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Abstract: In this article, the effect of absorption time on the surface chemistry and pore structure of
activated carbon (AC) from waste leaves of Quercus alba with the H3PO4 chemical activation method.
XRD, SEM, EDX, BET, TGA, and FT-IR analyses of prepared AC were used to figure out the properties
of the activated carbon. The results demonstrated that the 48 h absorption time of H3PO4 contributed
to the highest surface area, 943.2 m2/g, among all the prepared activated carbon samples. As the
absorption time of the phosphoric acid activating agent was increased, the surface area initially
increased and then started to decrease. The further surface chemical characterization of activated
carbon was determined by FT-IR spectroscopic method. Life cycle assessment methodology was
employed in order to investigate the environmental impacts associated with the laboratory steps
for activated carbon (AC) production. The LCA approach was implemented using OpenLCA 1.10.3
software, while ReCiPe Midpoint (H) was used for environmental impact assessment. The results of
the LCA study showed that the impact categories related to toxicity were particularly affected by
the utilization of electrical energy (≈90%). The power utilized during laboratory procedures was
the main cause of environmental impacts, contributing an average of nearly 70% across all impact
categories, with the maximum contribution to the impact category of freshwater ecotoxicity potential
(≈97%) and the minimum contribution to land use potential (≈10%).

Keywords: Quercus alba; activated carbon; absorption time; life cycle assessment

1. Introduction

Quercus alba (white oak) is a long-lived shaded tree normally found in eastern Canada
and some parts of the United States that grows up to 100 feet. Quercus alba is one of the
preeminent hardwoods of eastern North America [1,2]. Because of its ability to grow
in a variety of climatic regimes, it is found not only in North America but also in Asia.
In India, more than 16 species of oak are present, out of which 10 are present in the
eastern Himalayas, and the rest of them are found in the western Himalayan regions [3].
Quercus alba has been utilized in various wood-oriented industries, including the cooperage
industry, forest aesthetics, and wildlife. In addition, Quercus alba can be used for the
preparation of activated carbon (AC). There are numerous biomass sources available for
the preparation of AC, but the most commonly used are corn straw [4], Christmas trees [5],
almond shells [6], walnut shells [7], coconut shells [8], pomegranate peels [9], Lantana
camara [10,11], olive tree leaves [12], and many more [13]. Among all these waste biomass
sources, the leaves of Quercus alba are abundantly available as a waste biomass source.
Activated carbon with an enormous surface area is frequently used in industries as an
adsorbent [14], for catalysis purposes [15],and in other important applications. Figure 1
shows the use of activated carbon for various applications.
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Figure 1. Use of activated carbon in various applications.

Activated carbon can be produced from biomass by the thermal process through direct
carbonization or by first carbonizing the biomass to biochar and later converting the biochar
into activated carbon [16]. Activated carbon is generally produced by chemical or physical
activation methods. In the physical activation method, the process is performed under the
circumstances of an inert atmosphere, and pyrolysis of carbonaceous material is performed
at a high temperature to eliminate most of the hydrogen and oxygen content [17]. The
chemical activation process involves carbonization at a low temperature of 400–700 ◦C
with a chemical activation agent [18]. Biomass or wood wastes are often used to produce
activated carbon in the chemical activation process [19]. Different activation agents have
different effects on the thermal degradation of the organic compounds in biomass. To date,
many activation agents, such as H3PO4, ZnCl2, FeCl3, KOH, H2SO4, and many more, have
been used for the preparation of activated carbon [20]. Among these, H3PO4 is used the
most frequently. The H3PO4 activating agent increases the surface area of activated carbon
and increases the number of defects of the anchoring site for metal particles [21]. H3PO4
oxidizes carbon particles at 500–600 ◦C to create micropores [22] and has the advantage of
inhibiting the shrinkage of particles with a low operating cost.

The important factors for the preparation of AC are the raw biomass source, activa-
tion method, activation agent, impregnation ratio, concentration of the activated agent,
absorption time of the activation agent, and calcination temperature. The surface area of
AC is significantly influenced by all the above parameters [23]. The first aim of this study
was to determine the effect of the absorption time of the activation agent (H3PO4) on the
preparation of activated carbon from waste leaves from Quercus alba.

Life cycle assessment (LCA) is a methodological approach used to evaluate processes’
environmental impacts. There are generally four stages of LCA: (i) goal and scope definition,
(ii) life cycle inventory (LCI), (iii) life cycle impact assessment (LCIA), and (iv) interpretation.
Few studies have been published regarding the ecological assessment of AC production
by utilizing the LCA approach. Arena et al. [24] and Tagne Tiegam et al. [25] assessed
the environmental impacts of producing AC from coconuts shells and cocoa pods. The
authors found that during AC production, the consumption of energy and the chemical
activation stage caused most of the environmental damage. By using sustainability factors
assessed through LCA, a quantitative optimization approach was developed by Sepúlveda-
Cervantes et al. for efficient AC production to reduce the environmental impacts associated
with the production process using soybean shells as the precursor [26,27].
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Therefore, the second aim of this study was to assess the environmental impacts
associated with the conversion process of waste leaves of Quercus alba into activated carbon
and to assess the key variables that affect activated carbon production. The overall objective
of the current study was to overcome the information gap related to the environmental
impacts of producing activated carbon from Quercus alba.

2. Materials and Methods
2.1. Chemicals

Distilled water and phosphoric acid (Sigma-Aldrich, St. Louis, MO, USA, initial con-
centration 85% and density 1.68 g/mL) were purchased from a local market in Seoul, Repub-
lic of Korea. The waste leaves of Quercus alba were collected from Seoul National University.

2.2. Activated Carbon Preparation Procedure

Fallen waste leaves of Quercus alba contain some dust particles. Therefore, we washed
them with distilled water. Then, they were dried in a fume hood for 24 h. The cleaned and
dried leaves of Quercus alba were crushed and ground and passed through a sieve of 150
µm. A very fine biomass powder was further processed for the absorption step [28]. In
this study, H3PO4 was used as the activating agent. The absorption time of the H3PO4 (wt
50%) activation agent was studied for 16 h, 24 h, 48 h, and 72 h. The material was calcined
in a furnace at 500 ◦C for three h. The excess H3PO4 in the prepared char was removed
by washing with distilled water until the pH remained neutral [11]. Finally, it was dried
in an oven for 24 h at 105 ◦C to acquire activated carbon. The schematic diagram for the
preparation of activated carbon is shown in Figure 2.

Figure 2. Preparation steps of activated carbon.

2.3. Characterization of Activated Carbon

A Micromeritics Gemini V Flow Prep 060 (Gemini V-060, Seoul, Korea) was used to an-
alyze the surface area (SBET). SEM–EDX (EM-30AX, COXIC2-17230 Model SPT-20,COXEM,
Seoul, Korea) was used to reveal the surface morphology. Smart Lab (Rigaku, Japan) was
used to determine the crystal structure (X-ray diffraction technique). A TENSOR-27 (Bruker,
Germany) was used to determine the functional group of prepared activated carbon (FT-IR
spectrum technique). Leco Model: 701 (Seoul, Korea) was used to analyze the thermal
(TGA) behavior of the prepared activated carbon.
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2.4. Life Cycle Assessment Compartments

In order to demonstrate significantly improved environmental performance, the com-
partments of LCA divided the process into four distinct steps.

2.5. Data Origin

The input/output data that were obtained were based on experiments involving
AC production that were conducted at the lab scale. The existing framework includes
processing waste material to obtain a final product. The disposal scenario of waste-based
AC was excluded. The supply of resources, energy, and feedstock and their utilization were
taken into consideration throughout the entire production process.

2.6. Goal and Scope Definition

The objective of this study was to produce one gram of AC as a functional unit from
six grams of raw material, which extended the present study’s scope, and the ecological
implications were investigated.

2.7. System Boundary

A set of criteria called the system boundary was designed specifically for the eight
steps of the AC production process: (1) raw material collection, (2) washing, (3) drying,
(4) crushing and grinding, (5) H3PO4 impregnation, (6) calcination, (7) neutralization, and
(8) drying the final material. The life cycle framework does not incorporate the storage of
waste since it is apparent.

2.8. Life Cycle Assessment

LCA methodology was implemented using OpenLCA 1.10.3 software, while ReCiPe
Midpoint (H) was used for environmental impact assessment. LCA involves optimizing
or modifying the process steps to identify environmental in adequacies by incorporating
alternative sources. Life cycle inventory analysis (LCI) includes product stages, processes,
waste types, system descriptions, and variables to estimate the material utilized in the study.
Within the framework of LCA, input/output energy flows and raw materials are considered
in reference to functional unit adaptation. As per existing environmental regulations,
life cycle impact assessment (LCIA) provides the computation settings and appropriate
procedures [29]. Impact assessment aims to assess the efficiency and importance of the
existing system using environmental indicators. Interpretation facilitates decision making,
conclusions, and recommendations premised on preceding reports. Interpretation also
encompasses regional ecological strategies. Table 1 shows the inventory data for one gram
of laboratory-scale AC production from six grams of Quercus alba.

Table 1. Life cycle inventory of waste leaves of Quercus alba conversion to activated carbon.

Sample ID
Initial
Biomass
(Grams)

Grinding/Sieving Chemical Activation Washing/Oven Drying Final AC
(Grams)

ACQ-H-16 6
Power (kWh) 0.3 H3PO4 (mL) 3 H2O (mL) 1752

1H2O (mL) 800 Power (kWh) 11.9 Filter paper 2
H2O (mL) 5.2 Power (kWh) 6

ACQ-H-24 6
Power (kWh) 0.3 H3PO4 (mL) 3 H2O (mL) 1841

1H2O (mL) 800 Power (kWh) 11.9 Filter paper 2
H2O (mL) 5.2 Power (kWh) 6

ACQ-H-48 6
Power (kWh) 0.3 H3PO4 (mL) 3 H2O (mL) 2153

1H2O (mL) 800 Power (kWh) 11.9 Filter paper 3
H2O (mL) 5.2 Power (kWh) 6

ACQ-H-72 6
Power (kWh) 0.3 H3PO4 (mL) 3 H2O (mL) 2756

1H2O (mL) 800 Power (kWh) 11.9 Filter paper 4
H2O (mL) 5.2 Power (kWh) 6
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3. Results and Discussion
3.1. Scanning Electron Microscopy Analysis (SEM)

The SEM images in Figure 3a,b show that the raw Quercus alba had heterogeneous
particles with different shapes and different sizes. No pores were present in the structure
of the raw precursors. Figure 3c reveals that pores were formed when H3PO4 was used as
the activating agent. As shown in Figure 3c, when the absorption time of the activation
agent was 16 h, the pores were enlarged due to the heat generated by the exothermic
reaction between H3PO4 and water. The macropores seem to be connected to mesopores
to form irregular pores. As the absorption time of phosphoric acid was increased to 24 h,
48 h, and 72 h, as shown in Figure 3d–f, the intensity of the heat caused by the exothermic
reaction was reduced with the passage of time, and only a small number of mesopores
were observed in the particle.

Figure 3. SEM micrographs of activated carbon (a,b) from raw Quercus alba (c) 16 h, (d) 24 h, (e) 48 h,
and (f) 72 h using H3PO4.

3.2. EDX and BET Analysis

The change in the absorption time with H3PO4 chemical activation in Quercus reveals
the change in carbon composition. The carbon content of Quercus alba was reduced as the
absorption time of H3PO4 increased. The higher absorption time of H3PO4 was respon-
sible for the reduced carbon composition. Carbon content decreased as the absorption
time increased because with the passage of time, the exothermic reaction was fully accom-
plished [30]. The presence of oxygen in Quercus alba is due to the volatile compounds and
their botanical species, such as furfural, decanal, vitispirane, terpineol, and nonamal [31].

The nutritional content of Quercus alba varies depending on the geographical location
of the tree. It is mostly composed of protein, phosphoric acid, calcium, fat, fiber, and
moisture content. The leaves have a calcium content that increases slowly as the growing
season progresses. In the EDX analysis, Quercus alba and the prepared activated carbon
showed a calcium presence due to the natural existence of calcium compounds [1]. In this
study, the activated carbon was prepared at 500 ◦C. Calcium has a melting point of 842 ◦C.
This is why the calcium was not fully evaporated and was still present in the activated
carbon. For the complete removal of calcium from the activated carbon, a temperature of
more than 842 ◦C is required. The presence of phosphoric acid is due to the use of H3PO4
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as the activating agent. In addition, the results in Table 1 reveal that as the absorption
time of the activation agent increased from 16 h to 72 h, the volume required for washing
the biochar also increased. This indicates that as the absorption time of H3PO4 increased,
more H3PO4 was absorbed into the sample, and a higher volume of water was required to
maintain a neutral pH. Table 2 shows the EDX and BET results of the prepared activated
carbon. In this study, the yield of the activated carbon prepared from the waste leaves of
Quercus alba was roughly 17%. From 6 g of waste leaves of Quercus alba, 1 g of activated
carbon was obtained.

Table 2. EDX and BET analysis of prepared AC.

Sample ID Activation
Time (h)

Pyrolysis
Temperature (◦C)

Pyrolysis
Time (h)

Elements Presence
(Weight %)

BET Surface
Area m2/g

Carbon Oxygen Phosphor Calcium

Quercus alba 34.76 58.32 0.00 6.92

ACQ-H-16 16 500 3 60.19 26.45 11.06 2.30 787.7

ACQ-H-24 24 500 3 53.32 29.41 13.15 4.12 890.2

ACQ-H-48 48 500 3 52.76 28.92 12.51 4.71 943.2

ACQ-H-72 72 500 3 54.56 30.02 12.00 3.43 896.4

3.3. X-Ray Diffraction Analysis

The XRD spectrum of the activated carbon prepared by H3PO4 is shown in Figure 4.
Figure 4 shows peaks at 23◦, signifying the presence of the crystalline carbonaceous struc-
ture of activated carbon [32]. One small peak at 15◦ was observed due to the turbostratic
stacking of layers and the use of H3PO4 as the activating agent. A small peak at 43◦further
confirmed the presence of the crystalline carbonaceous structure of the activated carbon by
using phosphoric acid [11,33].

Figure 4. XRD analysis of activated carbon.

3.4. Thermogravimetric Analysis

The overall TGA analysis of Quercus alba by H3PO4 activation agents is shown in
Figure 5. H3PO4 promotes the breaking of lignocellulose linkages, which results in the
early development of volatile chemicals [34]. The result reveals that the H3PO4-based
activated carbon started to degrade at 300 ◦C and was fully degraded above 875 ◦C. The
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pore-forming mechanism of phosphoric acid is accomplished in the subsequent chemical
reactions [35].

nH3PO4 → 2PnO3n+1 + Hn + (n− 1)H2O (1)

2H3PO4 → 3H2O + P2O5 (2)

2H3PO4 → H2O + H2P2O2−
7 + 2H+ (3)

2H2P2O2−
7 → 6O2 + P4 + 2H2O (4)

2P2O5 + 5C → P4 + 5CO2 (5)

P2O5(liquid)→ P2O5(gas) (6)

Figure 5. TGA analysis of activated carbon.

According to the TGA graph, the weight loss behavior of activated carbon prepared
by H3PO4 activation had the same order as the BET surface area (Table 2). The weight loss
value of the 16 h absorption time (AC-Q-H-16) at 550 ◦C was 15.44% (100-84.56), and the
surface area was 787.7 m2/g. The 24 h absorption time (AC-Q-H-24) had a weight loss
value of 42.52% (100-57.48) and a surface area of 896.4 m2/g. The 48 h H3PO4 absorption
time (AC-Q-H-48) revealed the highest weight loss value of 51.74% (100-48.26), and the
surface area was observed as 943.2 m2/g. Finally, the 72 h absorption time (AC-Q-H-24)
revealed a weight loss of 48.48% (100-51.52), and the surface area was 890.2 m2/g.

3.5. FT-IR Analysis

The surface functional groups of the prepared activated carbon were analyzed by
Fourier transform infrared spectroscopy (FT-IR), as shown in Figure 6. FT-IR analysis
provides information on chemical bonds and decomposition and identifies the oxidation
formations. The FT-IR results of H3PO4-based activated carbon revealed that bonds at
wavenumbers of 1078 cm−1 and above 1100 cm−1 were attributed to C-O vibration. The
presence of phosphorus and oxygen compounds (P-O-C) was observed at wavenumbers of
1200–1000 cm−1, consistent with the elemental analysis results. In addition, the bond at
1565 was assigned to C=C vibration [35,36].A very weak peak at wavenumbers between
2300 and 3000 cm−1 was attributable to vibration in the alkyne group [28].
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Figure 6. FT-IR analysis of activated carbon.

3.6. Environmental Impact Assessment

Table 3 depicts the characterized ReCiPe midpoint (H) impact categories for the 1 g of
AC produced from 6 g of waste leaves of Quercus alba, while Figure 7 shows the normalized
values of the AC production at the laboratory scale. The analyzed case study shows that
the impact categories related to toxicity (TETP, HNTP, HCTP, FETP, and METP) were
particularly affected. The utilization of electrical energy (which contributes on average
≈ 90%) was ultimately accountable for toxicity-related impact categories. Along with
distilled water (≈20%), electricity contributed≈70% of the FEP. Additionally, other impact
indicators exhibiting lesser but still significant normalized impacts also emerged. However,
with regard to Figure 8, the power utilized during laboratory procedures was the main
cause of environmental impact, contributing an average of nearly 70% across all impact
categories, with the maximum contribution to the impact category of freshwater ecotoxicity
potential (≈97%) and the minimum contribution to land use potential (≈10%). Filter paper
(≈1.2% overall), phosphoric acid (≈1.4% overall), and distilled water (≈9% overall) are
other important contributors.

Table 3. Characterized ReCiPe Midpoint (H) impact categories for AC production from waste leaves
of Quercus alba (FU: 1 g).

Impact Category Value Unit

(PMFP) Fine particulate matter formation potential 0.01 kg PM2.5 eq

(FETP) Freshwater ecotoxicity potential 1.10 kg 1,4-DCB

(WCP) Water consumption potential 0.03 m3

(IRP) Ionizing radiation potential 0.80 kBq Co-60 eq

(ODP) Stratospheric ozone depletion potential 0.00 kg CFC11 eq

(LUP) Land use potential 0.30 m2 a crop eq

(METP) Marine ecotoxicity potential 1.35 kg 1,4-DCB

(MEP) Marine eutrophication potential 0.00 kg N eq

(TAP) Terrestrial acidification potential 0.02 kg SO2 eq
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Table 3. Cont.

Impact Category Value Unit

(OFTP) Ozone formation, Terrestrial ecosystem potential 0.01 kg NOx eq

(TETP) Terrestrial ecotoxicity potential 30.12 kg 1,4-DCB

(FSP) Fossil resource scarcity potential 1.18 kg oil eq

(GWP) Global warming potential 3.61 kg CO2 eq

(FEP) Freshwater eutrophication potential 0.00 kg P eq

(MSP) Mineral resource scarcity potential 0.81 kg Cu eq

(OFHP) Ozone formation, Human health potential 0.01 kg NOx eq

(HNTP) Human non-carcinogenic toxicity potential 4.30 kg 1,4-DCB

(HCTP) Human carcinogenic toxicity potential 0.21 kg 1,4-DCB

Figure 7. Normalized ReCiPe Midpoint (H) impact categories for AC production from waste leaves
of Quercus alba (FU: 1 g).

The associated environmental impacts with different AC samples variegates because
activated carbon can be produced by either chemical [37] or physical [24] activation from
different carbonaceous materials or by combining the two methods. In this study, LCA was
performed on the basis of life cycle inventory with predictive data [38], utilizing analyti-
cal determination and experimental measurements without uncertainty consideration in
resource utilization and emissions. This is an analysis simplification because information
about uncertainty is necessary to support conclusions based on the results of LCA [39]. It
is important to appropriately manage the uncertainty in LCA since under a probabilistic
methodology, various studies on the same production chain may produce contradictory
conclusions, which could result in a poor decision-making process [40,41]. The incorpora-
tion of stochastic analysis is necessary when developing an LCA that involves uncertainty
analysis. This kind of assessment is usually performed using Latin hypercube and Monte
Carlo sampling techniques, which need a distribution of the probability of the critical
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life cycle variables, e.g., energy consumption, chemical reagents, yield, flow, emissions,
and adsorption capacity. However, it is not easy to incorporate uncertainty factors when
producing AC using the LCA approach. This is because of the scarcity of information on
the aforementioned parameters concerning the probability distribution in the literature.
Hence, this gap in knowledge provides a potential opportunity in this area.

Figure 8. ReCiPe Midpoint (H) characterized percentage contribution of the AC production from
waste leaves of Quercus alba (FU: 1 g).

Researchers [25] assessed the environmental impacts of AC production from cocoa
pods using cradle-to-gate LCA methodology. The authors found that electricity consump-
tion during the laboratory steps affected most of the selected impacts categories. The effect
of GWP was 4.63 kg CO2 eq, which was higher in this study. As most of the power used
during laboratory-scale AC production comes from non-renewable sources, energy from
renewable sources can reduce this effect. The authors concluded that power use during
the laboratory steps affected most of the environmental impact categories. Another related
study was conducted [9] using the steam activation method to produce AC from coconut
shells at 900 ◦C. The authors found that electricity consumption during the laboratory
steps affected most of the selected impact categories, particularly GWP and human toxicity.
The authors also observed that the impacts of GWP and human toxicity were reduced
significantly by using electrical energy from renewable sources.

Recently, researchers conducted gate-to-gate LCA for AC production from olive trees
using H3PO4 as the activation agent. CML 2 baseline 2000 methodology was used for
impact assessment, and OpenLCA 1.10.3 software was used for LCA modeling. The results
showed that the impact of GWP and toxicity-related impact categories was higher (5.120 kg
CO2 eq and 3.262 kg 1,4-DCB) than those in this study, which indicates that Quercus alba
is the most feasible material for AC production. Table 4 shows the results compared with
those from the existing literature in terms of the most identified impact categories.
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Table 4. Comparison of environmental impacts with existing literature.

Raw Material Impact Categories Value Unit References

Cocoa pods

Global warming potential 4.63 kg CO2 eq

[25]
Acidification Potential 0.03 kg SO2 eq
Human Toxicity Potential 0.27 (carcinogenic) kg 1,4-DCB

6.35 (non-carcinogenic)

Coconut shells
Global warming potential 2.1 × 10−11 (normalized) kg CO2 eq

[24]Acidification Potential 4.1 × 10−11 (normalized) kg SO2 eq
Human Toxicity Potential 1.2 × 10−10 (normalized) kg 1,4-DCB

Olive tree
Global warming potential 5.210 kg CO2 eq

[11]Acidification Potential 0.100 kg SO2 eq
Human Toxicity Potential 3.262 kg 1,4-DCB

Quercus alba

Global warming potential 3.61 kg CO2 eq

This work
Acidification Potential 0.02 kg SO2 eq
Human Toxicity Potential 0.21 (carcinogenic) kg 1,4-DCB

4.30 (non-carcinogenic)

4. Conclusions

The activated carbon prepared from waste leaves of Quercus alba showed that when
the absorption time of activating agent was increased, the surface increased. FT-IR analysis
of H3PO4 revealed the oxygen and phosphorus functionalities on the activated carbon,
consistent with the elemental analysis results. The different absorption time of the H3PO4
activating agent was considered an important parameter for enhancing the properties of
the prepared activated carbon. As the absorption time of phosphoric acid increased, the
surface area increased until 48 h and then started to decline. Life cycle assessment was
carried out in order to quantify the ecological implications associated with the laboratory-
scale activated carbon production from wasted tree leaves of Quercus alba. The results
demonstrated that the power used during the laboratory steps was the main cause of most
of the toxicity-related impact categories and contributed an average of nearly 70% across
all impact categories. Additionally, the utilization of distilled water contributed (≈9%
overall), followed by phosphoric acid (≈1.4% overall) and filter paper (≈1.2% overall). In
conclusion, controlling the key elemental process variables in AC manufacturing and the
production process is not only important from an ecological and economic perspective, but
it is also necessary for obtaining porous-structure carbon for water treatment and various
other applications.
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