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Abstract

The use of agricultural waste for the production of activated carbon has gained popularity due to the high carbon content
of the raw materials, improve sustainability of the product, and low cost. In this paper, activated carbon (DL-AC) was
synthesized from discarded date palm leaves. The activation was done via chemical activation where KOH was used as
the activating agent. The final product was characterized using XRD and SEM. The XRD results showed a loss in
crystallinity due to the activation process whereas the SEM images showed improved porosity of the activated carbon.
Water adsorption studies were carried out at 25 °C and the results were fitted to different isotherm models. The adsorption
isotherm reported a maximum adsorption capacity of 0.109 gya/gaas at 0.66 p/po. The multilayer adsorption behavior is best

explained using the GAB and FHH isotherm models.
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1. Introduction

The use of activated carbon in various applications, such as
water treatment and gas purification, has led researchers to
synthesize the material from different sources and optimize the
material based on different parameters such as the type of
precursor. Activated carbon is a general term used to define a
carbonaceous amorphous material with high porosity, high
physiochemical stability, and high adsorption capacity [1]. The
increased awareness of climate change has also renewed
researchers’ interest in the use of activated carbon for carbon
capture technologies [2]. While traditional sources for activated
carbon are coal and petroleum residues, the use of agricultural
waste has led to the cheaper and more sustainable production of
activated carbon.

Activated carbon can be prepared using both natural and
synthetic precursors, the type and structure of the precursor have
an impact on the quality, material characteristics, and general
capacity of the product [3]. Previously researchers have made
use of raw materials such as hazelnut shells [4], olive stones [5],
coconut shells [6], wood [7], rice husk [8], bamboo [9], and
many more. The choice of raw materials was primarily based on
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availability and affordability. Researchers have also optimized
the activated carbon based on temperature, activating agent, and
additional modifications post-synthesis. In their paper, Rahma et
al. investigated the impact of using two different activating
agents, KOH and ZnCl, on the surface area and morphological
properties of the activated carbon derived from corncob waste
[10]. Studies have also focused on the specific applications of
agricultural waste-derived activated carbon. Deng et al. have
reported in their work the synthesis of activated carbon from
peanut and sunflower seed shells for the adsorption of CO; from
the atmosphere [11]. Ridassepri et al. have synthesized activated
carbon from Bagasse waste for atmospheric water vapor
adsorption and optimized the material at different activation
temperatures [12].

A previous study on the synthesis of biochar from date palm
leaves was conducted and the material was assessed for its
carbon capture properties [13]. The authors reported that the
cultivation of date palm trees in the UAE results in huge
agricultural waste in the country, with about 20 kg per tree per
year. The synthesis method followed a simple pyrolysis
procedure at different temperatures with no activating agents
used. In this paper, we synthesize activated carbon from date
palm leaves using chemical activation where KOH was used as
the activating agent. The material is characterized using x-ray
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diffraction (XRD) and scanning electron microscopy (SEM) to
assess the morphological and crystalline properties. The water
adsorption capacity of the material is also studied at 25 °C and
different isotherm models were fitted to the experimental data.
The water adsorption capacity is an important parameter to
assess both the feasibility of the material in desiccant
applications and the hydrophobicity of the material in gas
separation and purification applications [14].

2. Synthesis and methodology

2.1. Synthesis

Discarded date palm tree branches were collected from
private gardens in Abu Dhabi/UAE and the leaves were
removed by cutting the leaf buds. The leaves were washed
thoroughly and left in an oven at 100 °C for 24 hours or until
completely void of moisture. The dried leaves were cut into
small pieces (1-2 cm size) and then ground and sieved into a
fine powder (50 pm) using the Biolomix lab grinder. The
resulting powder was then put in a closed crucible and placed
inside a Nabertherm box furnace to be carbonized at 600 °C
for 2 hours at a ramp-up rate of 10 °C/min. This process results
in the formation of nonporous carbon (NC). The NC powder
is washed using deionized (DI) water and dried to remove any
water-soluble impurities. It is then mixed in approximately
50ml DI water along with potassium hydroxide (KOH) at a
ratio of 2:1, where 2 grams of KOH was used for every gram
of NC. The mixture was stirred continuously while being
heated at 90 °C until most of the water evaporates, the final
solution is placed in an oven at 100 °C to completely dry the
mixture. The resulting powder was placed in the furnace and
heated at 800 °C for 5 hours at a ramp-up rate of 5 °C/min. At
this temperature, the activation process starts wherein the
KOH reacts with the carbon structure of the NC material
making the final product porous, and thus date palm leaf-
derived activated carbon (DL-AC) is produced. The overall
reaction of the KOH with the carbon structure is as follows
[15]:
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Fig. 1: Flow chart summarizing the synthesis process

2.2. Characterization

The two samples, nonporous carbon (NC) and activated carbon
(DL-AC), were characterized to understand the effect of the
activation process. X-ray diffraction patterns (XRD) were
studied using the Bruker D2 phase instrument with the 20 range
set from 5° to 90° at an increment of 0.1°. The formation of pores
and morphological changes due to the activation process is
studied using the Quanta 250 scanning electron microscopy
(SEM) machine. The samples were attached to aluminium studs
using carbon tapes and the study was conducted under vacuum
conditions.

2.3. Water adsorption studies

To quantify the adsorption capacity at a constant temperature,
the adsorption studies were carried out with increasing relative
pressures. The experiment was done at 25 °C using the
Rubotherm vapor dosing system (VDS). The experimental data
was analysed using the following isotherm models:

1. Freundlich isotherm and is written per Eq. 2 as:

q = ke(ay)n )

Where q is the vapor adsorbed, a, is the relative
humidity, kr is the equilibrium constant and n is the
adsorption intensity. This isotherm assumes several
layers of adsorbate and a nonhomogeneous adsorption
process[16].

2. Brunauer, Emmett and Teller (BET) isotherm which
disrobed in Eq. 3 as:

_— JdmCaw
9= Goan) 1+ e-Daw) 3)

Where q is the vapor adsorbed, a, is the relative
humidity, qn is the maximum monolayer adsorption
capacity and c¢ is the BET constant. Assumes
multilayer adsorption process and is one of the most
used models [17].

3. Guggenheim, Anderson, and Boer (GAB) isotherm
and is written in Eq. 4 as:

dmCcckgaw

a= (1—kGaw)(1—?<GGaw+chGaw) (4)
Where q is the vapor adsorbed, a, is the relative
humidity, qm is the maximum monolayer adsorption
capacity, and cg and kg are the GAB constants. The
isothem extension of the BET model to consider wider
relative pressures [18].

4.  Frenkel-Halsey-Hill (FHH) isotherm which is
described in Eq. 5 as:

-1
q=dm [_ ln(aw)]T (5)
Where q is the vapor adsorbed, a, is the relative
humidity, qn is the maximum monolayer adsorption
capacity, r is the FHH constant, and 1/r represents the
nature of interactions between the solid surface [17].
5. Langmuir isotherm and it is written in Eq. 6 as:

_ dm*b*ay
qa= 1+b*ay, (6)

Where q is the vapor adsorbed, a, is the relative
humidity, qn is the maximum monolayer adsorption
capacity, b is the Langmuir constant [17].

3. Results and discussion

3.1. X-ray diffraction (XRD)

For the nonporous carbon (NC), sharp peaks are observed at
around 28° and 40° as shown in Figure 2. These are the
crystalline peaks of biomass-based carbon materials such as date
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palm leaves derived carbon [10]. The XRD peaks for the DL-
AC sample is shown in Figure 3, where one can notice an
absence of any sharp peaks. The activation process results in the
degradation of the crystalline structure due to the formation of
pores. Therefore, the material can be termed amorphous.
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Fig. 2: Sharp peaks show the crystalline structure of the NC
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Fig. 3: The absence of peaks show that the material is
amorphous

3.2. Scanning electron microscopy (SEM)

In Figure 4 a) — ¢), the SEM images of the NC sample is shown
where we see fewer number of pores. When comparing this to
the DL-AC sample in Figure 4 d) — e), the number of pores in
the DL-AC is shown to be higher. This is due to the pore
widening effect that occurs when the KOH disintegrates at high
temperature during the activation process [19].

3.3. Adsorption isotherm

The water adsorption isotherm for the DL-AC sample is shown
in Figure 5 and it follows a type V isotherm as per the [IUPAC
[20]. This behaviour is common for water vapor adsorption on
activated carbon materials and shows an increasing adsorption
capacity with increasing relative pressure. The initial adsorption
happens due to the attachment of the water molecules to the
surface of the material through interactions with surface
functional groups [21]. As the relative pressure increases the
water molecules interact with each other to form clusters which
eventually diffuse into the pores, this phenomenon is sometimes
known as the pore-filling mechanism [12, 21]. The adsorption
capacity never reaches saturation throughout the study, this is
evidence of the material’s robust properties [22]. The maximum
adsorption capacity is 0.109 gyai/ads at 0.66 p/po.
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Fig. 4: Water adsorption isotherm of the DL-AC sample
showing a type V behavior
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Fig. 5: a) — ¢) SEM images showing relatively smooth surface of the sample, d) — f) SEM images showing the increased
porosity of the sample
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The data from the isotherm experiment was fitted to the five
isotherm models and the plots are shown in Figure 6. Based on
the error calculation using reduced chi-square and coefficient of
determination, the GAB and FHH isotherms were found to be
the best-fitting model.
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Fig. 6: Isotherm model fits for the experimental data

Both the GAB and FHH were reasonably able in explaining the
multilayer adsorption behavior of the material. The cluster
formation on the activated carbon leads to layers of water
molecules interacting with each other until pore condensation
occurs [21]. The GAB model has a higher fitting parameter since
it considers wider partial pressures [18]. The model parameters
for all the isotherm models are shown in Table 1.

Table 1: Isotherm model parameters for DL-AC sample

Isotherm model Parameter DL-AC 25 °C
Freundlich kg 0.11753

n 3.20476

Red. X2 4.2193*10°

R? 0.87126
BET G (Zwa/Sats)  0.04151

c 3.13337*%10™

Red. X2 2.67368*10*

R? 0.18419
GAB G (Zwat/Bats)  0.05957

cG 1.20175%10%

ke 0.67906

Red. X2 7.25539%10°6

R? 0.97786
FHH qm (guat/Zass)  0.08096

r 3.12233

Red. X2 8.24443%10°6

R? 0.97484
Langmuir qm (guat/gass)  0.12057

b 7.81765

Red. X2 8.08879*10°

R? 0.75319

4. Conclusion

Researchers have increasingly focused on the use of sustainable
raw materials for the synthesis of different adsorbents. These
materials are usually employed in the treatment of polluted
waters and the removal of harmful gases from the atmosphere.
Therefore, it is imperative that the manufacturing process of
these materials have a low carbon footprint. One way to ensure
such compliance is to use agricultural waste as raw material for
these adsorbents. The synthesis of activated carbon from date
palm leaves using KOH as the activated agent resulted in a
sustainable and relatively inexpensive adsorbent. The activation
process resulted in a loss in crystallinity due to improved
porosity which is observed in the absence of XRD peaks. The
adsorption isotherm shows a type V behavior, which denotes a
versatile material with hydrophobic properties at low relative
pressure and hydrophilic properties at high relative pressure.
The experimental data were modeled using different isotherm
models which showed that the multilayer adsorption behavior of
the activated carbon is well explained by the GAB and FHH
isotherm models. The results in this paper demonstrate the
feasibility of using date palm leaf-derived activated carbon in
different adsorption applications.

Nomenclature
NC Nonporous carbon
XRD X-ray Diffraction
SEM Scanning Electron Microscope
DL-AC Date palm leaf-derived activated carbon
Swat/ Sads Grams of water per gram of adsorbent
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