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Highlights

 Eco-design of the production process of activated carbon from waste cherry kernels.

 Life cycle assessment, comparative adsorption study, and cost analysis are applied.

 Consumption of electricity and phosphoric acid caused major environmental impacts.

 Activated carbon from waste cherry kernels has high removal rate of Pb2+ and Cd2+.

 Activated carbon from waste cherry kernels is cheaper than commercial one.
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Abstract

Industrial wastewater polluted with heavy metals presents significant ecological and health risks. 

Such wastewater can be efficiently decontaminated with activated carbon. Waste cherry kernels are 

a low-cost material used to produce non-conventional activated carbon. This research applies life 

cycle assessment, comparative adsorption study, and cost analysis to achieve an eco-design-based 

process to produce activated carbon from waste cherry kernels. The results from three analyses of 

commercial activated carbon and a low-cost adsorbent made from waste cherry kernels were 

compared. Producing activated carbon from waste cherry kernels had major environmental impacts 

associated with consumption of electricity and phosphoric acid. For the human toxicity impact 

category, characterization results were 3.91E-07 and 1.17E-07 disability-adjustment life years for 

electricity and phosphoric acid consumption, respectively. Endpoint results from all categories 

showed that alternative activated carbon has the lowest total environmental impact, a total of 585 

mPt, whilst the largest impact, 739 mPt, is due to commercial activated carbon. The adsorption 

study showed that activated carbon produced from waste cherry kernels had heavy metal removal 

rates of 79–95% and 90–92% for Pb2+ and Cd2+, respectively. On the other hand, with a removal 

rate of 84–88%, commercial activated carbon showed better results for Ni2+. The cost analysis 

results indicated that activated carbon produced from waste cherry kernels is more than six times 

cheaper than commercial activated carbon and can provide savings of 229 US$/kg. The practical 

applications of activated carbon made from waste cherry kernels are the same as those of 

commercial activated carbon, and include use in air and water purification filters for heavy metals, 

hydrocarbons, and organic contaminants.

Key words: low-cost adsorbent; cherry kernels; metal wastewater
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1. Introduction

Aqueous wastes from a variety of industrial processes, such as metal plating, mining, petroleum 

refinery, tannery, painting, and car manufacture, are contaminated by metal ions. This is also true 

for agricultural areas where fertilisers and pesticide sprays are used intensively, and for leachate 

from uncontrolled landfills (Ali and Aboul-Enein, 2006). Since heavy metals are toxic, highly 

persistent, and do not degrade into less harmful components in the biotic and abiotic matrices, their 

different ionic forms present significant ecological and health risks (Ali et al., 2011). Lead, 

cadmium, nickel, mercury, and arsenic (Ali, 2010) have been studied extensively, and global bodies 

such as the World Health Organization (Jarup, 2003) regularly review their effects on human health. 

Lead (Pb2+) poisoning in humans causes severe damage to the nervous and reproductive systems 

(including infertility), kidneys, and liver, and abnormalities in pregnant women (Goel et al., 2005). 

Children are particularly susceptible to lead exposure due to a high risk of gastrointestinal uptake 

and the permeable blood–brain barrier. The levels of lead considered acceptable in children’s blood 

should be reduced below current levels, because recent data indicate that it could have neurotoxic 

effects at lower levels of exposure than previously anticipated. Cadmium (Cd2+) is considered an 

extremely toxic metal for all known biological functions (Wang et al., 2010). Chronic accumulation 

of cadmium in human bodies causes damage to the kidneys, liver, and cardiovascular and skeletal 

systems, while uptakes at high dosages cause itai-itai disease or even death (Kumar and Chawla, 

2014). Exposure to nickel (Ni2+) above the acceptable level causes renal oedema, lung cancer, 

pulmonary fibrosis, skin dermatitis, and gastrointestinal discomfort (Celekli and Bozkurt, 2011). 

Although the adverse health effects of heavy metals have been long recognised, human exposure to 

them continues and is even increasing in some areas (Jarup, 2003).

The increasing amount of waste is an environmental problem, demanding that attention be paid to 

recycling, resource conservation, and environmental protection. Food industries produce large 

volumes of solid and liquid waste that represent problems in terms of disposal and potential 

environmental pollution (Fernandez-Bolanos et al., 2006). Converting wastes from the industrial 

processing of food into effective adsorbents for wastewater treatment could improve the 

environmental performance of the treatment (Dodbiba et al., 2009). Furthermore, the systematic 

implementation of classical wastewater treatment techniques, which are high-cost and require 

sophisticated installation, is unacceptable for low- and middle-income economies. In such cases, 

alternative activated carbon (AAC) obtained from different biological industrial waste materials can 

offer technologically optimal and cost-effective solutions. These materials have chemically active 

and highly porous surfaces, low processing requirements, excellent sorption capacities, and an 
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abundance of feedstock for the preparation of sorbent that attracts and retains certain pollutants 

from different aqueous wastes in a preferential, efficient, and cost-effective manner.

Commercial activated carbon (CAC) is an adsorbent used to remove impurities from liquid 

solutions; however, its widespread use is restricted due to its high cost. As such, alternative non-

conventional ‘low-cost’ adsorbents have been studied, and natural, industrial, and synthetic 

materials have been tested for their ability to remove heavy metals from water (Jain and Ali, 2000; 

Wang et al, 2010). Gupta et al. (2003) used bagasse fly ash, a solid waste originating from sugar 

industry, to remove cadmium and nickel from wastewater. Ali et al. (2012) investigated the use of 

household and industrial wastes; agricultural products; sea, soil, and ore materials; metal oxides; 

and hydroxides as low-cost adsorbents to treat wastewater. Research by Maroušek (2014) notes that 

activated carbon is more expensive than char because the latter is now produced at very low cost. 

Many cheap and easily available agricultural and/or plant-based materials, such as forest bio-waste 

(Kim et al., 2015); pine cones (Ozhan et al., 2014); blue jacaranda and plum stones (Trevino-

Cordero et al., 2013); grape processing waste (Saygılı et al., 2015); pistachio nut shells (Nowicki et 

al., 2015); cherry and sweet-cherry kernels (Pap et al., 2016); solid waste from tomato processing 

(Saygılı and Guzel, 2016); paulownia wood (Yorgun and Yıldız, 2015); guava seeds, tropical 

almond shells, and dinde stones (Largitte and Pasquier, 2016); and pinewood (Taheran et al., 2016) 

have been used as sources from which to produce AAC intended to remove heavy metals. Maroušek 

at al. (2017) reviewed biochar farming on a commercial scale, and a key finding was that besides 

the significant reduction of production costs, there were not many applications for biochar in 

conventional farming and environmental management. Political and economic issues related to the 

production of pyrolyzed char in the Czech Republic are investigated and compared to commonly 

used solid fuels by Mardoyan and Braun (2014).Waste cherry kernels are a cheap precursor to and 

source of AAC. Therefore, it is important to assess their efficiency as adsorbents and to compare 

their performance against that of CAC.

Eco-design is defined as the integration of environmental aspects into product development, with 

the aim of reducing the environmental impact of products throughout their life cycle (Brones et al., 

2017). The objective is to create sustainable solutions that satisfy human needs and desires (Herva 

et al., 2012). The implementation of such principles is essential if industry is to become more 

sustainable in the long term (Prendeville et al., 2017). In recent years, eco-design researchers have 

called for a move away from tool development towards a greater focus on processes and methods to 

integrate eco-design strategies within project management processes and wider company goals as an 

effective implementation measure (Pigosso et al., 2015). Rigorous methodologies for eco-designing 

process plants are missing from current industrial practices and the literature on it (Mery et al., 
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2014). One of the most frequently used eco-design tools for analysing environmental impacts is life 

cycle assessment (LCA).

All possible environmental issues must be considered when a suitable eco-design method is being 

selected, in order to avoid creating additional negative impacts on the environment rather than 

solving them. Therefore, a complete environmental assessment of any eco-design solution must be 

carried out before it is practically implemented (Hjaila et al., 2013). Understanding the 

environmental influences of alternative adsorbents, by quantifying and comparing their effects, will 

contribute considerably to solving the global drinking water crisis in a way that minimises the 

potential for negative environmental impacts (Yami et al., 2015). LCA is an environmental tool that 

can be used for such estimations; it aims to evaluate the environmental features and possible effects 

throughout an entire process (i.e. from cradle to grave). This includes raw material extraction and 

acquisition through energy and material production and manufacture, to use, end-of-life treatment, 

recycling, and final disposal (ISO 14044:2006). One common practice is to apply comparative LCA 

in order to identify environmental hotspots and differences between the analysed processes or 

products (Agarski et al. 2017). Earlier LCAs recognised important low-cost adsorbent 

characteristics that could affect the environment. Numerous studies have measured only global 

warming impact or net energy production. Most LCAs of low-cost adsorbents have focused on their 

application as agricultural soil modifiers and as co-products of energy generation. Only a few 

studies have evaluated the comparative life cycle impacts of using alternative adsorbents for 

wastewater treatment (e.g. Thompson et al., 2016). 

The assessment of environmental impacts associated with the production of activated carbon (AC) 

is a subject of ongoing research in the scientific community. On the other hand, there have been few 

attempts at broad analysis focusing on the eco-design of AAC, particularly with regard to their 

performance and economic aspects. This study attempts to improve understanding of the 

environmental influences related to AAC produced from waste cherry and sour cherry kernels 

(Cherry and Sweet Cherry Phosphoric Acid, CScPA) and to analyse its adsorption performance and 

economic properties. Thus, the main aim of this research is to reveal, from the environmental, 

performance, and economic aspects, whether it is possible to produce an alternative low-cost 

adsorbent from waste cherry kernels that is an improvement over than the commercial product. 

Furthermore, AAC produced from waste cherry kernels will be compared to commercial AC to 

evaluate the magnitude of the results of the analysis.
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2. Methodology

In order to undertake eco-design, the CScPA production process will be analysed from the 

environmental, performance, and economic perspectives (Fig. 1). The LCA is conducted to assess 

environmental impacts and compare eco-design alternatives for the production stage of the 

CScPA’s life-cycle. A comparative adsorption study will investigate the properties of the molecular 

structure of the CScPA and its potential to remove heavy metals, and these results will be compared 

to those of CAC. Cost analysis will provide insights into the economic aspects related to the 

production phase of CScPA, and will include costs of production (market prices of chemicals, other 

consumable materials, and electricity) and transport.

Fig. 1. Framework for the eco-design of CScPA.

2.1. Production of low-cost activated carbon from waste cherry kernels

In this study, cherry and sweet cherry waste kernels (in a 1:1 ratio) were collected from a fruit 

plantation. The kernels were suitable for grinding with a mechanical mill, which produced particles 

smaller than 3.0 mm in diameter. The ground biomass obtained was subjected to thermo-chemical 

conversion by impregnation with 50 wt. % H3PO4 acid in aqueous solution to produce the chemical 

activation and carbonisation required to produce AAC. Sour cherry and sweet cherry waste kernels 

(in a ratio of 1:1) were used as precursors for the preparation of AAC. First the kernels were washed 

with deionised water prior to peel separation, crushed in a mechanical mill, and dried for 2 h at 105 

°C. Phosphoric acid was added as a chemical reagent for the activation and carbonisation process, 

which was crucial to create a larger specific surface area. Then 2.5 kg of fruit kernels were 

impregnated with 50% H3PO4 at 22 °C at a ratio of 2.66:1 (by weight). After 24 h, the suspension 

was filtered to remove the residual acid and the impregnated samples were placed in ceramic 

crucibles, air-dried at room temperature for 2 h, and then introduced into an electric furnace for 2 h. 

Impregnated samples were air-dried at room temperature before the carbonisation process. During 

the first phase, which lasted 45 min, samples were heated at a rate of 10 °C/min to 180 °C and then 

held at this temperature. In the second phase, lasting 60 min, kernels were heated at a rate of 10 

°C/min to 500 °C and held at a constant temperature in an inert atmosphere. After cooling, the AAC 

was repeatedly washed with deionised water until the pH of the filtrate became greater than 4. The 

production yield was 72.8%, which means 1.82 kg of product was available for further experiments 

(Fig. 2). For the purposes of the LCA, the whole process was re-calculated per functional unit (FU) 

for 1 kg of AAC.
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Fig. 2. System boundaries for CScPA production.

All reagents used in the experiments were of analytical grade. Stock solutions (1,000 mg/L) were 

prepared in deionised water using Pb(NO3)2, 3CdSO4·8H2O, and Ni(NO3)2·6H2O; a few drops of 

0.1 mol/L HNO3 were added to prevent the precipitation of metal ions. Other concentrations were 

prepared from stock solutions by dilution in deionised water. The pH of the working solution (100 

mg/L) was adjusted to 6 using 0.1 mol/L NH4OH. The pH was adjusted with 0.1 mol/L HCl or 0.1 

mol/L NH4OH (Sadeek et al., 2015). The final Pb2+, Cd2+, and Ni2+ concentrations were determined 

using a Thermo Scientific S Series atomic absorption spectrophotometer with an air-acetylene 

flame.

The effects of experimental parameters such as initial Pb2+, Cd2+, and Ni2+ concentrations (50, 100, 

and 200 mg/L, respectively), pH of about 6, adjustment with 1.0 N NH4OH and 1.0 N HCl, 

adsorbent dosage (100 mg, C = 2 g/L), and temperature (25 °C) on the removal of Pb2+, Cd2+, and 

Ni2+ ions were studied in batch mode (in Erlenmeyer flasks), for 30 min of contact time. The 

solutions of different concentrations were prepared by dilution in deionised water. For this study, 

100 mg of CScPA was added to 50 ml of Pb2+, Cd2+, and Ni2+ solution in Erlenmeyer flasks. The 

flasks were then placed on a rotary shaker at 140 rpm. The Pb2+, Cd2+, and Ni2+ contents in the 

respective supernatants were measured using a flame atomic absorption spectrometer with an air-

acetylene flame (S2 AA System, Thermo Scientific).

Heavy metal concentrations were determined using an atomic adsorption spectrophotometer (AA-

6800, Shimadzu). Initial Pb2+, Cd2+, and Ni2+ concentrations were 50, 100, and 200 mg/L, 

respectively, and the pH of the solutions were adjusted to 2 using 1.0 mol/L HCl and a 20 mg dose 

of 1 mg/L AC. The solution was sonicated for 20 min at 100 rpm and then cooled. Equilibrium was 

achieved at room temperature for 24 h. Solids were allowed to settle before being removed using 

syringe filtration.

2.2. Goal and scope of Life Cycle Analysis (LCA)

The functional unit is the production of 1 kg of AC to remove heavy metals from polluted 

wastewater. The ReCiPe Endpoint (H) V1.10 life cycle impact assessment (LCIA) method was used 

with Europe ReCiPe H/A normalisation and weighting sets from the Ecoinvent v3.0 life cycle 

inventory (LCI) database. SimaPro 8 was used to model LCA.
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2.3. Inventory for activated carbon produced from waste cherry kernels

Table 1 shows the LCI for CScPA production. According to the previously defined system 

boundaries (Fig. 2), the production phase included the transport of cherry and sour cherry waste 

kernels to the laboratory; the consumption of phosphoric acid, deionised water, electricity, and filter 

paper; emissions to river water; and waste to landfill.

Table 1. Life Cycle Inventory, per FU, of CScPA production.

3. Results from the Life Cycle Impact Assessment (LCIA)

Results from the ReCiPe endpoint LCIA method are shown in Table 2, for characterisation at the 

midpoint level, and in Fig. 3 as normalised and weighted results for endpoint impact categories.

Table 2. Midpoint characterisation results of CScPA production.

Fig. 3. Endpoint weighting results of activated carbon produced from waste cherry kernels.

3.1. Comparative LCA

The LCA results obtained from CScPA production were compared to the production processes of 

two other kinds of AC: olive waste cake AAC (OWCAAC) and CAC. The LCI of OWCAAC was 

obtained from a study conducted by Hajla et al. (2013) and that of CAC production from the 

Ecoinvent 3.0 LCI database; the process used was based on earlier research by Bayer et al. (2005). 

The ReCiPe normalisation and weighting results for endpoint impact categories are shown in Fig. 4 

for OWCAAC and CAC. 

Fig. 4. Endpoint weighting results of activated carbon produced from olive waste cake (OWCAAC) 

and commercial activated carbon (CAC).

The three types of AC were compared. The comparative characterisation results for midpoint 

impact categories are shown in Fig. 5 while the normalisation and weighting results for endpoint 

impact categories are shown in Fig. 6.
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Fig. 5. Comparative midpoint characterisation results for three types of AC.

Fig. 6. Comparative endpoint weighting results for three types of AC.

3.2. Sensitivity analysis of LCA results

Considering that the consumption of electricity was the largest environmental impact of CScPA 

production, the sensitivity analysis investigated a ±10% change in electricity consumption (Fig. 7).

Fig. 7. Comparative endpoint weighting results and electricity sensitivity of three types of AC.

4. Comparative adsorption study

The highest removal efficiencies using CScPA were about 94.48, 92.42, and 66.22% for Pb2+, Cd2+, 

and Ni2+, respectively (Table 3). The removal efficiencies for the metal ions in 50 mg/L solution, 

using CAC, were in the order Ni2+ > Cd2+ > Pb2+, at 87.80, 84.00, and 74.00%, respectively.

Table 3. Initial and residual metal ion concentrations with removal rates.

CScPA, with its metal-adsorbing phosphoric functional groups, has a stronger preference for metal 

species (Pb2+, Cd2+, Ni2+) than CAC, which has functional groups containing oxygen (Fig. 8). Due 

to its higher negative surface charge density and stronger binding of divalent ions, CScPA adsorbs 

cations and metal ions at a faster rate per unit weight than CAC. Lignocellulose derivative 

phosphocarbonaceous esters and pyrophosphate species (Fig. 9), chemically bonded to the CScPA, 

create a better adsorption structure with many phosphate and polyphosphate bridges, which 

increases crosslinking of carbon atoms. Compared to CAC, which serves as a metal separation 

medium, CScPA has a higher processability, adaptability, and reusability. 

Fig. 8. Molecular structure of activated carbon produced from waste cherry kernels (Bandosz and 

Ania, 2006).

Fig. 9. Molecular structure of commercial activated carbon (Bandosz and Ania, 2006).
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5. Cost analysis

Table 4 shows the typical prices of inputs required for CScPA production and commercial prices for 

1 kg of CAC. CScPA has a slightly lower total price than CAC, although the market prices for 

chemicals and CAC tend to change. Kernel prices were not included because it is assumed that 

kernels are an abundant industrial waste. Phosphoric acid (69%) and transport (16%) were the 

highest contributors to the overall cost. The cost of electricity was low (4%), although it must be 

noted that electricity prices in Serbia are generally lower than in other countries in the region and 

the European Union. The costs of water consumption and drainage, and paper, were negligible. The 

total economic burden was about 41.92 US$ per kg of CScPA. Darco® CAC (242241-1KG; Sigma-

Aldrich) was chosen because it is suitably priced in the market and shows a performance similar to 

that of CScPA. CScPA can return relatively high savings (84.5% per kg), which could be crucial for 

the future production and development of AC.

Table 4. Difference in price between alternative and commercial activated carbon.

6. Discussion

During production of CScPA, the largest impact comes from electricity consumption for most of the 

midpoint impact categories, according to characterisation results at midpoint level (Table 2). 

Phosphoric acid generates the largest environmental load in 7 out of 17 midpoint impact categories: 

ozone depletion, ionising radiation, terrestrial ecotoxicity, occupation of urban and natural land, 

metal depletion, and freshwater eutrophication (CScPA emissions to the river). For the human 

toxicity impact category, consumption of electricity corresponds to 3.91E-07 DALY (disability-

adjusted life years), while phosphoric acid corresponds to 1.17E-07 DALY. The freshwater 

eutrophication impact category is the only environmental impact associated with emission of 

phosphoric acid to river water. Normalisation and weighting in the ReCiPe LCIA method confirm 

the characterisation results; the largest impact comes from electricity consumption (almost 500 mPt, 

considering all the endpoint impact categories) and some phosphoric acid use (about 80 mPt). The 

carbonisation process consumes the highest amount of electricity, while a smaller amount is 

consumed in the crushing and drying processes. It should be noted that this research was conducted 

under laboratory conditions, and that industrial production would use a carbonisation oven for 

larger and more energy-efficient quantities.

The magnitude of environmental impacts from CScPA production was compared to those from 

production of two other types of AC. The largest environmental impact of OWCAAC is from 
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phosphoric acid use (more than 350 mPt) and electricity consumption (just below 300 mPt) (Fig. 4). 

In contrast to CScPA and OWCAAC, the environmental impacts of CAC originate from completely 

different sources. Compared with the other two types of AC, CAC has the largest environmental 

emissions to the air by far (more than 330 mPt). Consumption of hard coal also generates a high 

environmental impact (more than 250 mPt) in CAC production. Comparative characterisation 

results at midpoint level (Fig. 5) show that CAC has the smallest environmental load in the majority 

of impact categories (12 out of 17). On the other hand, OWCAAC has the highest result in 14 

impact categories. Normalisation and weighting in LCIA reveals a different perspective. In the 

weighted results at endpoint level (Fig. 6), CScPA becomes the type of AC with the smallest 

environmental load at all three endpoint impact categories (585 mPt). OWCAAC and CAC have 

almost identical total environmental impacts (738 and 739 mPt, respectively), with the only 

significant differences being found in the ecosystem and resources categories.

The results of the sensitivity analysis shown in Fig. 7 provide information on how a ±10% change 

in electricity consumption in AC production processes impact the change in the total environmental 

impact. A change of ±10% in electricity consumption in CScPA processes produces a change of 

±49 mPt in the total environmental impact. This does not affect the previous rankings of the three 

types of AC because CScPA still has the smallest total environmental load. Compared with CScPA, 

the other two AC types have smaller variations in total environmental impact related to a ±10% 

change in electricity consumption. CAC has the largest environmental impact, based on emissions 

to air, while the consumption of electricity makes up a much smaller share of the total 

environmental impact. Thus, the change in the total environmental impact for CAC is very small 

and can be ignored.

In the comparative adsorption study, the CScPA dosage was twice that of the CAC, which resulted 

in the predicted removal rates for Pb2+ and Cd2+. However, the removal rate of Ni2+ was lower than 

expected because of its smaller ionic radius. This can be explained by the fact that its small ions 

tend to escape the micro- and mesopores of AC progressively, compared to Pb2+ and Cd2+. In 

addition, the phosphorous functional groups on the surface of the AC and the positive charge of 

Ni2+ do not favour the creation of a chemical bond. Furthermore, one of the most important factors 

for the removal of heavy metals is pH value. Values below 6 generally lead to a high level of 

chemical bonding, because phosphorous groups have a stronger negative charge and heavy metals 

do not form hydroxides, leading to precipitation. This is the case for various pollutants mentioned in 

previous studies. The pH was slightly acidic for CScPA and highly acidic for CAC; however, they 

showed similar performances which were successfully compared, as shown in Table 3. On 

comparing these removal rates, it can be concluded that CScPA is better for Pb2+ and Cd2+ 
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adsorption, because it has removal rates of 79–95% for the former and 90–92% for the latter. On the 

other hand, CScPA is not very good for Ni2+ adsorption because it has a removal rate of 38–66%, 

while CAC has removal rates of 84–88%. This can be explained by the fact that phosphorous 

groups have a smaller electric charge at pH 6 compared to pH 7.

The cost analysis presented in Table 4 shows valuable data that provides simple proof that CScPA 

is more than six times cheaper than CAC. CAC, as a form of AC produced in industrial conditions 

and provided with a transport to user service, costs 271 US$ per kg in total, while CScPA 

production and transport costs are less than 42 US$ per kg. This low cost of producing CScPA can 

be explained using the summary of prices from kernel transport to filtration of the AC with water, 

which is significant for market competition. Electricity consumption and phosphoric acid account 

for most of the cost (Table 2). Fortunately, the water price is favourable for this study (7.5 US$ per 

kg of CScPA), because in some countries the price of water is four times higher. Additional fees 

will increase the total cost, but that increase will have a negligible effect on the market. 

Considering the previously stated results, the competitive advantages of CScPA, compared to CAC, 

can be summarized as follows: it is a lower cost and more efficient use of agricultural waste that has 

a lower environmental impact than a natural resource used as raw material. The greatest downside 

of CScPA is that the abundance of cherry kernels is seasonal, as they are only available for a few 

weeks in the summer. After that time most kernels are disposed of by composting for the 

maintenance of fertile soil, or used as animal feed. Large amounts of kernels can be obtained for 

free as industrial waste only in the summer. However, time is of the essence when obtaining cherry 

kernels, because they can be disposed of easily for different purposes. This situation could be 

changed if additional education is available for those involved in the fruit industry.

7. Conclusion

This research confirms that the production of activated carbon from waste cherry and sour cherry 

kernels is feasible. Results from LCA, an adsorption study, and cost analysis support the statement 

that activated carbon produced from waste cherry kernels is an environmentally friendly and low-

cost solution with a high removal rate, and is more advanced than CAC based on economic, 

performance, and environmental aspects. The practical applications of activated carbon made from 

waste cherry kernels are the same as those of the commercially produced product, and include use 

in air and water purification systems as a filter for heavy metals, hydrocarbons, and organic 

contaminants. Future work should investigate the industrial production of CScPA, since large-scale 

production differs from laboratory conditions and optimisation of the industrial production process 

could produce smaller environmental impacts and major economic benefits. For example, the use of 
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more energy-efficient ovens for the carbonisation process would lower the electricity consumption 

and environmental impacts.
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Figure captions

Fig. 1. Framework for the eco-design of CScPA.

Fig. 2. System boundaries for CScPA production.

Fig. 3. Endpoint weighting results of activated carbon produced from waste cherry kernels.

Fig. 4. Endpoint weighting results of activated carbon produced from olive waste cake (OWCAAC) 

and commercial activated carbon (CAC).

Fig. 5. Comparative midpoint characterisation results for three types of AC.

Fig. 6. Comparative endpoint weighting results for three types of AC.

Fig. 7. Comparative endpoint weighting results and electricity sensitivity of three types of AC.

Fig. 8. Molecular structure of activated carbon produced from waste cherry kernels (Bandosz and 

Ania, 2006).

Fig. 9. Molecular structure of commercial activated carbon (Bandosz and Ania, 2006).
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Table captions

Table 1. Life Cycle Inventory, per FU, of CScPA production.

Table 2. Midpoint characterisation results of CScPA production.

Table 3. Initial and residual metal ion concentrations with removal rates.

Table 4. Difference in price between alternative and commercial activated carbon.
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((a) phosphocarbonaceous esthers, b) pyrophosphate species
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(a) carboxyl groups, (b) lactone, (c) hydroxyl, (d) carbonyl,
(e) quinone, (f) ether, (g) pyrone, (h) carboxylic anhydride,
(i) chromene, (j) lactol and (k) π electron density on carbon basal planes
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Table 1. Life Cycle Inventory, per FU, of CScPA production.

Ecoinvent process Quantity Unit Comment

Input flows

Transport, van < 3.5 t/CH S 68.50 kg·km Transportation of 1.37 kg of waste 
cherry kernels over 50 km 

Phosphoric acid, industrial grade, 
85% in H2O, at plant/RER S 303.75 g Phosphoric acid used for impregnation

Water, deionised, at plant/CH S 11.20 kg Total consumption of deionised water

Paper, newsprint, 0% DIP, at 
plant/RER S 9.58 g Filter paper

Electricity, medium voltage, 
production CS, at grid/CS S 5.24 kWh Total consumption of electricity

Emissions to river

Water 7.00 kg Wastewater

Phosphoric acid 258.19 g In water solution

Waste to landfill

Paper, newsprint, 0% DIP, at 
plant/RER S 9.58 g Used filter paper
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Table 2. Midpoint characterisation results of CScPA production.

Impact category Unit Total
CScPA 

emission
s to river

Phospho
ric acid

Water, 
deionise

d

Filter 
paper

Transpor
t

Electrici
ty 

consump
tion

Paper 
disposal 

to 
landfill

Climate change – 
human health DALY 7.8E-06 0E-00 6.25E-

07
1.26E-

08
1.78E-

08
1.48E-

07
6.98E-

06
1.27E-

08

Ozone depletion DALY 2.38E-
10 0E-00 1.07E-

10
1.38E-

11
1.79E-

12
3.94E-

11
7.69E-

11
8.39E-

14

Human toxicity DALY 5.17E-
07 0E-00 1.17E-

07
1.99E-

09
1.41E-

09
4.76E-

09
3.91E-

07
9.61E-

10

Photochemical 
oxidant formation DALY 6.38E-

10 0E-00 8.5E-11 9.42E-
13

1.52E-
12 2.4E-11 5.26E-

10
2.19E-

13

Particulate matter 
formation DALY 6.67E-

06 0E-00 7.22E-
07

3.64E-
09

5.42E-
09

3.94E-
08 5.9E-06 1.46E-

10

Ionising radiation DALY 3.29E-
09 0E-00 1.75E-

09 1.4E-10 1.55E-
10

3.48E-
10

8.96E-
10

1.98E-
12

Climate change – 
ecosystems

species/ye
ar

4.42E-
08 0E-00 3.54E-

09
7.12E-

11
1.01E-

10
8.39E-

10
3.95E-

08
7.19E-

11

Terrestrial 
acidification

species/ye
ar

4.23E-
10 0E-00 5.87E-

11
2.14E-

13
3.61E-

13
2.23E-

12
3.61E-

10
8.22E-

15

Freshwater 
eutrophication

species/ye
ar

3.69E-
09

3.67E-
09

1.78E-
11

6.08E-
15

8.74E-
15

2.96E-
14 2.7E-12 6.49E-

16

Terrestrial 
ecotoxicity

species/ye
ar

4.35E-
11 0E-00 2.71E-

11
3.26E-

13
8.32E-

14
1.45E-

12
1.46E-

11
1.29E-

15

Freshwater 
ecotoxicity

species/ye
ar

2.21E-
11 0E-00 8.48E-

12 4.6E-14 2.59E-
14

1.84E-
13

1.33E-
11

8.32E-
14

Marine 
ecotoxicity

species/ye
ar

5.12E-
12 0E-00 2.2E-12 8.4E-15 6.02E-

15 5.1E-14 2.84E-
12

1.51E-
14

Agricultural land 
occupation

species/ye
ar

6.28E-
10 0E-00 1.77E-

10
4.98E-

12
3.82E-

10
5.72E-

12
5.77E-

11
4.92E-

14

Urban land 
occupation

species/ye
ar 2.5E-09 0E-00 2.27E-

09
5.07E-

12
1.17E-

11
5.58E-

11
1.53E-

10
8.32E-

13

Natural land 
transformation

species/ye
ar

5.15E-
09 0E-00 4.77E-

09
4.17E-

12
9.91E-

12
7.09E-

11
2.98E-

10 -6.6E-13

Metal depletion $ 0.00771
3 0E-00 0.00495 7.28E-

05 3.2E-05 0.00083
4

0.00182
4

8.58E-
07

Fossil depletion $ 0.24389
2 0E-00 0.01984

4
0.00040

1
0.00058

4
0.00591

4
0.21713

8
1.15E-

05

* DALY - disability adjusted life years
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Table 3. Initial and residual metal ion concentrations with removal rates.

CScPA (Pap et al., 2016) CAC (Karnib et al., 2014)

Metal ions C0 (mg/L) Ct (mg/L) Removal (%) Ct (mg/L) Removal (%)

50.00 3.11 93.96 13.00 74.00

100.00 5.24 94.48 27.00 73.00Pb2+

200.00 40.88 78.95 60.80 69.60

50.00 4.20 92.42 8.10 84.00

100.00 9.60 90.61 30.20 69.80Cd2+

200.00 19.80 89.99 67.80 66.10

50.00 17.37 66.22 6.10 87.80

100.00 56.81 43.99 15.20 84.80Ni2+

200.00 124.49 37.93 31.80 84.10
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Table 4. Difference in price between alternative and commercial activated carbon.

Cost description Price (US$)

CScPA (1 kg)

Transport by van 6.77E+00

Phosphoric acid 28.95E+00

Deionised water 7.50E-03

Filter paper 4.24E+00

Electricity 1.96E+00

Total 41.92E+00

CAC (1 kg)

Transport 5.00E+00

Darco® Sigma-Aldrich 266.00E+00

Total 271.00E+00

CAC - CScPA (1 kg)

Savings 229.08E+00


