
CO, C0O,, H,0, H,, K, K,0, and K,CO, (Otowa et al., 1993).

The carbon activated with KOH presents the lowest
yields due to the collapse of its carbon structure, since
short activation times (6 hours) do not favor porosity
and long activation times (24 hours) cause the collapse
of the carbon structure. There have been reported
works with KOH, ZnCl, and H,PO, where it is corrobo-
rated that lower yields are obtained with KOH, although
smaller pore sizes; however, for the present investi-
gation, the burn off percentages obtained with KOH,
shown in Fig. 3, are the highest, revealing that they
were closer to pores of the macropore type (Iwanow
et al., 2020). Yields of the activated carbons with KOH
decrease while increasing the temperature as well as
the impregnation ratio (Bag et al., 2020).

Characterization of activated carbon

The determination of the iodine index revealed that the
activated carbon prepared with ZnCl, at 400°C exhibited
the highest adsorption capacity, with a value of 797.22
mg/g, followed by the carbon activated with ZnCl, at
600°C, which showed an iodine index of 747.72 mg/g.

Fig. 2. lodine index at different temperatures and activating agents
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These findings, as shown in Fig. 2, underscore the effec-
tiveness of ZnCl, as an activating agent, particularly at
lower temperatures, in enhancing the adsorption prop-
erties of the carbon.

As the iodine index is around 700 mg/g, it can be consid-
ered that the activated carbons obtained have potential
to be commercialized since the specific areas are high,
thus generating an improvement in the adsorption phe-
nomenon (Asimbaya et al,, 2015). The iodine value re-
sults reveal the clear superiority of ZnCl, as an activat-
ing agent compared to KOH, H,PO, and H,S0,. Activated
carbon with ZnCl, at 400°C exhibits the highest iodine
value (792.2 mg/g), significantly outperforming the oth-
er agents at all activation temperatures evaluated. The
superior efficacy of ZnCl, in terms of iodine value can be
explained by several factors: first, its ability to promote a
more controlled dehydration and degradation of the car-
bonaceous precursor, resulting in an optimal distribution
of micropores and mesopores that are ideal for iodine
adsorption; second, ZnCl, likely creates a more favorable
surface chemistry with functional groups that increase
the affinity for iodine molecules. In addition, its less cor-
rosive nature compared to H,P0, and H,SO, allows for
better preservation of the carbon structure during acti-
vation, while its higher reactivity compared to KOH facil-
itates the creation of a more developed porosity. The ac-
tivation temperature of 400°C appears to be optimal for
ZnCl,, providing an ideal balance between porosity devel-
opment and preservation of the carbonaceous structure,
factors that are compromised at higher temperatures, as
evidenced by the decrease in the iodine value at 600°C.
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Although the best results in terms of iodine index were
obtained with ZnCl,, for other raw materials the effects
of the activating agents may vary, being able to give
better results with any of the other three agents used
in this research. This suggests that the raw material’s
initial characteristics are predominant in the activity of
the chemical substances responsible for modifying its
carbonaceous structure (Adibfar et al., 2014; Girgis et
al., 2002; Guo and Lua, 1999).

The obtained burn off results, according to Fig. 3, vary
from a minimum of 53% with the H,PO, activant at
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400°C to a maximum of 75.7 % with the KOH activant
at 600°C.

Mohd et al. (2015) state that at burn-off percentages
between 50% and 75%, a combination of micropores
and macropores is formed. Therefore, the activated
carbons used in this research contain a mixture of both
types of pores.

Fig. 4 shows that the minimum value of the point of
zero charge is for ZnCl, at 400°C at pH 4.33 and the
maximum value is given for ZnCl, at 600°C at pH 7.

Fig. 3. Percentage of burn off at different temperatures and activating agents
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Fig. 5. Mol percentage of acid and basic groups at different temperatures and activating agents
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Thus, for ZnCl, at 400°C, pH values higher than 4.33
will generate a negatively charged surface, while lower
values will generate a positively charged surface, and
the same analysis corresponds for the rest of the ac-
tivants at the other temperatures evaluated. It is then
explained, evaluating the same case, that at pH higher
than 4.33 the cations present in the water to be treat-
ed will be attracted, including those that generate total
hardness (calcium and magnesium ions). The point of
zero charge is quite useful to explain the interactions
between the adsorbent and adsorbate due to charges
(Amaringo Villa, 2013; Rostamian et al., 2014).

The results shown in Fig. 5 indicate that the surfaces
of all samples are conformed by a higher amount of
acid groups in a range of 57.07 mol%, corresponding
to the activated carbon with sulfuric acid at 400°C, up
to 62.08 mol% belonging to the activated carbon using
ZnCl, at 500°C.

In Fig. 6 and Table 3, oxygenated functional groups are
identified. Fig. 7 reports the EDT elemental analyses
where the presence of oxygen is corroborated in most
of the SEM photographs. The increase in acidity is due
to the presence of oxygenated groups on the carbon
surface and to the decrease of the n electron density

at the edges of the graphene layer, while an increase in
basicity is due to regions rich in n electrons delocalized
in basal planes (Vanegas, 2021). The chemical compo-
sition of activated carbons plays a crucial role in de-
termining their adsorption capabilities, as well as their
surface area and porosity. The oxygen-containing func-
tional groups are key characteristics, as they define the
surface properties of the carbons and, consequently,
their effectiveness as adsorbents (Uysal et al., 2014).

In this research, the presence of oxygenated functional
groups was identified, as shown in Fig. 6 and Table 3.
Additionally, Fig. 7 presents elemental analysis (EDX),
confirming the presence of oxygen across most of the
SEM images. The increased acidity of the activated
carbons can be attributed to these oxygenated groups
on the carbon surface, as well as the reduction in the
n-electron density at the edges of the graphene layers.
In contrast, the increase in basicity is linked to n-elec-
tron-rich regions in the basal planes. These findings
suggest that the chemical composition of the activated
carbons, particularly the oxygenated functional groups,
plays a pivotal role in determining their adsorption
capacities, surface area, and porosity. The presence
of these oxygen-containing groups is a critical factor
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Fig. 6. Attenuated total reflectance (ATR) of the activated carbon samples at 400°C, 500°C and 600°C temperatures
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in defining the surface properties of the carbons and,
consequently, their effectiveness as adsorbents. This
is further supported by the literature, where simi-
lar behavior has been noted (Vanegas, 2021; Uysal et
al., 2014). However, our results clearly emphasize the
direct influence of these functional groups on the ad-
sorption efficiency of the activated carbons evaluated
in this study, advancing the understanding of their role
in surface chemistry.

Fig. 6 shows the peaks at certain transmittances and
wavenumbers according to ATR analysis of the sam-
ples. It shows defined zones to interpret in the range
of 3500-4000 cm™', peaks with little definition be-
tween 2800 cm™' and 3000 cm™', another zone between
2300 cm™ and 1200 cm™', and the fingerprint zone be-
tween 600 cm™' and 1200 cm™'. Exceptionally, the sig-
nal is seen between 3270 cm™ and 3300 cm™ for the
carbons activated with the agents KOH at 500°C and
H,PO, at 400°C.

Detailed wave numbers, identification of functional
groups, and their interpretation are shown in Table 3.
In addition, references to investigations with activated
carbon where the same functional groups have been
found have been placed.

SEM microphotographs and ETD analysis of the acti-
vated carbon samples reveal a scale of 50 um in nearly
all images, with some showing the presence of crys-
tals, likely due to the formation of oxides from ele-
ments in the activating compounds. The detection of

4000 3500 3000 2500 2000 1500 1000 500 40

Wavenumber (cm™)

3500 3000 2500 2000 1500 1000 500
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oxygen indicates the presence of oxygenated function-
al groups, confirming the identification made through
ATR analysis. As shown in Fig. 7, oxygen is present in
all samples except for those depicted in Figs. 7c and 7i.

Figs. 7a, 7b, and 7c confirm the presence of carbon, ox-
ygen, and potassium. The production of microporosity
with KOH is associated with its high reactivity. This pro-
cess results in reduced performance due to the loss of
carbon as CO and CO;, consistent with previous findings
(Dogan et al., 2020). In Fig. 7d, only carbon and oxygen
are detected, whereas in 7e and 7f, phosphorus is also
observed. Phosphoric acid (H,P0,) interacts with carbon
to produce P, P,0,,, CO, and H,0, contributing to a high-
er yield compared to KOH, as carbon is released as CO
gas (Khalil et al., 2021; Neolaka et al., 2023). In Fig. 7h,
zinc (Zn) is identified, and in 7i, chlorine (Cl) is detect-
ed. Although the activation mechanism of ZnCl, is not
fully understood, the significantly smaller ionic radius
of the Zn% cation (74 pm) compared to Na* (102 pm),
K* (138 pm), and Ca? (100 pm) likely contributes to the
formation of mesopores (> 2 nm), as also noted in the
literature (Bergna et al., 2022; Xing et al., 2023). Figs. 7j
and 7k show the presence of oxygen resulting from oxi-
dation by H,S0,. In contrast, Fig. 7l shows no oxygen, al-
though H,S0, introduces carbonyl and phenolic groups
on the carbon surface. EDT revealed no sulfur (S) at
activation temperatures of 400°C, 500°C, and 600°C,
which is consistent with the boiling and melting points
of sulfur (444.6°C and 119°C, respectively). However,
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Table 3. [dentification and interpretation of functional groups in activated carbon

Wave number

3792.0 cm™ for all carbons
3687.5 cm for all carbons

3625.0 cm™ for all carbons

3580.0 cm™' for all carbons

3270 cm™ for KOH at 500°C
and 3300 cm™ H,PO, at
400°C

2900 cm™', 2800 cm™!
for H,P0, at 400°C

2300 cm' for all carbons

2125 cm' for all carbons

2042 cm' for all carbons
1750 cm' for all carbons

1580 cm' for all carbons

1490 cm' for all carbons

1450 cm' for all carbons

Moderate intensity peaks
between 1400 cm™!
and 1700 cm™!

1350 cm™! for KOH-activated
carbon at 500°C and 600°C

1350 cm™' for KOH-activated
carbon at 400°C

1125 cm! for all carbons

680 cm' for all carbons

1200 cm™ and 980 cm ™' at
400°C and 500°C, for the
H,PO, activated carbons

529 cm' for the three ZnCl,
activated samples

Identification

C-H

0-H

0-H

0-H

C-H

CO, and CO
presence

C=N

C=0

C=0
C=C-C=C
C=C-C=C

C-H

C=0andC=C

C=0

C=0

C-0

C-H

P=0

/n-0

Interpretation

Present in alkenes, alkynes.
Present in carboxylic acids or phenols.

Present in aldehydes or ketones.

Present in alcohols or phenols. The hydroxyl
groups correspond to the elongation vibration of
the O-H functional group, which can be related to
another peak located at 680 cm™' which corre-
sponds to the bending of the C-C bond of the
Aryl-0-H functional group.

Presence of moisture in those samples, which is
common as appreciated in other investigations.

Saturated aliphatic.

Functional groups are transformed into volatile
CO, and CO and are expelled from the structure as
a result of pyrolysis at high temperature; however,
it may be due to sample contamination.

Nitrile groups or cyanides.

Present in esters or anhydrides.

Present in aldehydes, ketones, carboxylic acids or
anhydrides.

Conjugated alkenes or aromatic rings.

Conjugated alkenes or substituted aromatic rings.

Assigned to asymmetric and symmetric C-H
bending vibrations.

It can be attributed to elongations.
May indicate the presence of ketones, esters,
aldehydes and carboxylic acids.

Corresponding to the acyl functional group of the
esters, lactones.

The peak is very weak.

Corresponding to ethers or alcohols, stretching
vibrations (phenol, COO").

Alkenes, alkynes or aromatic rings.

Weak signals, P=0 hydrogen bond stretching
mode and the ionized P*-0~ bond in the acid phos-
phate esters or symmetric vibrations in the P-O-P
(polyphosphate) chain respectively; however, at
600°C, they were not detected.

A weak signal corresponding to the vibration of the
Zn-0 bond.
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Reference

Bohorquez et al. (2008)
Bohdrquez et al. (2008)

Bohorquez et al. (2008)

Bohorquez et al. (2008)

Rostamian et al. (2014), Dogan
et al. (2020), Fortunato et al.
(2022), Xing et al. (2023)

Mopoung et al. (2018) and
Mojoudi et al. (2019)

Chen et al. (2003) and Fortunato
etal. (2022)

Figueiredo et al. (1999)

Uysal et al. (2014)
Uysal et al. (2014)

Khalil (2021)

Mojoudi et al. (2019)

Mojoudi et al. (2019)

Shin et al. (1997)

Duranoglu et al. (2010)

Duranoglu et al. (2010)

Arriagada et al. (1997)

Tsoncheva et al. (2018)

Ali et al. (2020)

Tsoncheva et al. (2018),
Zhao et al. (2022)
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Fig. 7. SEM microphotography and ETD analysis of activated carbon samples
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at lower activation temperatures (108°C to 110°C), the
presence of sulfur has been observed in EDX and FTIR
analyses, supporting previous studies (Dao and Le Luu,
2020; Meshram et al., 2022).

Water hardness removal

The different hardness removal percentages at activa-
tion temperatures of 400°C, 500°C, and 600°C, as well
as adsorption times of 20, 40, and 60 minutes for each
chemical activating agent, are presented in Fig. 8a. The
lowest removal percentages were observed with KOH
at 600°C, H,S0, at 500°C, and H,SO, at 400°C. Fig. 8 b
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shows that the best removals were obtained at 60 min-
utes with the activating agents ZnCl, at 600°C, H,PO, at
500°C and ZnCl, at 400°C.

The hardness removal percentages were plotted in
Fig. 8a at the corresponding temperatures. The highest
hardness removal percentages are achieved at a 60-min
adsorption time with ZnCl,, H,PO, and again with ZnCl,
at the temperatures of 400°C, 500°C and 600°C, respec-
tively. For a 20-min adsorption time, it is observed that
at 600°C for the activating agents KOH, H,PO,, ZnCl, the
lowest percentages of removals are obtained. Fig. 8b
compares the carbons with the best hardness removal

Fig. 8. Hardness removal from activated carbon with activating agents at different temperatures and adsorption times
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percentage results. It is observed that a higher per-
centage of hardness removal is achieved with the acti-
vated carbon with ZnCl, at 400°C, managing to remove
hardness up to 66.88% in 60 minutes. This maximum
removal is explained by the better physicochemical
properties of the carbon obtained with this activating
agent, such as the iodine index, mixture of micropores
and macropores, as well as the acidic character; a pH
above 4.33 will ensure a negatively charged surface, by
deprotonation of the functional groups that are pres-
ent, favoring the migration of cations present in the
water to the carbon surface.

The results of this investigation indicate that while io-
dine index generally increases with temperature (as
shown in Fig. 2), the hardness adsorption capacity does
not follow the same trend, particularly in the case of
ZnCl, at 400°C (Li et al., 2002; Mojoudi et al., 2019).
Our findings demonstrate that the increase in activa-
tion temperature often leads to the formation of larger
pores due to reactions between the activating agent
and carbon, which enhances iodine adsorption. How-
ever, the adsorption of hardness-related ions, such as
Ca? and Mg?, is more complex and does not neces-
sarily correlate with higher iodine values or larger pore
sizes. The ionic radii of Ca** (0.106 nm) and Mg?* (0.081
nm) suggest that these ions are more likely to be ad-
sorbed in micropores smaller than 2 nm, but meso-
pores and macropores also play a crucial role in fa-
cilitating ion transport and overall adsorption capacity.
This observation is consistent with our results, which
show a burn-off percentage between 50% and 75%,
indicating the presence of both micropores and macro-
pores in the activated carbons studied. The pore struc-
ture, with a substantial fraction of micropores, plays a
critical role in the adsorption of these ions, supporting
the idea that pore size distribution is a key factor in
optimizing adsorption capacity (Snyder et al,, 1990).
These findings emphasize the importance of pore size,
shape, and distribution in optimizing adsorption for
specific contaminants, independent of general trends
in iodine adsorption (Gregg et al., 1967).

Statistics

The results of the general linear model for hardness
removal reveal that multiple factors significantly in-
fluence the process (Table 4). The analysis of variance
shows that all independent variables: temperature,
time, acid mol, activant, and iodine index (activant) are
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statistically significant (P < 0.05). Among them, time
stands out as the most influential factor, with the high-
est F value (379.76), followed by acid mol (7.65) and
iodine index (activant) (6.48). Although temperature is
significant, it has the lowest relative impact (F = 6.20).

Table 4. Analysis of variance of the effects of the variables on the
percentage of hardness removal

Item F Value P Value
Temperature 6.20 0.020
Time 379.76 0.000

mol acid 7.65 0.011
Activant 5.14 0.007

lodo index (Activant) 6.48 0.001

According to Table 5, the model presents a good fit,
with an R? of 94.51% and an adjusted R? of 92.32%, in-
dicating that it explains a large proportion of the varia-
bility in hardness removal. The robustness of the mod-
el is reflected in its high predictive power (R-squared
pred = 89.34%), suggesting its potential applicability
under similar conditions. The significance of the ‘Ac-
tivant’ factor and its interaction with the iodine index
underlines the importance of proper selection of the
activating agent in the process. The four levels of the
activant (H,S0,, H,PO,, KOH, ZnCl,) show differential ef-
fects, which could have significant implications for the
optimization of the hardness removal process.

Table 5. Summary of statistical modeling for the linear regression
of hardness removal percentage

Standard R-squared R-squared R-squared
deviation q (adjusted) (predicted)
5.2255 9451% 92.32% 89.34%
Conclusions

The maximum removal of hardness from drinking wa-
ter was 66.88% and was obtained with ZnCl, activated
carbon at 400°C during a treatment time of 60 minutes.
With this agent at 400°C, the highest iodine index of
797.2 mg/g was obtained indicating a greater surface
area compared to the other agents used, and the burn-
off percentage of 54.28% indicates that the carbon con-
tains a mixture of micropores and macropores. This



®

coal is acidic in nature with an acidic group content of
58.11 mol%; likewise, the pH at zero loading point was
4.33. The ATR analyses revealed that the activated car-
bons exhibited carbon-carbon double bonds, hydroxyl
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