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Abstract

Facing the daunting challenge of climate change, driven by escalating greenhouse gas concentrations,
our research introduces an innovative solution for CO, capture. We explore a novel nanoporous carbon
derived from Ulva Lactuca, activated with eggshell waste, spotlighting waste valorization in mitigating
atmospheric CO,. Through a systematic methodology encompassing variable carbonization
temperatures (700-900°C) and nitrogen flow rates (2—4 ml/min), complemented by a suite of
characterization techniques, we unveil the synthesis of this pioneering adsorbent. Our study not only
presents a novel, sustainable pathway for CO, capture but also demonstrates superior performance,
particularly with the NC800-4 sample, achieving a CO, capture capacity of 1.40 mmol/g at 30°C,
alongside demonstrating consistent adsorption efficiency over four successive adsorption/desorption
cycles. This breakthrough underscores the potential of leveraging waste for environmental remediation,
offering a dual solution to waste management and CCUS applications.

INTRODUCTION

The growth of industry and the ever-increasing demand for energy have increased the use of fossil fuels.
The combustion process during fossil fuel use is responsible for most of the greenhouse gas emissions,
and the increase in the amount of these gases, especially carbon dioxide (CO,), accelerates global
warming and causes climate change (Kumar, 2018). Natural disasters show how critical this situation is
becoming more and more evident every day. In order to achieve the necessary goals and targets, it is not
enough to reduce future CO, emissions, but the CO, currently in the atmosphere must be captured and

stored by different methods (World Energy Outlook 2022, n.d.). Decarbonization of industry and
industrial systems is also an urgent challenge for "hard-to-decarbonize" industries such as steel, cement,
and chemical production. Carbon capture, utilization, and storage systems need to be developed to
address this immense challenge.

Methods such as absorption, physical adsorption, chemical adsorption, membrane separation methods,
and cryogenic combustion are employed to capture or reduce CO, emissions in the atmosphere.
Currently, the most widely utilized industrial-scale method for CO, capture is amine-based absorption.
However, this method has disadvantages such as high energy consumption, loss of function of the
material used over time, corrosion of the devices and vaporization of the material during the
regeneration process (Yuan et al., 2019). Additional methods for eliminating emissions in the
atmosphere include direct air capture (DAC), bioenergy carbon capture and storage (BECCS),
afforestation, and reforestation which are collectively referred to as negative carbon methods
(McLaughlin et al., 2023). Recent studies have shown that adsorption using biomaterial-based solid and
nanoporous materials is both environmentally friendly and energy efficient. Moreover, these materials are
highly appealing due to their low cost and high CO, capture capacity. Researchers are mindful of
selecting biomaterials that are available as waste, making them useful for waste management purposes
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(Montalvéo et al., 2016). These materials can be used for both carbon capture and direct removal of
carbon from the atmosphere (Rehman & Park, 2019).

Nanoporous carbon materials are known for their impressive physicochemical properties, making them
widely used for various applications. They are particularly noted for their excellent properties in
adsorption and high selectivity towards various adsorbates (Heidari et al., 2014). However, for large-
scale application of these materials, it is necessary to develop a simple, efficient and economical
production process. In this way, it will be advantageous to use an efficient nanoporous carbon-based
adsorbent based on biomass to be practically used in air pollution control, capture, removal and storage
of greenhouse gases and recovery of volatile organic chemicals (Memetova et al., 2022).

Algal biomass, another waste product, is also utilized in the production of carbon-based materials. They
are classified as macroalgae or microalgae according to their size. They typically grow in fresh and salty
waters, as well as on wet soils, rocks, and trees (Gilmour, 2023). Marine macroalgae, commonly known
as seaweeds, are multicellular photoautotrophic organisms that require light, nutrients and CO,
dissolved in water to survive (Weier et al., 1970). Ulva Lactuca (U. Lactuca), also known as "sea lettuce,’
is an edible macroalgae species. U. Lactuca macroalgae acts as a high nutrient reservoir for other
harmful species, providing a basis for the increase of toxic species and leading to the deterioration of the
marine ecosystem (Ozyigit et al., 2017; Tang & Gobler, 2011). This species, which grows in large
quantities, can also cause disadvantages in human life by accumulating on beaches, seashores, canals
and stream mouths and creating physical difficulties (Zingone et al., 2021).

The literature review reveals that different organic wastes and plants have been used in the synthesis of
nanoporous carbon. Although natural resources were utilized in these studies, materials were activated
by using KOH, which is generally harmful, expensive and corrosive for the environment, to increase the
CO, capture performance of the materials(de Souza et al., 2020; Huang et al., 2019; Lillo-Rédenas et al.,
2004; Serafin et al., 2022). In this context, the study aims to activate the surface of macroalgae wastes
by using eggshell wastes as an alternative to KOH.

Eggshells, which will be used as activating agent within the scope of the study, are in the hazardous
waste category according to European Union regulations (Laca et al., 2017). These wastes typically
create a microbial environment and lead to the release of odor and toxic gases. Additionally, global egg
production is predicted to reach 86.8 million tons by 2030, according to statistics from the Food and
Agriculture Organization (FAO) (Zaheer, 2015). Global demand and production for eggs have increased
steadily since the turn of the century. In 2018, 76.7 million tons of eggs were produced worldwide, an
increase of 14.95% compared to the previous decade (Aditya et al., 2021). Therefore, creating a new use
for this waste and bringing it into the economy will make a significant contribution to the management of
waste.

In this study, novel nanoporous carbon was synthesized from U. Lactuca macroalgae surface activated
with eggshell. By applying different carbonization temperatures and different gas flow rates, the CO,
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capture capacities of each carbon at different temperatures were examined for the first time. According
to the analysis results, sequential adsorption/desorption cycle analysis of the sample with the best
capacity was performed and the CO, capture efficiency after cycling was determined.

EXPERIMENTAL PROCEDURES
2.1 Materials

The eggshells were collected from household waste. Initially, the eggshells were brushed under running
water to remove dirt and dust, then the membrane linings within the shell structure were cleaned using
tweezers. The cleaned eggshells, dried at 105°C for 24 hours, were ground in a mechanical grinder and
sieved to a size finer than 90 mesh. The obtained eggshell powder was then calcined in a calcination
furnace at 950°C for 1 hour. The purpose of calcining eggshells is to completely convert the calcium
carbonate (CaCOs) in the shell structure to calcium oxide (Ca0). Consequently, the basic calcium

hydroxide (Ca(OH),) necessary for the activation of the macroalgae will be obtained according to the
reaction given below with the CaO in the calcined shell reacting with water.

Ca0 + H,0 — Ca(OH), (1)

The other raw material, U. Lactuca, was collected from the Kadikdy coast of Istanbul in September. The
collected macroalgae were washed under running water to remove impurities such as sand, garbage and
bags. They were then dried in an oven at 105°C overnight and ground.

2.2 Characterization

The crystallographic phase properties of the products were obtained by Panalytical X'Pert PRO brand
XRD device. XRD analysis of the samples was recorded at diffraction angles ranging from 10-60°. The
functional bond groups of the prepared nanoporous carbon materials were analyzed by Fourier
transform infrared (FTIR) spectroscopy using Perkin Elmer Spectrum One with Attenuated Total
Reflection (ATR) accessory. The textural properties of the prepared carbon samples was characterized
by N, adsorption/desorption isotherms at 77 K in a Quantachrome (Autorosorb QI model) surface area
and pore size analyser. In order to determine the pore structures of the samples, DFT (Density Functional
Theory) method was applied. Samples were processed under vacuum at 300°C for 3 hours and made
ready for analysis. The surface area (Sggt) of the samples has been calculated using the BET equation in
the relative pressure range of P/P,=0.03-0.2. Total pore volumes (V,;) have been calculated from the
amount of nitrogen adsorbed. The micropore volume (V ;o) Was determined using the N, sorption

method and quantified by the DFT method. Raman spectroscopy was used to determine the carbon
framework structures of the prepared carbon materials. The Raman spectra of the samples were
analysed with Perkin ElImer Raman Station 400F model Raman spectroscopy. The morphological
properties of the obtained products were examined using the Thermo Scientific Apreo 2 S LoVac Field
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Emission Scanning Electron Microscopy (FE-SEM) device. The microstructural properties of the prepared
carbon products were determined using an FEI TALOS brand F200S model Transmission Electron
Microscopy (TEM) microscope operating at a voltage of 200 kV.

2.3 CO Adsorption Measurement

The CO, capture performances of carbon materials at various temperatures (30°C, 75°C, and 100°C)
were determined using a Perkin Elmer Pyris Diamond Differential Thermal Analysis/Thermogravimetry
Device (DTA/TG) device. Initially, the moisture present in the structure of the predetermined quantity of
samples was removed at 105°C under a nitrogen atmosphere. Subsequently, the sample was brought to
the desired temperature at a cooling rate of 10°C/min, and the gas flow was switched to a high-purity
(99.99%) CO, atmosphere and held for a set period. The CO, capture capacities of the prepared carbons
were ascertained based on the increase in weight of the sample. Additionally, the adsorption/desorption
cycle of the nanoporous carbon will be conducted at the temperature where it exhibits the highest
capacity, using the same device.

2.4 Synthesis of Activated Carbons From Biomass

Activated carbons from biomass was prepared according to previous study with some modifications
(Serafin et al., 2022). Accordingly, U. Lactuca macroalgae and calcined eggshells were weighed in a 1:1
ratio and mixed in a certain amount of distilled water at room temperature. The saturated solution
obtained was dried in an oven at 200°C for 18 hours. At the end of the time, the mixture obtained was
taken into the tube furnace and carbonized under nitrogen flow at the desired flow rate for 2 hours at the
desired temperature. After cooling to room temperature, the sample was washed with distilled water to
remove undesired compounds in the process, then filtered and dried. After drying, the sample was
treated with 2 M HCI for 1 hour of stirring. It was then allowed to rest for 18 hours at room temperature.
At the end of the time, the sample was washed with distilled water and dried at 200°C for 18 hours in
order to completely remove the chlorite ion.

Carbonization was carried out at different temperatures (700°C, 800°C, and 900°C) and different flow
rates (2 ml/min, 3 ml/min, and 4 ml/min) in order to observe the effect of carbonization temperature and
nitrogen flow rate on the structural properties and CO, adsorption capacities of the sample. These

samples were named as NCX-Y. Here NC stands for nanoporous carbon, X for pyrolysis temperature and
Y for nitrogen flow rate. For example, NC700-2 is the sample carbonized at 700°C with a N, flow of 2

ml/min.

RESULTS AND DISCUSSION

3.1 Characterisation of Activated Carbons
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XRD patterns of nanoporous carbon samples prepared at different temperatures and flow rates are given
in Figure 1. No crystalline peaks were detected in the XRD graphs of all samples, indicating that Ca(OH),
was completely removed from the structure. Additionally, a broad diffraction peak in the range of 20° to
30° and another less intense diffraction peak extending between 40° and 50° were observed in all
samples XRD patterns. These two broad diffraction peaks are generally attributed to the graphite crystal
planes of activated carbon in the low angle region ((002) graphite peak) and the radial spreading of the
crystal structures in the high angle region ((100) graphite peak) (Zhao et al., 2009). As a result, all carbon
samples prepared at different temperatures and flow rates were found to be in the form of irregular
graphite.

The ATR-FTIR spectra of the prepared carbon samples are presented in Figure 2. According to this, it has
been observed that the spectra of the samples are similar. The band around 1028 cm™ originates from

C-0 stretching vibrations, while the band observed at 1544 cm™ is due to vibrations in the aromatic
group (C=C) (Dogan et al., 2020).

Table 1 lists the textural properties of the obtained carbon samples. According to this, as the Sggt values
of the samples increase, an increase in V,; and V ,,ic;o Values was observed. Additionally, it has been
noticed that samples carbonized at 800°C have higher Sggt, Viot, and Vicro Values compared to those
carbonized at other temperatures under the same gas flow rates. Furthermore, upon examining samples
carbonized at the same temperature but different flow rates, it has been generally observed that an
increase in gas flow results in higher Sget, Vior, @and Vo Values. According to N, adsorption/desorption

and DFT analyses, the highest Sget (860.83 m?/q), V., (1.07 cm®/g), and V1o (0.99 cm3/g) values were
observed in the NC800-4 sample. The closeness of V,,; and V ;o Values and the low V., values

indicate that most of the pores in the samples are micropores (Serafin & Dziejarski, 2023; Thommes et
al., 2015).

Figure 3 presents the adsorption-desorption isotherms of nitrogen on activated carbons produced from
U. lactuca, which were carbonized under different nitrogen flows and temperatures. According to IUPAC
classification, the nitrogen physisorption isotherms at 77K for these activated carbons are classified as
Type IVa, a behavior typical of mesoporous materials (Thommes et al., 2015). This classification is
indicative of capillary condensation occurring within the pores—a process where a gas transforms into a
liquid-like phase inside a pore at a pressure (p) that is below the saturation pressure (p,) of the bulk

liquid.

The shape of the hysteresis loop can provide information about the pore structure and connectivity
within the material. The hysteresis is the area between the adsorption and desorption curves, and it is an
indication of the phenomenon of capillary condensation in the pores. Here, the adsorption is not
immediately reversible, leading to the hysteresis effect. Loops typically open where capillary
condensation begins and close at the point of capillary evaporation.
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The hysteresis loops in the isotherms resemble Type H4 according to the IUPAC classification. The Type
H4 hysteresis loop is typically found in materials with slit-shaped pores, often associated with materials
that have layered structures. These loops are characterized by almost parallel adsorption and desorption
branches and are often typical for micro-mesoporous carbons.

The pore size distribution graphs of the samples, determined using the DFT method, are presented in
Figure 4. It is observed that all samples have a sharp peak in the 3-10 A pore size range and relatively
weak peaks in the 10-80 A range. This suggests that most of the pores in the samples are micropores,
and they also possess mesopores. Thus, it has been proven that all the prepared carbon samples are
nanoporous (Sing, 1985).

The Raman spectra of nanoporous carbons are displayed in Figure 5. It has been observed that all
samples exhibit two characteristic peaks, known as the D and G bands, appearing respectively around
1335 cm™ and 1595 cm™. The D band is associated with the vibrations of disordered sp3 carbons, while
the G band is attributed to the regular sp2 carbon vibrations, representing the crystallinity of the samples
(Ferrari & Robertson, 2000). The intensity ratio of the G and D bands (I5/lp) is used to determine the

regularity of the carbon structures (Serafin et al., 2022).

Table 2 provides the D and G band regions and the I3/l ratios of the samples. It has been found that all
prepared nanoporous carbon samples have |5/l values very close to each other, ranging between 0.94
and 0.98. The I/l ratios of all values are less than 1, which proves the high irregularity in the structure

of the obtained materials. The results of the Raman spectroscopy analysis of the nanoporous carbon
samples have confirmed the results of the XRD studies.

FE-SEM images of the U. Lactuca and eggshell mixture prepared to observe the change in structure with
carbonization are given in Figure 6. According to the images at different magnifications, no pores were
observed in the structure of the sample prepared before carbonization.

Figure 7 shows the FE-SEM and TEM images of the prepared carbon samples. When the FE-SEM images
of the samples at different magnifications are examined, macro and microporous morphologies are
observed in the samples in accordance with the literature. In other words, it is clearly observed that the
prepared carbon samples show a porous structure with different pore sizes and shapes compared to the
raw material. The pores of the samples are mostly irregular; however, circular and oval shaped pores are
also present. According to high magnification TEM images, it was observed that the samples contained
significant amounts of small-sized nanopores. The pore morphology observed by FE-SEM and TEM is in
accordance with the data obtained from N, adsorption/desorption analysis.

3.2 CO, Adsorption

The determined CO, adsorption capacities of the samples are provided in Table 3. According to the
adsorption analysis results at different temperatures, it has been observed that the CO, adsorption
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capacities of the samples decrease with an increase in temperature. This indicates that CO, adsorption
occurs through physisorption rather than chemisorption (Sari Yilmaz, 2017). Furthermore, among the
samples prepared at different carbonization temperatures, it has been seen that the samples with a flow
rate of 2 ml/min have the lowest CO, capture capacity at all adsorption temperatures. The highest CO,
adsorption capacity among the prepared nanoporous carbon samples was observed in the NC800-4
sample. Additionally, it has been found that the CO, adsorption capacities increase with the increase in

SgeT) Vior @Nd Viicro Values for samples prepared at the same temperature but different flow rates.

Figure 8 shows the time variation of CO, capture capacities at 30°C of carbon samples prepared at
different carbonization temperatures and gas flow rates. According to this, the CO, adsorption of the

samples generally increased rapidly in the first 30 minutes and then slowly and remained constant after
70 minutes.

The CO, capture capacities of some porous carbon materials determined with similar conditions in the
literature were compared with the highest capture capacity value obtained within the study. It was seen
that the NC800-4 sample has the best CO, capture capacity among the porous carbons given in Table 4.

Therefore, it is concluded that the adsorbent prepared from waste in the present study will be a
promising new carbon material for CO, capture studies on solid surface.

The regeneration capacity and cyclic stability of the solid adsorbent are important properties for CO,

sequestering materials. For this purpose, the adsorption/desorption cycle of NC800-4, which has the
highest CO, capture performance, was investigated isothermally in DTA/TG device at 30°C where it

showed the highest capacity. Figure 9 shows four consecutive CO, adsorption/desorption cycles and
adsorption capacities of the sample at 30°C. Accordingly, the sample exhibits good stability over four
consecutive cycles without any significant degradation in adsorption capacity.

CONCLUSION

This study has successfully demonstrated the potential of utilizing U. lactuca macroalgae and eggshell
waste as precursors for producing nanoporous carbon materials that are optimized for CO, capture. By
using eggshells as activators in the preparation of nanoporous carbons, an alternative material to the
harmful, expensive, and corrosive activator KOH has been developed. The carbonization temperature and
nitrogen flow rate were found to significantly affect the textural properties and CO, capture capacities of
the sample. The optimized carbon sample (NC800-4) exhibited good regenerability and cyclic stability,
highlighting its practical applicability in CO, capture efforts.

As a result, this study not only contributes to the growing field of sustainable material science by
creating value-added products from waste, but also introduces a promising, cost-effective, and efficient
material for reducing CO, emissions. The results obtained from this comprehensive analysis pave the
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way for future research aimed at optimizing these materials for broader environmental applications, thus
contributing to the global effort to combat climate change.
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Tables

Table 1. Textural properties of nanoporous carbons obtained from U. lactuca

Sample  Spr (M%) Vit (€M¥/@) Voo (€M%/G)  Vineso (cm®/g)

NC700-2 0.363 0.337 0.026
347.936

NC700-3 0.7410 0.670 0.071
537.041

NC700-4 0.712 0.645 0.067
516.737

NC800-2 573.635 0.719 0.637 0.082

NC800-3 727.081 0.881 0.813 0.068

NC800-4 1.067 0.986 0.081
860.830

NC900-2 0.450 0.416 0.034
375.425

NC900-3 515.6581 0.692 0.616 0.076

NC900-4 0.910 0.810 0.100

611.032

Table 2. D and G band properties of samples according to Raman spectrum
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Sample Positions of D and G bands (cm™")  l¢/lb

NC700-2 1338 1593 0.96
NC700-3 1338 1599 0.95
NC700-4 1332 1595 0.94
NC800-2 1334 1600 0.96
NC800-3 1338 1600 0.98
NC800-4 1339 1599 0.98
NC900-2 1338 1595 0.95
NC900-3 1336 1598 0.94
NC900-4 1338 1597 0.98

Table 3. CO, adsorption capacities of nanoporous carbons

Sample 30°C 75°C 100°C
NC700-2 0.75 0.21 0.12
NC700-3 1.08 0.31 0.18
NC700-4 0.86 0.38 0.25
NC800-2 1.18 0.31 0.16
NC800-3 1.40 0.46 0.25
NC800-4 1.19 0.41 0.29
NC900-2 0.58 0.12 0.02
NC900-3 0.82 0.23 0.12
NC900-4 1.20 0.25 0.08

Table 4. CO, capture capacities of some porous carbons reported in the literature
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Sample T P Capacity Reference
("C) (ar)  (mmol.g™)

Porous carbon 30 1 0.68 [28]
Porous carbon derived from melamine-formaldehyde 30 1 0.93 [29]
Mesoporous carbon 30 1 0.83 [30]
Ordered mesoporous carbon 30 0.9 0.97 [31]
Nanoporous carbon derived from PET waste 30 1 1.31 [32]
Nitrogen-enriched nanostructured carbon 30 1 0.79 [33]
Nanoporous carbon 0 1 0.90 [34]
Carbon from PET/carbazole 25 1 1.09 [35]
NC800-4 30 1 1.40 This study
Figures
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Figure 1

XRD patterns of the nanoporous carbon prepared at different gas flows and temperatures
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Figure 2
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ATR-FTIR spectra of the nanoporous carbon derived from U. Lactuca
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Figure 4

Pore size distribution graphs of samples prepared at different temperatures and flow rates
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Figure 5

Raman spectra of the carbon samples prepared at different temperatures and flow rates

Figure 6

FE-SEM images of dried U. Lactuca and eggshell mixture at different magnifications
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Figure 7

a), b) FE-SEM images at different magnifications and c) TEM images of nanoporous carbons
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Change of CO, capture capacities of nanoporous carbons at 30°C over time.
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Figure 9

Adsorption/desorption cycle of NC800-4 at 30°C.
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