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1 INTRODUCTION 

 

Arsenic, which is a naturally occurring metalloid in the air, water, and soil, and 

classified as a group 1 carcinogenic substance to humans has nowadays and for many 

years been a major concern, especially in drinking water where its levels were found 

to be above the maximum contaminant level standard. Arsenic levels in some countries 

went up to 2000 µg/l, and as the recommended maximum contaminant level (MCL) is 

10 µg/l (50 µg/l in e.g. Bangladesh), this is a great exposure risk (Figoli et al., 2010). 

Arsenic concentrations in Europe hardly ever exceeded the standard limit of 10 µg/l, 

but slightly higher concentrations were detected in Hungary, Romania and Slovakia, 

where an overall of 25% of the population was exposed to an arsenic concentration of 

over 10 µg/l and 8% over 50 µg/l (van Halem et al., 2009). In various locations in 

Germany (e.g. Freiberg, Saxony), high arsenic concentrations due to mining activities 

were detected in soil and water systems (Christoforidou, 2018). Worldwide human 

exposure for arsenic-contaminated water was estimated to be 202 million in 2012 

(Nicomel et al., 2015). Table 1 lists some of the countries affected by arsenic 

contamination and their respective maximum allowable contamination levels. 

 

Table 1. Countries affected by arsenic contamination with maximum permissible limit 

for drinking water (Mondal and Garg, 2017; van Halem et al., 2009). 

 

 

 

 

 

 

 

 

 

Country Maximum Contaminant Level (ppb) 

India 

Bangladesh 

China 

New Zealand 

Taiwan 

USA 

Vietnam 

Nepal 

Argentina 

Hungary 

Romania 

Slovakia 

10 

50 

50 

10 

10 

10 

10 

50 

50 

10 

10 

10 
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Inorganic arsenic compounds are known to be very toxic and are more toxic than the 

organic compounds, where two out of four oxidation states, namely arsenate and 

arsenite are the most harmful (Habuda-Stanić and Nujić, 2015). Organic arsenic 

compounds are much less harmful, and are mainly found in seafood, meat, poultry and 

dairy products (World Health Organization, 2017). Arsenic has many applications 

such as the production of insecticides, herbicides, wood preservatives and feed 

additives. It is also used as a doping agent in transistors and is known to be applied in 

the treatment of leukemia, rheumatosis, psoriasis and syphilis (Ackmez et al., 2011; 

Shih M., 2005). 

Many methods and techniques have been developed to treat arsenic-contaminated 

water and reduce the severity of its exposure effects to the minimum. As seen from 

Table 1 previously, the target in most countries facing the issue of arsenic exposure 

through water was to reach a maximum contaminant level of 10 µ/L and the other 

exposed countries 50 µg/l (Mondal and Garg, 2017). Conventional treatment 

techniques mainly include using coagulation/flocculation materials (e.g. alum, ferric 

chloride), oxidation materials (ozone, chlorine, permanganate, photocatalytic), ion 

exchange, adsorption materials (activated carbon, activated alumina, titanium 

hydroxide, zero-valent iron, chitosan, coal, fly ash, zeolites, montmorillonite) and 

membrane filtration (microfiltration, ultrafiltration, nanofiltration, reverse osmosis). 

Nanoparticles (carbon nanotubes, titanium-based nanoparticles, iron-based 

nanoparticles) were also reportedly applied for arsenic removal, in addition to lime 

softening, bioremediation, and electrochemical remediation (Nicomel et al., 2015; 

Garelick et al., 2005; Guan et al., 2012; Singh et al., 2015). 

The goal of this study was to estimate and analyze the quantity of the environmental 

impacts associated with arsenic removal from drinking water using red mombin seeds 

activated carbon and spiral wound nanofiltration membranes, in order to compare 

them. Life Cycle Assessment analysis using SimaPro 8.5 was performed, where impact 

results have been presented under different impact categories. Note that SimaPro also 

provides normalized results depending on the used method by dividing impact 

categories by a normalized value. 
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 The results could help in developing a better understanding of the production and 

operation processes, where certain process stages may present a higher contribution to 

environmental impacts compared to other stages. Moreover, solutions regarding 

improved efficiency with minimal environmental impacts may be suggested and gaps 

regarding the availability of data or information may be defined, which could be 

potential drivers for further research work. 

This work also included a general overview about arsenic, its occurrence and 

properties, and applications. This was followed by a description of arsenic’s toxicity 

and exposure effects, where the different types of human exposure (general population, 

food, occupational) were described. Treatment and prevention, in addition to standards 

and regulations were briefly described, in addition to the conventional treatment 

techniques for arsenic removal.  
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2 ARSENIC- GENERAL ISSUES 

 

2.1 Overview 

 

 Arsenic is a colorless, and odorless mobile element that occurs naturally as a metalloid 

in the form of inorganic or chemical compounds (Mólgora et al., 2013; Harisha et al., 

2009). The name was derived from arsenikon, which is the Greek word for potent 

(Choong et al., 2007). The Marsh Test, which is a sensitive test for specifically 

detecting arsenic, was first introduced in 1836 by James Marsh (Merriam-

webster.com, n.d). Before the test’s development, arsenic, due to its high toxicity, was 

frequently used by the ruling class for murder to the point where it was called by the 

names “Poison of Kings” and “King of Poisons”, and one confirmed case was the death 

of Napoleon Bonaparte from arsenic poisoning (Ackmez et al., 2011).  

 

Finding arsenic as a free element is a rare case, and it is typically found in minerals, 

the most common of which is arsenopyrite; an iron arsenic sulfide (Pedersen, 2016). 

Other mineral hosts are orpiment and realgar (Garelick et al., 2005).                   

According to an estimation, 70% of the worldwide arsenic production is for timber 

treatment, while 22% was for producing agricultural chemicals. The remaining 8% 

was for pharmaceuticals, alloys, and glass production (Greenfacts.org, 2004). The 

major countries in worldwide arsenic production are China, Morocco, Namibia, 

Russia, Belgium, Japan, and Bolivia, respectively, reaching a total annual production 

of 37,085 metric tons in 2017 (Statista, 2018). 

 

2.2 Occurrence, chemistry, and forms 

 

Arsenic has an atomic number of 33, with an atomic mass of 74.92. It has 35 isotopes 

and it is part of Group VA in the periodic table. It can exist in four oxidation states: 

arsenite (As III), arsenate (As V), arsenic (As (0)), and arsine (As III), the first two 

being the most predominant (IARC, 2012). It is known to be a highly abundant 

element, ranking 20th in earth’s crust, 12th in human body, and 14th in sea water (Shih, 

2005). It is found as a component in approximately 245 mineral species that are mainly 

ores consisting of sulfide, copper, nickel, cobalt, lead and many others (Nicomel et al., 

2015). 
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A fact mentioned earlier stated that arsenic is rarely found as a free element in nature. 

It is possible to produce elemental arsenic by using charcoal to reduce arsenic trioxide 

(greenfacts.org, 2004). It is basically characterized as brittle, crystalline, and silver 

gray, and it exists as yellow, black, and grey being its three allotropic forms (Ackmez 

et al., 2011).  

 

The average concentration of arsenic in the earth’s crust was found to be within the 

range of 1.5−5 mg/kg, but concentrations above the average range were found in 

igneous and sedimentary rocks, from which arsenic may be released to groundwater 

and surface water (Harisha et al, 2010). It is worth mentioning that in rocks, the 

concentration of arsenic was found to be between 0.5 and 2.5 mg/kg, while in 

sediments the range was from 3 to 10 mg/kg depending on texture and mineralogy. In 

soil, where higher arsenic concentrations compared to rocks are found, arsenic 

concentration was found to be within the range of 0.1 and 8000 mg/kg, but the global 

average was estimated to be 5 mg/kg. In other areas, arsenic concentrations way above 

the average may be found as concluded from the previously mentioned range, which 

may be due to the fact that soil is not considered a homogeneous medium, implying 

high variability of arsenic concentrations in different areas. In water, there is a 

variation in the concentration values, being 0.2−264 µg/l in rivers, 0.38−1000 µg/l in 

lakes, 0.15−6 µg/l in sea water, and 1−1000 µg/l in groundwater. Note that the highest 

concentrations are found in lakes and groundwater, where soluble arsenic was proven 

to cause a global water pollution issue (Gecol et al., 2004; Shih, 2005).  

 

Groundwater contains more arsenic than surface water, where arsenic enters either 

through erosion or man-made sources like petroleum refinery, feed additives, 

pesticides, and many others that shall be mentioned later in the study. When arsenic 

combines with other elements in groundwater, organic compounds (contain carbon) 

and inorganic compounds (no carbon) are formed, noting that inorganic compounds 

impose a greater health risk than the organic ones (Pedersen, 2016; Water Quality 

Association, 2013). Organic compounds are formed by combining with carbon and 

hydrogen, and examples of such compounds include methylarsonic acid, arsenobetane, 

and arsanilic acid (IARC, 2012; Ackmez et al., 2011). Inorganic compounds are 

formed by combining with either oxygen, chlorine, or sulfur, and the most common 

compounds, or oxidation states in other words are known as trivalent arsenic and 
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pentavalent arsenic, or simply called arsenate (As III) and arsenite (As V), respectively 

(Harisha et al., 2009; Figoli et al., 2009; Ackmez et al., 2011). Arsenate is reportedly 

60 times more toxic than ionized arsenite (Habuda-Stanić and Nujić, 2015). Arsenite 

resides in low oxygen water in the form of either H3AsO3 or H2AsO3
1-. It can exist as 

a mixture of equal content of H3AsO3 and H2AsO3
1- at a pH level of 9.2, while at a 

level below pH 8.2 it can exist only as H3AsO3. The most common inorganic trivalent 

compounds are arsenic trioxide, sodium arsenite, and arsenic trichloride (Water 

Quality Association, 2013; IARC, 2012). 

 

The existence of arsenate species is usually associated with oxidized waters, basically 

surface water, where at pH 9 the species are an unequal mixture of H2AsO4
1- and 

HAsO4
2-, and at pH 7 an equal mixture of both. The most common pentavalent ones 

are arsenic pentoxide, arsenic acid, lead arsenate, and calcium arsenate. It is clearly 

noted how the oxidation state and level of pH determine the specific forms of arsenite 

or arsenate. Note also that at a typical pH value in water, which is normally between 5 

and 8, arsenite is a fully protonated neutral molecule, while arsenate remains an anion 

(Water Quality Association, 2013; Lohokare et al, 2008; IARC, 2012). One way to 

determine the form of arsenic is an Eh-pH diagram of arsenic species in a system at a 

temperature of 25oC and 101.3 kPa pressure containing arsenic, oxygen, and water. 

Given a pH value and redox potential, the oxidation state of arsenic can be obtained. 

The diagram is useful when determining the level of toxicity of a certain arsenic form, 

in addition to helping in choosing the suitable option for arsenic removal, taking into 

account the difference in levels of removal difficulty between arsenite and arsenate. 

(Nicomel et al., 2015) 

 

2.3 Applications 

 

Arsenic has been linked since the 1970s with agricultural uses like wood preservatives 

(e.g. copper arsenate), herbicides, pesticides (e.g. calcium arsenate and lead arsenate), 

feed additives for swine production (e.g. arsanilic acid and derivatives), and soil 

sterilants. However, later on the use of arsenic in such activities was restricted, and in 

some countries prohibited. (Newworldencyclopedia.org, 2016; Shih, 2005; Pedersen, 

2016) 



17 
 

Despite of that, some organic arsenic compounds are still used due to their necessity 

in producing herbicides for cotton fields such as monosodium methanearsonate 

(MSMA) and disodium methanearsonate (DSMA) (IARC, 2012). 

In medicine, arsenic compounds were primarily known for their use in the treatment 

of diseases like syphilis, psoriasis, rheumatosis, and even leukemia, where arsenic 

trioxide has been used for acute promyelocytic leukemia. However, after the discovery 

of radiation and chemo therapies, the use of arsenic compounds in such treatment 

stopped due to growing concerns about arsenic’s toxicity. (Ackmez et al., 2011) 

Arsenic is also used in electricity, where Gallium arsenide is applied for high-speed 

semiconductors due to it having a few desirable characteristics such as photovoltaic 

and electromagnetic properties, high electron mobility, and light-emitting (IARC, 

2012). These characteristics made gallium arsenide an essential laser material for 

making light-emitting diodes (LED), which are main components in some clocks and 

calculators. Arsenic is also used as a doping agent in making transistors, where it is 

added to germanium and silicon. (Pedersen, 2016; chemistryexplained.com, n.d) 

Arsine gas is also common in the microelectronics industry and semiconductors 

production, but due to its high toxicity, a less toxic tributylarsine is sometimes used 

(Gehler, 2009). 

Elemental arsenic is known to be used in small amounts for lead alloying to improve 

durability and hardness so it can be used for lead acid batteries (Pedersen, 2016; IARC, 

2012). Another use for arsenic is in making lead shots and improvement of their 

sphericity (Ackmez et al., 2011). 

Other man-made activities where arsenic was known to be present include petroleum 

refining, mining, glass production, waste incineration, coal combustion, 

pharmaceutics, pyrotechnics, and ceramic production (Pedersen, 2016; Gecol et al., 

2004). Arsenic is also known to have been used for clothes dyeing and wallpaper 

painting in the 19th century (Gehler, 2009). 
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3 TOXICITY AND EXPOSURE EFFECTS 

 

Despite their necessity in some applications, arsenic compounds are known to be 

highly toxic if ingested or inhaled. Inorganic arsenic is highly soluble and mobile, and 

would cause groundwater contamination. It is classified by the World Health 

Organization as a group 1 human carcinogen as it is the cause for different kinds of 

cancer that would be mentioned in the health effects section in addition to non-cancer 

diseases that are caused by arsenic. (Nicomel et al., 2015) 

Arsenic’s level of toxicity mainly depends on the form (organic or inorganic), and as 

mentioned previously inorganic arsenic is way more toxic. Other factors include the 

valence state, physical state, solubility, and the rate of absorption. (Gehler, 2009) 

 

3.1 Human Exposure  

 

3.1.1 General Population Exposure 

 

Ingestion of arsenic by the general population is the most common way of human 

exposure to arsenic. This is only makes sense as people drink and eat every day, and 

arsenic is present in their drinks and food in a daily intake estimate that ranges between 

20−300 µg/day. (IARC, 2012) 

Water, air and soil contamination by arsenic is caused by anthropogenic activities such 

as mining discharge, petroleum refining, wood preservation, and wool and ceramic 

production. These sources contribute to approximately 24,000 tons/year of emitted 

arsenic. Natural arsenic sources are mainly volcanic activity, low-temperature 

volatilization, vegetation exudates, and windblown dust. (Iqbal et al., 2006; Gecol et 

al., 2004; IARC, 2012) 

An estimate in 2012 has shown that about 202 million people were exposed to arsenic 

in drinking water with concentrations above 50 µg/l. The number of people in this 

estimation was 72 million more than the estimate made 11 years prior, which indicates 

the severity of the situation. (Nicomel et al., 2015) 

 



19 
 

It has been reported that the ingestion of as little as 100 mg of arsenic would cause 

severe poisoning, which is not immediately seen as the amounts in water are normally 

lower than the previously given number (Water Quality Association, 2013). Long-term 

arsenic exposure can be fatal, and according to the US National Research Council, 1 

in 100 additional cancer deaths could be from lifetime arsenic exposure from drinking 

water with 50 µ/L concentration (WHO, 2017). Places like Argentina, Mexico, and 

Taiwan reportedly had large amounts of arsenic-contaminated water in a range of 

100−2000 µg/l (Figoli et al., 2009). Drinking water in Taiwan had arsenic 

concentrations within the range of 10 to 1800 µg/l, which reportedly caused the spread 

of a peripheral vascular disease known as “Black foot disease” (Singh et al., 2007). 

The situation is much worse in Bangladesh and West Bengal in India, where people 

rely on tube wells for their water supply. These tube wells are supplied by geologically 

contaminated aquifers that would immediately contaminate the drinking water 

(Gehler, 2009). People exposed to water-contaminated arsenic above 50 µg/l 

concentration were estimated to be around 122,6 million in total, and in Bangladesh 

specifically, arsenic concentrations in some tube wells go up to 4730 µg/l, while in 

West Bengal arsenic concentrations in water go up to 3200 mg/l (Nicomel et al., 2015; 

Tamez Uddin et al., 2007). These are terrifying numbers as many people in these areas 

have shown different symptoms of arsenic poisoning, and others remain at risk because 

their only source of drinking water is tube wells. High arsenic concentrations were also 

found in Chile within the range of 750−800 µg/l, causing skin and lung diseases there. 

(Singh et al., 2007) Table 2 lists the mentioned countries with their respective source 

term, contamination range, and population exposed. Note that there is a difference 

between the estimated population exposed for Bangladesh and West Bengal mentioned 

previously and the one listed in table 2, which is probably due to the fact that they were 

estimates, making them indefinite numbers. 

 

 

 

 

 



20 
 

Table 2. Worldwide occurrences of arsenic in groundwater (Garelick et al., 2005; 

Bausinger et al., 2007). 

Country Source term Range of contamination (µg/l) Estimated population 

exposed 

Argentina Natural 100-2000 200,000 

Chile Natural- associated with 

quaternary volcanism 

Not available 400,000 over an area of 

125,000 km2 

Bangladesh Natural- deriving from 

geological strata 

<1-2300 57 million exposed to 

As>10 and 35 million 

exposed to As>50 

China Natural, in reducing 

environment 

40-4400 5.6 million 

Ghana Mining activities Not available 100,000 

Hungary & 

Romania 

Natural 2-176 400,000 

West Bengal, 

India 

Natural- deriving from 

geological strata 

<10-3200 Over 5 million exposed to 

As>50 and 300,000 

suffering from arsenicosis 

Mexico Natural 1-500 (average 100) 400,000 

Nepal 

 

France 

Natural 

 

War activities 

<10-340 

 

mean= 830 µg/l, max.= 2377 

µg/l 

550,000 exposed to 

As>50 and 3.19 million 

exposed to As>10 

 

- 

Taiwan Natural 10-1800 10,000 

Thailand Mining activities 1-5000 15,000 

USA Natural, geothermal and 

mining related sources 

Varied 13 million exposed to 

As=10 

Vietnam Natural 1-3100 >1 million 

 

Air is considered to be a minor source of arsenic exposure through inhalation by the 

general population, which is shown by an estimation of daily intake of arsenic in rural 

areas and in cities without substantial industrial emission of arsenic. The ranges for 

each were 20−200 ng and 400−600 ng, respectively. (IARC, 2012) Air is normally 

contaminated with arsenic through man-made activities such as mining, fossil fuel 

burning, and non-ferrous metal smelting. Natural arsenic sources include volcanic 

activity and low-temperature volatilization. (Greenfacts.org, 2004) 



21 
 

3.1.2 Food Exposure 

 

Food is a source of arsenic, but most of it is organic arsenic, which is not a problem 

compared to inorganic arsenic. Organic arsenic is found in high concentrations mainly 

in seafood. Two organic arsenic compounds commonly found in seafood are namely 

arsenobetaine and arsenocholine, which are simply known as “Fish Arsenic” and are 

proven to have no toxicity in addition to the fact they are removed from the body via 

urination within 48 hours. (Gehler, 2009) Inorganic arsenic is present in foods like 

dairy, meat, and poultry, and according to studies, hijiki seaweed contains high levels 

of inorganic arsenic, namely monomethylarsonic (MMA) (Gehler, 2009; 

greenfacts.org, 2004). As for grown foods, the concern is mainly in areas that are 

known to contain elevated arsenic concentrations in soils, which would naturally 

transfer to the grown food and cause toxicity (Nicomel et al., 2015). The total 

concentration of arsenic in food depends on several factors, the first of which is the 

food type, whether it is seafood or dairy or meat. The second important factor is the 

conditions of growing the food, which is determined by the soil type, used water, and 

using pesticides containing arsenic. This factor is particularly important because it was 

proven that the use of arsenic-containing pesticides result in the contamination of 

agricultural land. The third and last factor is the food processing techniques used. 

(IARC, 2012; Greenfacts.org, 2004) 

 

3.1.3 Occupational Exposure 

 

In the different man-made activities that cause the release of arsenic (metal smelting, 

fossil fuel burning, production of arsenic-containing chemicals, glass manufacture, 

etc.), workers are continuously exposed to arsenic by inhaling, usually as arsenic 

trioxide (Singh et al, 2007; Gehler, 2009). According to the CAREX (Carcinogen 

Exposure) database, about 147,569 workers in the EU were exposed to arsenic and its 

compounds from different activities and industries. Note that data were collected 

between 1990 and 1993. Reportedly, the greatest occupational exposure was found to 

be related to non-ferrous metals smelting. (IARC, 2012) 
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3.2 Health Effects 

 

Ingestion of inorganic arsenic has proven to be a cause for different kinds of cancer, 

especially skin, lung, and bladder cancer according to the International Agency for 

Research on Cancer (IARC, 2012). Table 3 shows agencies that classified inorganic 

arsenic as a known human carcinogen. IARC has five classification groups; group 1 

are carcinogens to humans, groups 2A and 2B are probably and possibly carcinogens, 

3 are not classifiable as to carcinogenicity to humans, and 4 are probably not 

carcinogens to humans (World Health Organization, 2018). The Environmental 

Protection Agency has six classification groups, five of which are the same as in IARC, 

but EPA has added group E “Evidence of non-carcinogenicity for humans” 

(Greenfacts.org, 2018). Other kinds of cancer associated with arsenic exposure at a 

lower level than the other kinds are liver, kidney, lung, and prostate (Gehler, 2009). 

Non-cancerous health effects caused by arsenic ingestion include cardiovascular 

diseases, neurological, anemia, and diabetes (Mólgora et al., 2013). Acute symptoms 

of poisoning include nausea, thirst, heartburn, irregular pulse, headache, and 

weakness. Symptoms of long-term exposure to high inorganic arsenic are usually in 

the form of skin lesions and hard patches on the palms and soles of the feet, whose 

medical term is known as hyperkeratosis. (World Health Organization, 2017; Gehler, 

2009) 

Table 3. Inorganic Arsenic is a known human carcinogen (Gehler, 2009). 

Agency Carcinogenicity Classification Description 

International Agency 

for Research on 

Cancer 

Group 1 Known 

Human 

Carcinogen 

National Toxicology 

Program 

-- Known 

Human 

Carcinogen 

 

U.S Environmental 

Protection Agency 

 

Group A 

Known 

Human 

Carcinogen 
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Child health is also affected starting even from the pregnancy period, where arsenic 

ingestion may cause some problems in the infant’s health, which could increase 

mortality chances. According to studies, it was proven that arsenic exposure would 

negatively affect the child’s development and intelligence, in addition to the high 

possibility of getting different kinds of cancer or lung disease. (World Health 

Organization, 2017) 

Arsine gas, which is one form of arsenic, is a different story than the other forms as it 

the most toxic form among them and it is a cause for a syndrome quite unlike the ones 

caused by the other forms of arsenic. Exposure is caused by inhaling from mining and 

metallurgical processes, which then causes significant cell membrane damage from 

binding arsine to red blood cells. (Gehler, 2009) It causes immediate death at a 

concentration of 150−250 ppm, and the symptoms start to appear at a concentration of 

0.15 ppm. Exposure to arsine may result in long term effects related to 

neuropsychological health (e.g. memory loss, confusion, etc.), in addition to kidney 

damage and extremities pain. (Emedicine.medscape.com, 2015; Centers for Disease 

Control and Prevention, 2015) 

 

3.3 Treatment and Prevention 

 

Methods that are used for the detoxification of heavy metals include oxygen and 

chelation therapies, in addition to sauna, and those are usually used as soon as arsenic 

poisoning is detected, as the severity of arsenic increases the longer it stays in the body 

(Ackmez et al., 2011). The most commonly used chelation agents for both acute and 

chronic poisoning nowadays are 2, 3-dimercaptosuccinic acid (DMSA) and 2-3-

dimercapto-1-propanesulfonate (DMPS) (Singh et al, 2007). Note that in the 

peripheral neuropathy caused by chronic poisoning, chelating agents do not work, and 

use of vitamin (A) analogs is necessary to treat pre-cancerous arsenical keratosis. 

Because the use of chelating agents results in hypertension as a side effect, they should 

be used only when the arsenic poisoning is confirmed. In case of arsine poisoning, red 

cell transfusion is performed in order to replace the ones damaged by arsine binding 

to them (worldofchemicals.com, n.d; Gehler, 2009). 
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Preventive measures are also sighted to reduce the exposure of the population to 

arsenic to the minimum. One option is to use water sources that are low in arsenic such 

as rainwater and treated surface water (World Health Organization, 2017). It is also 

necessary to distinguish between high-arsenic and low-arsenic sources and provide the 

people with sufficient information regarding the uses of each based on the Maximum 

Contamination Level, where low MCL is for drinking, cooking and irrigation, and high 

MCL is for other purposes. The population also have to be educated on the negative 

effects that emerge from the exposure to arsenic, how to avoid them, and the ideal 

dietary options that would help reduce the exposure risk. (Singh et al., 2007) The last 

and most important measure is the use and development of cost-effective, high-

efficiency arsenic removal technologies, as the high arsenic concentrations mean 

higher cost and higher risk on humans, animals, and plants (Gecol et al., 2004). The 

widely used ones in the field of water purification are oxidation, coagulation-

flocculation, adsorption, membrane filtration, and ion exchange (Nicomel et al., 2015). 

 

3.4 Standards and Regulations 

 

Toxic effects of arsenic depend on its concentration and form, in addition to the 

frequency and duration of exposure, which led many organizations into setting some 

standards and regulations regarding exposure limits to arsenic in workplaces, foods, 

and water. The American Conference of Governmental Industrial Hygienists (ACGIH) 

has set a threshold limit value of arsenic in workplace as 10 µg/m3, while the National 

Institute for Occupational Safety and Health (NIOSH) set a standard of 2 µg/m3 of air 

with an exposure period no longer than 15 minutes. (Gehler, 2009) Table 4 shows these 

standards in addition to other ones regarding drinking water and food. 
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Table 4. Standards and Regulations for Inorganic Arsenic (Gehler, 2009; OJ L 330, 

1998). 

Agency Focus Maximum 

Contaminant Level 

Notes 

 

ACGIH 

 

Air-workplace 

 

10 µg/m3 

 

Advisory; TLV/TWA 

 

NIOSH 

 

Air-workplace 

 

2 µg/m3 

 

Advisory; 15 minute 

ceiling limit 

 

OSHA Air-workplace 10 µg/m3 Regulation; PEL over 8 

hour day 

 

EPA 

 

Air-environment 

 

NA 

 

NA 

 

Water-drinking water 

 

10 parts per 

billion (ppb) 

 

Regulation; MCL in 

public drinking water 

supplies 

 

FDA 

 

Food 

 

0.5-2 parts per 

million (ppm) 

 

Regulation; applies for 

animals treated with 

veterinary drugs 

EC Water- drinking water 10 µg/l - 

 

 EPA = US Environmental Protection Agency 

 EC = European Commission 

 FDA = US Food and Drug Administration 

 OSHA = Occupational Safety and Health Administration 

o TLV/TWA = Threshold Limit Value/Time Weighted Average 

o PEL = Permissible Exposure Limit 
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4 ARSENIC REMOVAL METHODS 

 

As it is not possible to destroy arsenic, it is either converted into less toxic forms or 

combined with other elements and transformed into insoluble compounds (Choong et 

al., 2007). It is very important to develop cost-effective and efficient methods for the 

removal of arsenic from drinking water due to the many risks it imposes on the health 

of human kind because of its high toxicity. Conventional methods have been 

developed through the years to remove arsenic from water in an attempt to maintain 

the MCL standard (10µg/l) or even go below it, the most commonly studied of which 

are coagulation-flocculation, adsorption, ion exchange, and membrane filtration 

(Nicomel et al., 2015). Note that most methods were designed for arsenate removal as 

arsenite is difficult to remove, so it is necessary to convert arsenite to arsenate using 

oxidation for better results (Lohokare et al., 2007).  

 

4.1 Oxidation 

 

Oxidation does not remove arsenic, but it is used to oxidize arsenite to arsenate because 

the first one is harder to remove. This is because arsenite is uncharged and arsenate is 

negatively charged at pH 6.5-8.5, and the other methods are mainly designed for 

arsenate, which concludes that oxidation is a necessary step towards better arsenic 

removal. (Nicomel et al., 2015; Clifford and Ghuyre, 2001). 

 Oxygen is a slow option for oxidation and it takes weeks to oxidize arsenite, but 

quicker options such as ozone, chlorine, and permanganate are available, where 

oxidation to arsenate took 20 minutes using ozone and just one minute using potassium 

permanganate (Nicomel et al., 2015). It is worth mentioning that bacteria have also 

been used for oxidizing arsenite in the presence of at least 1 mg/L of oxygen (Bissen 

and Frimmel, 2003). Also, photocatalytic oxidation has been applied, where TiO2 

under UV light worked as a photocatalyst for oxidizing arsenite to arsenate in addition 

to working as an adsorbent for the removal of arsenate (Guan et al., 2012).  However, 

some substances such as sulfides or TOC present in water can affect the oxidation 

process, especially if ozone is used (Nicomel et al., 2015).  
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4.2 Membrane Technologies 

 

Pressure-driven membrane processes are used to remove suspended solids and small 

organic compounds and ions, and they are known to be applied quite efficiently for the 

removal of arsenic from water (Van Der Bruggen et al., 2003). They are fairly 

attractive to use for water purification because they are easy to produce, operate, and 

maintain (Shih, 2005). In addition, membrane processes are able to achieve low arsenic 

levels without any solid by-products (Gecol et al., 2004). However, high operation 

costs and high water rejection are two things to consider when applying membranes 

(Garelick et al., 2005). 

 The water is transported through the membrane, which is a synthetic material with 

millions of pores that are acting as barriers allowing some constituents in the water to 

pass while others are trapped (Shih, 2005). The pressure difference between the feed 

and the permeate sides is what causes the movement of the water through a membrane, 

which is necessary as a driving force (Nicomel et al., 2015). The most traditionally 

used materials for making membranes are organic polymers, but ceramic membranes 

have been reportedly used for microfiltration and ultrafiltration due to their superior 

chemical, thermal, and mechanical stability in addition to the ease in pore size control 

(Van der Bruggen et al., 2003). Based on the driving force, membrane processes are 

divided into low-pressure processes, which include microfiltration (MF) and 

ultrafiltration (UF), and high-pressure processes like reverse osmosis (RO) and 

nanofiltration (NF) (Nicomel et al., 2015). 

 

4.2.1 Microfiltration 

 

Microfiltration is used to remove particles with the size range of 0.1−10 µm and a 

pressure range of 0.1−2 bar (Tangsubkul et al., 2006; Nicomel et al., 2015). MF 

membranes are usually prepared by either sintering, track-etching, stretching, or phase 

inversion (Van der Bruggen et al., 2003). The process does not require any 

pretreatment of the source water, and its working mechanism is simply physical 

sieving (Gecol et al., 2004). The permeability of MF is the highest among other 

membrane processes, which is concluded from the fact that the process operates at low 

pressure, which in return results in higher water flux. Examples of the used materials 



28 
 

for MF include hydrophobic polytetrafluoroethylene (PTFE), polypropylene (PP), 

polyethylene (PE), and hydrophilic cellulose esters. (Van der Bruggen et al., 2003) 

Because the particle size of the arsenic-bearing species in the contaminated water is 

too small compared to the pore size of the MF membrane, effective removal is not 

possible unless the particle size is increased before applying MF, which is possible 

with the aid of flocculants such as ferric chloride and ferric sulfate (Shih, 2005). 

Experiments using ferric chloride or ferric sulphate as flocculants and mixed esters of 

cellulose acetate and cellulose nitrate membrane have shown the effectiveness of the 

process for arsenic removal, but such results depend on how effective arsenic 

adsorption onto the ferric complexes is and on the rejection of the arsenic-containing 

flocs that were formed by the used membrane (Tamez Uddin et al., 2007). 

 

4.2.2 Ultrafiltration 

 

Like microfiltration, ultrafiltration does not require any pretreatment of the source 

water, and its removal mechanism is also physical sieving (Gecol et al., 2004). Because 

the permeability of UF is lower than that of MF, higher pressure is required for the 

process (Van der Bruggen et al., 2003). 

Materials used for preparing UF membranes include polyacrylonitrile, cellulose 

acetate, aliphatic polyamide, and polyetheretherketone, and the membranes are 

prepared using the sol-gel method (Van der Bruggen et al., 2003). Better results for 

UF were achieved when a cationic surfactant is added to the contaminated water, 

forming what are known as micelles, which are electrically charged particles (Nicomel 

et al., 2015). They are formed when the concentration of surfactants is higher than the 

critical micelle concentration (CMC), and they are positively charged, so arsenic 

species bind on the micelles surface by electrostatic interaction (Iqbal et al., 2007). 

The pore size has to be small enough to separate the arsenic species from the micelles 

surface, where the arsenic species pass through the pores of the membrane and the 

micelles are retained (Beolchini et al., 2007). Several cationic surfactants were 

examined for micellar enhanced ultrafiltration; hexadecylpyridium chloride (CPC), 

headecyltrimethylammonium bromide (CTAB), octadecylamine acetate (ODA), and 

benzalkonium chloride (BC) (Singh et al., 2015). This order was based on the removal 

efficiency of each, where there was a slight difference between CPC and CTAB (96% 
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and 94% respectively), and ODA had a removal efficiency of 80%, while BC had the 

lowest removal efficiency (57%) because the amount of micelles to bind arsenate 

particles was insufficient due to the high value of CMC from BC (Iqbal et al. 2007). It 

is worth noting that arsenic removal differs with changing pH as lower values mean 

lower removal, and higher values mean higher removal (Iqbal et al., 2007). Another 

note is that the surfactant must be treated with powdered activated carbon before being 

discharged into the environment, because the concentration of the surfactant is too high 

(Nicomel et al., 2015). 

 

4.2.3 Nanofiltration 

 

Nanofiltration (NF) is known as a high-pressure membrane process, where the 

membranes have a smaller pore size than the previously mentioned membranes, which 

makes it a good choice for the removal of dissolved compounds that possess a 

molecular weight above 300 g/mol (Nicomel et al., 2015). Nominal pore size is about 

1 nm and the molecular weight is around 1000 Da, and it relies on physical rejection 

based on molecular size and charge (Singh et al., 2015; Choong et al., 2007). 

NF is known as one of the methods that could possibly meet the lowered arsenic 

concentrations in drinking water (Choong et al., 2007). If the water is free from 

suspended solids and arsenic is present as arsenate, NF is likely to be the best option 

for arsenic removal from water (Figoli et al., 2010), given that arsenic is present as 

arsenate and a small amount of suspended solids is in the feed water (Nicomel et al., 

2015; Mondal et al., 2013). Arsenite exists as an uncharged species at a typical pH in 

natural water, while arsenate is present as an anion at the same pH, and since NF 

membranes have slightly negatively charged surfaces at neutral and alkaline media, 

this implies better rejection for arsenate species (Figoli et al., 2010, Singh et al., 2015). 

According to studies, transmembrane pressure, crossflow velocity, and temperature do 

not affect arsenic removal with NF membranes, in addition to the co-occurrence of 

dissolved inorganics (Choong et al., 2007). NF membranes reportedly require less 

energy consumption than reverse osmosis membranes, and at lower transmembrane 

pressure, it is possible to achieve higher flux (Mondal et al., 2013). 
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Materials used for making NF membranes include cellulose acetate, aromatic 

polyamide, and poly(piperazine amide) (Van der Bruggen et al., 2003). Commercial 

nanofiltration membranes were examined for arsenic removal, namely NF90 and 

NF200, where As(V) had a higher rejection value than As(III), which again implies 

the need for an oxidation step prior to removal (Singh et al., 2015). NF90 was 

reportedly able to remove up to 90% of As(V) and about 50% of As(III) at an initial 

concentration of 100 µg/l, while Filmtec NF270 reportedly removed a total of 90% 

arsenic in a total concentration between 185 and 208 µg/l (Elcik et al., 2015). Loose 

NF membranes showed a huge difference between the removal of As(III) and the 

removal of As(V), where rejection for the first one was about 30% and the second one 

was up to 90% (Choong et al., 2007). Tailor-made thin film composite membranes, 

which were prepared in a lab, were tested for arsenic removal. About 93% of As(V) 

was removed from water, while a rejection of about 79% of As(III) was achieved. 

(Mehta et al., 2018) 

 

4.2.4 Reverse Osmosis 

 

Reverse osmosis (RO) membranes are best for low-molecular mass compounds and 

ions (Tamez Uddin et al., 2007), and they can be used at a small scale or large scale 

(Fauskrud, 2013). They are dense membranes with no predefined pores that are 

reportedly less than 0.5 nm in size, which concludes that rejection is achieved by a 

solution-diffusion mechanism, unlike other membranes that use the sieving 

mechanism (Van der Bruggen et al, 2003; Nicomel et al., 2015). RO is a high-pressure 

technique that requires a lot of energy, and is based on the principle of osmosis, where 

a membrane manages to separate two solutions with different amounts of dissolved 

chemicals (Dvorak and Skipton, 2008). Water is allowed to pass through the 

membrane, while larger compounds are blocked, as there is a pressure difference 

between the two solutions, which results in water passing through the membrane from 

the dilute solution to the higher concentration one (Dvorak & Skipton, 2008). Materials 

used for RO membranes include cellulose triacetate, aromatic polyamide, and 

interfacial polymerization of polyamide and poly(ether urea) (Van der Bruggen et al., 

2003). RO is reportedly able to remove both arsenite and arsenate, where over 90% 
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removal efficiency was achieved for As(V) and about 70% for As(III) using cellulose 

acetate membranes (Singh et al., 2015).  

 

4.3 Coagulation-Flocculation 

 

Coagulation and flocculation are one of the most common methods associated with 

arsenic removal, where coagulants that are positively charged manage to reduce the 

negative charge of the colloids, which results in larger particles due to increased 

collisions (Nicomel et al., 2015). This is then followed by flocculation, where 

negatively charged flocculants are added in order to neutralize the charges of the 

particles formed by coagulation, which forms flocs (Nicomel et al., 2015). Arsenic is 

reportedly adsorbed into the coagulated flocs, where it can be removed by 

sedimentation or filtration or both to ensure complete removal (Ahmed, 2001). As 

soluble arsenic is adsorbed from the water into the flocs, which turns it into a soluble 

product, the nature and size of the flocs are important factors for determining how 

much arsenic is being adsorbed (Mondal et al., 2013).   

The efficiency of a coagulant depends on the value of pH in the water, where FeCl3 

and Al2(SO4)3 were found to have equal efficiencies in removing arsenic at pH 7.6, 

and at pH above that FeCl3 had the upper hand (Garelick et al., 2005). Ferric chloride 

was used as a coagulant with a dosage of 30 mg/L for the removal of arsenic, giving 

about 45% arsenite removal and 75% arsenate removal, which were enhanced when 

increasing the concentration of ferric chloride, but this resulted in residual iron that 

exceeded the MCL of iron in drinking water (Hesami et al., 2013). Ferric sulfate and 

titanium sulfate were used for arsenate removal, achieving 80% and 90% removal, 

respectively, each with a coagulant dosage of 25 mg/L (Nicomel et al., 2015). As 

mentioned previously, coagulation-flocculation, in addition to oxidation, is necessary 

to ensure better removal results in case microfiltration or ultrafiltration membranes are 

used. However, applying coagulation-flocculation produces a large amount of sludge 

containing high concentrations of arsenic (Singh et al., 2015).  
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4.4 Adsorption 

 

Adsorption is a process where a solid medium is used for removing certain substances 

from liquid or gaseous solutions, where the solid medium is called the adsorbent and 

the removed substance is called the adsorbate (Nicomel et al., 2015; Pirilä, 2015). It is 

a universal water treatment method that is capable of removing organic and inorganic 

pollutant in water, whether soluble or not, and is known to have a potential of reaching 

up to 99% efficiency (Pirilä, 2015). In addition, the process is easy in operation and is 

possible for use at different scales (Dominguez-Ramos et al., 2014). It also has a high 

removal efficiency, and is low cost and no sludge is generated, unlike coagulation-

flocculation (Singh et al., 2015). Moreover, adsorption does not require large volumes 

or additional chemicals and it does not produce harmful byproducts, in addition to the 

fact that setting up a POE/POU (point of entry/point of use) process for arsenic 

removal is considered easy for adsorption (Singh et al., 2015). There are two types of 

generated residuals: spent media and regenerated solutions, where the spent media is 

generated from systems where the media cannot be regenerated or is not effective 

anymore (Choong et al., 2007). This media usually contains arsenic and other 

constituents removed from the water (EPA, 2005). The spent media is then sent to the 

vendor for either reactivation, recovery, or disposal (Choong et al., 2007). As for 

regeneration, the residual is composed of backwash water, caustic regenerant solution, 

neutralization water, and rinse water. This may contain high levels of arsenic, which 

means that treatment of this waste water is necessary before disposal (EPA, 2005).                                                                    

 Arsenic removal by adsorption depends on pH and the speciation of arsenic itself, 

where at a pH value lower than 7 As(V) removal is shown to be better than As(III) 

removal (Singh et al., 2015). Other ions present in the water such as phosphate and 

silicate may affect the adsorption rate (Nicomel et al., 2015). 

Adsorption has a number of drawbacks that are mostly related to the disposal and 

regeneration of spent adsorbents with high content of contaminants. Not much has 

been said regarding that, but the disposal of the spent adsorbent can be done without 

recovering the adsorbed heavy metals (Lata et al., 2015). Adsorption was also found 

to be economically not feasible in developing countries like Bangladesh, which is why 

household-scale technologies that are cheap and effective for achieving the allowable 

limit of arsenic in potable water there, which is 50µg/l (Lata et al., 2015). 
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4.4.1 Iron-based Adsorbents 

 

Many adsorbents have been applied for the removal of arsenic such as activated 

carbon, activated alumina, titanium hydroxide, zero-valent iron, chitosan, coal, fly ash, 

zeolites, and montmorillonite (Nicomel et al., 2015), noting that iron-based sorbents 

are emerging for the treatment of arsenic-contaminated water, as iron is able to remove 

arsenic either by acting as a sorbent, co-precipitant or contaminant immobilizing agent, 

in addition to converting contaminants into lower oxidizing states which is simply 

known as reduction, and iron here acts as a reductant (Mondal et al., 2013). It is also 

necessary to mention that the reason for iron-based adsorption being an emerging 

approach is the high level of affinity between iron and inorganic arsenic species 

(Nicomel et al. 2015; EPA, 2005). Available iron-based adsorbents include granular 

ferric hydroxide, iron-coated sand, modified iron and iron oxide (Singh et al., 2015). 

Granular ferric hydroxide was shown to reach 92% and 99% removals for aresnite and 

arsenate, respectively, while iron-coated sand was shown to reach 72% and 90% 

removals (Saha et al., 2001). According to Singh and Pant, 2004, activated alumina is 

a suitable adsorbent for removing As(V) in addition to As(III), reaching a maximum 

of 96.2% removal at pH 7.6.  

Activated alumina is known to have a high surface area and good sorption properties, 

and it is the first successfully applied medium for arsenic removal from water (Singh 

et al., 2015). One of the most effective synthetic sorbents is the AA metal oxide 

material, aqua-bind. This sorbent possesses unique porosity properties and chemical 

characteristics that allow arsenic adsorption capacities up to 10 times higher than 

conventional material, given the presence of competing ions. This added to the fact 

that aqua-bind allows efficient removal of both arsenite and arsenate because of its 

high adsorption kinetics (Garelick et al., 2005). Manganese supported activated 

alumina was shown to be more effective for arsenic removal than activated alumina 

by itself (Mondal et al. 2013). Regeneration of an AA media is possible by rinsing 

with strong base regenerant such as sodium hydroxide (NaOH), then flushing with 

water, followed by neutralizing with a strong acid such as sulfuric acid (H2SO4) (Singh 

et al., 2015; EPA, 2005). 

 



34 
 

4.4.2 Activated Carbon 

 

Another very common adsorbent is activated carbon, which is widely used in drinking 

water treatment and industrial wastewater treatment. It is known for its large surface 

area and high micro- and meso-porosity, in addition to the fact that its versatile nature 

made it applicable for the removal of pollutants from the liquid phase. (Pirilä, 2015; 

Mondal and Garg, 2017). The production of AC is mainly from non-renewable coal, 

which increases the production cost and the environmental impact (Pirilä, 2015). This 

is why easily available raw materials from agricultural waste or industrial waste are 

continuously being used for producing AC (Mondal and Garg, 2017). Many of those 

materials have high carbon content and low percentage of inorganics which makes 

them a good alternative for producing activated carbon. In addition, such raw materials 

have the potential to avoid GHG releases, which makes them a promising sustainable 

feedstock (Arena et al., 2016). Examples of agro-waste materials include peach stones, 

date stones, waste apple pulp, rice husk, olive-waste cake, bean pods, oat hulls, waste 

potato residue, eggshells, cocoa (Theobroma cacao) pod husk, red mombin seeds, and 

ice cream-beans (Baccar et al., 2009; Mondal and Garg, 2017; Cruz et al., 2012; Cruz 

et al., 2018). 

The manufacturing process for AC involves either chemical activation or physical 

activation, where the first one is preferable due to its low temperature requirement 

compared to physical activation. It also provides higher yield and produces activated 

carbons with higher surface areas (Cruz et al., 2012). Chemical activation involves 

carbonization and activation processes that are done in a simultaneous manner. The 

most commonly used activation chemicals are ZnCl2, KOH, and K2CO3, where zinc 

chloride is preferable because it results in a rapid process that would provide a highly 

active AC at a low reaction temperature between 600 and 700 oC (Mondal and Garg, 

2017).  

For arsenic removal, ZnCl2 was reportedly used for activating cocoa pod husk-based 

activated carbon, which was able to remove up to 80% of As(V) in less than an hour 

(Cruz et al., 2012). Red mombin seeds and ice cream beans activated carbons, which 

were also activated using ZnCl2, reportedly reached a removal efficiency of over 90% 

in one hour and 60% in 4 hours, respectively (Cruz et al., 2018). 
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4.4.3 Nanoparticles 

 

Nanoparticles are continuously gaining attention because of their large specific surface 

areas and reactivity, which makes them attractive for water treatment applications 

(Nicomel et al., 2015). The use of stabilizers along with the nanoparticles is necessary 

in order to avoid diminishing the specific surface area and the sorption capacity 

(Habuda-Stanić and Nujić, 2015). Such stabilizers include organic polymers like 

starch and carboxymethyl cellulose (An B and Zhao, 2012). The most widely used 

nanoparticles include carbon nanotubes, titanium-based nanoparticles, iron-based 

nanoparticles, and other metal-based nanoparticles (Nicomel et al., 2015). Carbon 

nanotubes are reportedly a good choice to study adsorption mechanisms due to their 

well-defined structures and uniform surfaces in contrast to activated carbon (Pan and 

Xing, 2008). Multiwall carbon nanotubes were tested for arsenic removal, where 

34.22% removal of arsenite (As III) was achieved, given the initial concentration of 

arsenic is low (Roy et al., 2013). Titanium based nanoparticles have also been used for 

arsenic removal, one of which was nanocrystalline titanium dioxide, which had a high 

specific area meaning high adsorption capacity. Over 80% adsorption of both arsenite 

and arsenate was achieved using nanocrystalline TiO2 (Nicomel et al., 2015). Hydrous 

titanium dioxide is another titanium based nano-material with high adsorption capacity 

due to high surface area, large pore volume, and the presence of the high affinity 

surface hydroxyl groups (Habuda-Stanić and Nujić, 2015). Hydrous titanium dioxide 

nanoparticles do not require any pre-oxidation of As(III) to As(V) nor any pH 

adjustment, which are advantages for using such materials effectively (Nicomel et al., 

2015). TiO2/montmorillonite has a fast adsorption rate, a low equilibrium 

concentration of As(III) and As(V) with UV irradiation, and good cost efficiency, in 

addition to being able to reach 90% and 87% adsorption for As(III) and As(V), 

respectively (Habuda-Stanić and Nujić, 2015). There are also iron-based 

nanoparticles, such as zero-valent iron nanoparticles (nZVI) and iron oxide 

nanoparticles, where iron oxide nanoparticles are known to achieve five to ten times 

better arsenic removal than the micron-sized iron oxide particles (Nicomel et al., 

2015). 
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The main concern about the application of nanoparticles in arsenic removal is that they 

have low energy barriers, which causes aggregation, which in return reduces the 

surface area, which reduces their adsorption capacity. One suggested solution was the 

impregnation of nanoparticles into porous materials such as activated carbon, 

bentonite, sand, and alumina membranes. (Nicomel et al., 2015) 

 

4.5 Ion Exchange 

 

Ion exchange is a chemical/physical process where an exchange occurs between an ion 

on the solid resin phase and an ion in the feed water (EPA, 2005; Singh et al., 2015). 

The medium is similar to that for adsorption, but the difference is that the ion exchange 

medium is made of synthetic material with more defined capacity (Fauskrud, 2013). 

Anion exchange resins were reportedly used for the removal of arsenic where oxy-

anionic species of arsenate such as H2AsO4
1- and HAsO4

2- are exchanged with the 

anionic charged functional group of the resin, which results in the production of 

effluents with low concentrations of arsenate (Mondal et al., 2013). Strong base anion 

exchange resins are reported to be more effective than weak base resins (Singh et al., 

2015). Because arsenite exists as a neutral molecule and is not exchanged, pre-

oxidation of arsenite to arsenate was shown to improve the efficiency of the exchange 

process, but it should be noted that the excess of oxidant has to be removed before the 

process in order to avoid any damage that may occur to some resins (Fauskrud, 2013; 

Mondal et al., 2013; Singh et al., 2015). 

Arsenic removal capacity depends on the pH of the solution and the concentration of 

competing ions in water, especially nitrate and sulfate, which exchange before arsenic 

(Ahmed, 2001; Singh et al., 2015). Clogging of the resin due to iron precipitation and 

suspended solids in aqueous solution may occur, which shortens the life cycle of the 

resin and increase operation costs (Mondal et al., 2013). The presence of iron Fe III in 

water may result in the formation of complexes with arsenic, which cannot be removed 

with ion exchange (Singh et al., 2015). Another problem is during the regeneration of 

the resin, where arsenic rich brine solutions are produced, which may lead to arsenic 

release all over (Mondal et al., 2013). 
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4.6 Hybrid Methods 

 

A hybrid treatment system combines two or more water treatment technologies, in 

order to get higher removal efficiencies and larger amounts of treated water (Juholin, 

2016). Hybrid processes aim to increase water quality, reduce fouling in the case of 

membrane filtration, reduce operating cost and minimize pollution risk. Examples of 

such hybrid processes include coagulation-membrane, adsorption-membrane and 

photocatalytic-adsorption (Stylianou et al., 2015; Zhang et al., 2016). 

Over the years, there have been studies and experiments in order to combine 

photocatalysis and adsorption for improved efficiency, since photocatalytic materials 

lack the adsorption ability and adsorption does not eliminate contaminants, but only 

transfers them to the adsorbent, and regeneration of the spent adsorbent is required 

using chemical and thermal procedures, which is impractical due to high cost and 

energy consumption (Zhang et al., 2016). It should also be mentioned that powder 

adsorbents require dispersion in the polluted water, which implies that it is not really 

a good idea to use them in such form because recovering them is quite complicated 

and expensive (Zhang et al., 2016). 

 Photocatalysts have the ability to turn organic contaminants into non-toxic materials 

by oxidation. One of the most popular photocatalytic materials especially when it 

comes to water purification is none other than titanium dioxide (TiO2) (Zhang et. al, 

2016). Superior charge transport properties, large surface area, high stability, and 

multiple diffusion pathways for ions and molecules resulted in high photocatalytic 

performance for TiO2 nanotubes, plus the easy UV photo-activation and non-toxicity 

(Zhang et al., 2016). Among the factors that influence the photocatalytic properties of 

TiO2, bulk and physiochemical properties like crystal structure, size, and adsorption 

capacity are most significant (Afzal et al. 2016).  

Despite its popularity in water purification, TiO2 still lacks some efficiency in waste 

elimination, which is because it does not possess the adsorption ability, and UV rays 

in the turbid state are blocked by waste particles, which would prevent the activation 

of the photocatalyst (Wibowo et al., 2017). 

One of the suggested ways for combining photocatalytic materials and adsorption 

materials is coupling TiO2 with carbon macroscopic materials, which was sighted to 



38 
 

upgrade water purification materials to an advanced level, with both adsorption and 

cleaning capabilities (Zhang et al., 2016). This advanced material composed of TiO2 

and carbon has advantages that solve issues the adsorption material or the 

photocatalyst would have if used individually, such as easy recovery and reuse because 

of the macroscopic size, and the ability for self-regeneration (Zhang et al., 2016). 

Activated carbon is one very popular adsorption material in water purification because 

of its high surface area, easy recovery, porous structure, and special surface reactivity 

(Zhang et al, 2016). The hybrid process of adsorption using activated 

carbon/heterogeneous photocatalytic oxidation has been examined, based on the 

hypothesis stating that photocatalysts in simple slurries of TiO2/powdered activated 

carbon mixtures get attached to the activated carbon’s surface, which modifies the 

diffusion pathways of organic molecules from activated carbon sites to the surface of 

the photocatalyst to make it short, which would eliminate the issues of low photonic 

efficiency and limited mass transfer in TiO2 and other heterogeneous photocatalysts 

that may be used in the same manner (Gulyas, 2014) . Another hypothesis is that TiO2 

and activated carbon, when adding the latter one, form some sort of “surface nano-

aggregates”, where titanium centers on the photocatalyst surface interact with certain 

surface groups in the activated carbon surface in a coordinative manner. This created 

an assumption where the transfer of charge carriers between TiO2 and activated carbon 

was deemed possible, which would suppress electron recombination, which in return 

would increase photocatalytic efficiency (Gulyas, 2014). However, such increase has 

been detected in specific kinds of activated carbon, such as AC produced by 

gasification and AC by pyrolysis under nitrogen flow, both of whose surface acidities 

affect the activity of titanium (Matos et al., 2009). 

Another adsorbent that has been tested in the hybrid adsorption/photocatalytic process 

is known as Lewatit MP 500, which is a type of anion exchange resins that are mainly 

used for the adsorption of anionic organics in the likes of fluvic acid anions or dyes, 

but the anion exchange resin used in the Lewatit MP 500/TiO2 mix was greatly 

damaged in an oxidative manner when it was used consecutively in a photocatalytic 

oxidation process of biologically treated greywater in fresh batches, which resulted in 

a decrease in organics removal from reuse cycle to another reuse cycle (Gulyas, 2014). 



39 
 

Lack of adsorption ability in TiO2 is one weakness in using it as a degrader of waste, 

which is why the addition of a carrier material such as Chitosan was carried out in the 

development process (Wibowo et al., 2017). Chitosan is a biopolymer obtained by 

alkaline deacytelation of chitin. It is quite beneficial in the synthesis of nanoparticles, 

because it makes it possible for metal ion complexes to be used as precursors because 

of its chelating ability in the transition (Jiang et al., 2014). It also has good adsorption 

capability, and is able to eliminate a wide variety of organic and inorganic waste, and 

it is also non-toxic, biodegradable and antibacterial, which makes it an excellent carrier 

material for enhancing the photocatalytic adsorption ability (Wibowo et al., 2017). 

Because chitosan cannot endure high temperature, synthesizing chitosan-supported 

TiO2 nanocomposite at room temperature using the so-gel method was possible, with 

excellent photocatalytic activity, and of course improved adsorption ability (Afzal et 

al., 2016). 

Zero valent iron (ZVI) is a known reducing agent that has been reportedly used for the 

removal of different environmental contaminants such as Se, NO3, and Cr(VI), and has 

also been used for the removal of both arsenate and arsenite using a mechanism 

composed of adsorption and co-precipitation, where ZVI corrodes by contact with the 

oxygenated water and forms iron hydroxides II and III (Nguyen et al., 2009). These 

hydroxides will oxidize and remove arsenic, but the treated water has a high content 

of ferrous iron, which is a drawback of using ZVI that implies the need for an 

additional treatment process, but nevertheless, ZVI is known to be non-toxic, cheap, 

abundant, and requires minimal maintenance which reduces cost (Nguyen et al., 2009). 

Commercial ZVI was used to reduce As(V) to As(III) rapidly, while acid-treated ZVI 

was able to reduce As(V) to As(0) (Singh et al., 2015). Nanoscale zero valent iron 

(nZVI) has been reportedly coupled with membrane filtration as a hybrid removal 

technique, where nZVI is known to be widely applied in environmental application 

due to its small particle size and high surface area along with high in situ reactivity 

(Nguyen et al., 2009). The hybrid system was composed of nZVI and 

micro/nanofiltration membranes, where the experiment results using such system have 

shown a removal efficiency of both arsenate and arsenite of over 90% for both 

nanofiltration and microfiltration membranes when as little as 0.2 g/L of nZVI is added 

to the water (Nguyen et al., 2009). 
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Table 5. Summary of available arsenic removal methods. 

Method Effectiveness in  Arsenic 

Removal 

Advantages Limitations/Disadvantages References

  

Oxidation  

- 

-Low cost 

-Quick 

oxidation when 

ozone, chlorine 

or permanganate 

are used. 

-Slow oxidation when 

oxygen is used. 

-Oxidation can be affected 

by sulfides or TOC in 

water. 

Nicomel et al., 2015 

Bissen and Frimmel, 2003 

Membrane 

Technologies 

->80% removal of As(III) 

using ferric sulfate 

flocculant and 0.22 µm pore 

size MF membrane. 

-96% removal using UF 

membranes and CPC 

surfactant. 

->90% removal using NF 

and RO membranes. 

 

 

-High 

permeability, no 

pretreatment of 

source water, 

and low pressure 

process for MF. 

-No 

pretreatment of 

source water 

when using UF. 

-Small pore size 

for NF 

membranes, 

meaning better 

removal of 

dissolved 

compounds with 

molecular 

weight˂300 

g/mol. 

-Pore size of MF 

membranes is too large, so 

coagulation-flocculation is 

necessary. 

-Treatment of surfactant 

with powdered activated 

carbon before discharging 

to the environment. 

-RO requires a lot of 

energy. 

-High capital cost 

-Generation of toxic 

wastewater 

 

Van der Bruggen et al., 2003 

Shih, 2005 

Han et al., 2002 

Gecol et al., 2004 

Iqbal et al., 2007 

Nicomel et al. 2015 

Elcik et al., 2015 

Singh et al., 2015 

 

Coagulation-

flocculation 

-75% removal of As(V) and 

45% removal of As(III) 

using ferric chloride. 

- 90% of As(V) using 

titanium sulfate 

-Durable and 

efficient alum 

and iron 

coagulants with 

low capital  

-Simple 

operation 

-Removal efficiency 

depends on pH value in 

the water. 

-The process generates a 

high amount of sludge 

with high arsenic content . 

Mohan and Pittman, 2007 

Garelick et al., 2005 

Hesami et al., 2013 

Nicomel et al., 2015 

Singh et al., 2015 
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Adsorption 

 

 

-90% removal of As(V) and 

72% removal of As(III) 

using iron-coated sand 

-96.2% removal using 

activated alumina. 

-80% removal of As(V) 

using CPH activated carbon. 

->90% removal of As(V) 

using RMS activated 

carbon. 

 

 

-Easy operation. 

-Applicable at 

different scales. 

-Low cost (not 

the case with 

developing 

countries). 

-No sludge 

generation. 

-No harmful 

byproducts are 

produced. 

 

 

-Not much has been said 

regarding the regeneration 

of the spent adsorbent. 

-Removal efficiency 

depends on pH value. 

 

-Presence of  phosphate 

and silicate ions in water 

may affect the adsorption 

rate. 

 

 

 

Dominguez-Ramos et al., 

2014 

Singh et al., 2015 

Nicomel et al. 2015 

Lata et al., 2015 

Singh and Pant, 2004 

Cruz et al., 2012 

Cruz et al., 2018 

 

Ion exchange 

 

 

- 

 

-Medium is 

similar to 

adsorption, but 

is made from 

synthetic 

material with 

more define 

capacity. 

 

-Removal efficiency 

depends on pH value and 

the concentration of 

competing ions (e.g. 

nitrate and sulfate). 

-Resin clogging due to 

iron precipitation, which 

increases operation cost. 

-Arsenic rich brine 

solutions are formed 

during the regeneration of 

resins. 

 

Fauksrud, 2013 

Ahmed, 2001 

Singh et al., 2015 

Mondal et al., 2013 
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Nanoparticles 

->80% removal of As(III) 

and As(V) using 

nanocrystalline TiO2. 

-Large specific 

surface area and 

reactivity 

-Use of stabilizers (e.g. 

starch and carboxymethyl 

cellulose) to maintain 

specific surface area and 

sorption capacity. 

-Low energy barriers for 

nanoparticles, which 

causes aggregation, and 

reduces surface area and 

adsorption capacity. 

Nicomel et al., 2015 

Habuda-Stanić and Nujić, 

2015 

 

 

 

Hybrid 

methods 

 

 

>90% removal of arsenate 

and arsenite using MF/NF 

and nZVI. 

 

 

- Better removal 

efficiency. 

-Easy recovery 

and reuse, and 

self-regeneration 

for TiO2/carbon 

macroscopic 

materials 

 

 

 

-Anion exchange resin in 

Lewatit MP 500/TiO2 mix 

is damaged when used 

consecutively 

 

 

Zhang et al., 2016 

Gulyas, 2014 
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5 SUSTAINABILITY ASSESSMENT TOOLS 

 

5.1 Definition 

 

Sustainability assessment, in short, is a concept mainly associated with sustainable 

technology assessment and decision-making, since it presents a variety of methods that 

can be applied as a support in making decisions and performing actions for achieving 

a more sustainable society, in addition to ensuring the optimal contribution to 

sustainable development (Pope et al., 2004). The tools address the environmental, 

economic and social aspects of technologies and cover the entire life cycles of the 

solutions (Arantza et al., 2015). 

Sustainability assessment methods reach up to 100 in total, but 51 of them were 

considered applicable for process industries. Out of those methods, 14 were selected 

based on a cross-check analysis that had four criteria: sectors covered, sustainability 

dimensions addressed, level of assessment, and availability of tools and 

implementation complexity. (Arantza et al., 2015) Table 6 lists the 14 selected 

methods. 

Table 6. Evaluated life cycle-based methods (Pihkola et al., 2017). 

Short Name Method Description 

LCA Life Cycle Assessment Life cycle method 

MIPS Material Input Per Service Life cycle method, focus on resources 

CED Cumulative Energy Demand Life cycle method, focus on energy 

E-LCA Exergetic Life Cycle Assessment Life cycle method 

CF Carbon Footprint Life cycle method, focus on GHG 

emissions 

WF Water Footprint Life cycle method, focus on water 

LCA/PEM Hybrid LCA + Partial Equilibrium 

Model 

Hybrid method 

LCAA Life Cycle Activity Analysis Life cycle method 

EEA Eco-Efficiency Analysis Integrated method 

SEEBALANCE® Socio-Eco-Efficiency Analysis Integrated method 

PROSA Product Sustainability Assessment Life cycle method 

LInX Life Cycle Index Integrated method 

SustV Sustainable Value Integrated method 

EcoD Ecodesign, Design for environment Life cycle method 
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From the table, it is seen that most of the methods are life cycle based, such as Material 

Input Per Service (MIPS), Cumulative Energy Demand (CED), Exergetic Life Cycle 

Assessment (E-LCA), and Carbon Footprint (CF), but with different focuses. There is 

one hybrid method; LCA + Partial Equilibrium Model (LCA/PEM), and it allows the 

assessment of direct and indirect environmental impacts under a given policy scenario. 

There are also a number of integrated methods, namely Eco-Efficiency Analysis 

(EEA), Socio-Eco-Efficiency Analysis (SEEBALANCE®), Life Cycle Index (LInX) 

and Sustainable Value (SustV). A hybrid method is a combination of existing methods 

in order to increase the scope of each individual method, while an integrated method 

is a juxtaposition of well-delimited methods to support decision-making, and it 

includes a weighing scheme to aggregate sub-indicators into a smaller number of 

indicators (Arantza et al., 2015). 

  

5.2 Life Cycle Assessment (LCA) 

 

Life cycle assessment (LCA) is a method used to assess the environmental impacts of 

a product throughout its stages. Such impacts include climate change, ozone depletion, 

water use, land use and so on (Rebitzer et al., 2004). The entire life cycle of a product 

is considered, including the extraction and acquisition of the raw materials, 

manufacturing and energy use, and finally treatment and disposal (ISO 14040:2006). 

LCA identifies energy and material uses and environmental releases to evaluate the 

environmental burdens associated with the product, which further helps in decision-

making regarding product improvement and development (B Corporation, 2008). 

Conducting a full LCA consumes time and resources intensively, and gathering the 

data has always been a problem since its availability is not certain, which would affect 

the accuracy of the final results (SAIC, 2006). It is composed of four components 

illustrated in Figure 1 below, which is then followed by a description of each 

component. 
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Figure 1. LCA phases (ISO 14040:2006). 

 

5.2.1 Goal and scope definition 

 

Goal and scope definition is the first thing done when performing LCA. The type of 

information necessary for the analysis is determined, in addition to the level of 

accuracy of such information. How the results are interpreted and presented is also 

determined in this stage. (SAIC, 2006) 

In goal definition, the purpose of the life cycle assessment is stated, in addition to 

defining how the results are going to be used and who will use them. The level of 

sophistication and reporting requirements are also determined by the goal definition. 

(Jensen A. et al., 1997)                                                                                           

Scope definition considers and describes the product system, the function of the 

product system, functional unit, system boundaries, data requirements, assumptions, 

limitations, data quality requirements, allocation procedure, used interpretation and 

LCIA methodology (ISO 1044:2006). A system boundary includes all the operations 

present in the life cycle of a product, and it is usually illustrated by an input-output 

flow diagram (Roy et al., 2009). Stages and activities in the analysis may be excluded, 

depending on the goal of the study, where some of the activities may be irrelevant or 
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excluded due to lack of data (SAIC, 2006). Figure 2 illustrates an input-output flow 

diagram showing the life cycle stages of a product.  

 

Figure 2. Life Cycle Stages (SAIC, 2006). 

 

A functional unit describes the function of the product or process under study, and it 

would improve the accuracy and the usefulness of the results if selected carefully 

(SAIC, 2006). It provides a reference to which the input and output data are related, 

and it should be clearly defined and measured. Efficiency and durability of the product, 

in addition to the performance quality standard are considered when defining the 

functional unit. (Jensen et al., 1997; ISO 14040:2006) When comparing two or more 

products, the evaluation has to be done using the same function (SAIC, 2006), which 

in this study, is the treatment of 1000 m3 of arsenic-contaminated water using 

adsorption and membrane filtration. 
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5.2.2 Life Cycle Inventory Analysis 

 

Life Cycle Inventory Analysis (LCI) is the phase in which all the relevant inputs and 

outputs involved are identified (ISO 14040:2006). Compared to the other LCA phases, 

it is the most work intensive and time consuming phase amongst the other, which is 

due to data collection being an issue, but the availability of the data and good databases 

would make data collection less time consuming (Roy et al., 2009). Energy and raw 

material requirements are quantified as inputs, while atmospheric emissions, 

waterborne emissions, and solid wastes are quantified as outputs (SAIC, 2006).  

Data obtained from previous investigations of similar products are often used for 

simplified LCAs in order to get a rough idea about what kind of inputs and outputs are 

to be used or expected, but this approach is not possible when doing a detailed LCA, 

which needs the latest available data (Jensen et al., 1997). To ensure the quality and 

accuracy of the collected data, data quality goals need to be defined, in addition to 

identifying data sources and types, since identifying data quality indicators and 

developing some kind of data collection worksheet and checklist are also key elements 

for data collection plans (SAIC, 2006). These key elements can go under the validation 

of data, which would point out places of improvement for the data collection phase 

(Jensen et al., 1997). 

System boundaries are defined in the scope definition stage, but after collecting data, 

these boundaries can be refined, and as a result, some life stages or material flows may 

be excluded and other unit processes may be included. This whole procedure is known 

as the sensitivity analysis (Jensen et al., 1997).  

There are cases where it is not possible to manage all the outputs and impacts within 

the specified system boundary, in addition to dealing with multi-input and multi-output 

processes. This could be solved by allocation, which is the distribution of an item over 

several other items. (Jensen et al., 1997; Weidema, 2001) 

Avoiding or minimizing allocation can be done by either creating sub-processes, or by 

expanding the system boundaries by adding unit processes (Jensen et al., 1997). Even 

though it is advised to avoid or minimize allocation whenever possible, expansion of 

system boundaries is not always possible because it may result in further complexity 

along with way more time and money, in cases where allocation cannot be avoided, 
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partition of the inputs and outputs of the system is done between its different products 

in a way where the physical relationship between them is reflected (SAIC, 2006).  

 

5.3.3 Impact Assessment 

 

Life cycle impact assessment is the phase where the magnitude and significance of the 

potential environmental impacts of a product system are evaluated (ISO 14040:2006). 

It attempts to establish a link between the product or process and its potential 

environmental impacts, and it provides a systematic procedure for classifying and 

characterizing environmental effects such as the contribution of greenhouse gas 

emissions to global warming (SAIC, 2006). 

There are six elements for LCIA; impact category selection, classification, 

characterization, normalization, grouping and weighing, bearing in mind that the first 

three steps are mandatory for conducting the impact assessment (ISO 14040:2006). 

Impact categories are selected during the goal and scope definition phase, and are 

defined as the consequences that could be caused by input and output streams of a 

system on human health, plants and resources (SAIC, 2006). In classification, the 

inventory input and output data are assigned to potential environmental impacts, and 

characterization is a quantitative step that that assigns the relative contribution of each 

input and output to selected impact categories, noting that the contribution has to be 

estimated. (Jensen et al., 1997) Weighing basically ranks the results of the LCIA 

categories by importance of each, while normalization is used to simplify the 

interpretation of the results by solving the incompatibility of units. This is done by 

dividing impact categories by a normalized value, which then allows the comparison 

of results. (Jensen et al., 1997; Goedkoop et al., 2016) 

 

5.4.4 Interpretation 

 

Interpretation is the last phase of LCA, where the results from the inventory and the 

impact assessment are evaluated (ISO 14040:2006). In this stage, the results are 

analyzed, limitations are explained, recommendations are provided and conclusions 

are reached, and it must be mentioned that the presentation of the results has be 
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understandable, complete and consistent, in accordance with the defined goal and 

scope (SAIC, 2006). Interpretation is performed in interaction with the three previous 

phases of LCA (Jensen et al., 1997). The assumptions and estimates made in the LCI 

and impact assessment stages must be included and clearly explained in interpretation, 

as the final results are then used for writing a comprehensive conclusion (SAIC, 2006). 

The most important procedures in interpretation are the uncertainty analysis, 

sensitivity analysis, contribution analysis, and inventory analysis, where sensitivity 

analysis evaluates the influence of the most important assumptions have on the results, 

and contribution analysis can determine which processes play significant roles in the 

results, which helps in understanding the uncertainty of the results (Goedkoop et al., 

2016). 

It is worth noting that LCA is an iterative technique, which means that as more 

information is collected, the scope of the study may be modified in addition to the 

other stages of LCA (Jensen A. et al., 1997). 
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6 LIFE CYCLE ASSESSMENT OF ARSENIC REMOVAL USING 

ACTIVATED CARBON PRODUCED FROM RED MOMBIN SEEDS AND 

NANOFILTRATION MEMBRANES 

 

6.1 Case Description 

 

The aim of this study was to compare the environmental performance of two water 

treatment methods (adsorption and nanofiltration), which were used to produce 

drinking water from arsenic-contaminated water. It was assumed that the purified 

water was discharged to the water network, meaning the need for corrosion control 

and disinfection. 

 Life cycle assessment analysis using SimaPro 8.5 was performed on arsenic removal 

from 100 µg/l to the EU standard (10 µg/l) or below using red mombin seeds activated 

carbon (RMS AC) adsorbent and nanofiltration (NF) membranes (OJ L 330,1998). 

SimaPro is a highly reliable software in industry and academia as it contains the latest 

science-based methods and databases, and it also ensures complete transparency in 

addition to cost-effectiveness (Simapro, 2018).  

Agricultural waste has been used more frequently for the production of activated 

carbon, because such materials have high carbon content and low percentage of 

inorganics and they also have the potential to avoid greenhouse gas releases, which 

makes them a promising sustainable feedstock (Mondal and Garg, 2017; Arena et al., 

2016). These are the reasons why red mombin seeds activated carbon was chosen, in 

addition to the fact that according to a recent study it was able to effectively remove 

As(V) from the water almost completely on a laboratory scale (Cruz et al., 2018), 

which created an assumption that it could have the potential to be as effective on a 

larger scale. Nanofiltration membranes were known to be able to meet the lowered 

arsenic concentrations in drinking water based on many studies, where removal 

efficiencies were 90% or above in many cases (Choong et al., 2007; Elcik et al., 2015).   

Adsorption and nanofiltration units, with a daily capacity of 1000 m3 each and a 

lifespan of 30 years, were assumed to be located in Dresden, Germany. Those units 

were assumed for the treatment of arsenic-contaminated water in Saxony, Germany. 

Construction and decommissioning phases were not included in the analysis, as the 

main focus was on the production and operation stages of those units. 
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6.2 Goal and Scope Definition 

 

The main goal of conducting LCA was to estimate the quantity of the environmental 

impacts associated with arsenic removal from drinking water using red mombin seeds 

activated carbon and spiral wound nanofiltration membranes. The impacts were 

divided into categories depending on the used calculation method, in this study 

IMPACT 2002+, and they were assigned to different damage categories. The results 

were then compared in order to determine which removal method contributes to lower 

environmental impacts. The functional unit was assumed to be the purification of 1000 

m3 of arsenic-contaminated water with an initial concentration of 100 µg/l. Many 

arsenic removal studies using nanofiltration membranes and activated carbons have 

dealt with an initial arsenic concentration of 100 µg/l, as the target was generally to 

reach the EU standard value of 10 µg/l or below and those removal methods were 

known to reach removal efficiencies of over 90% (Choong et al., 2007; Cruz et al., 

2018).  

Figures 3 illustrates the process flow of producing RMS AC and using it for arsenic 

removal. Note that Figure 3 is not definite, and it includes only the main points. A 

figure in Appendix 1 illustrates a more detailed process flow. Yellow arrows in Figure 

3 represent the energy used, while blue is for water and wastewater, and red is for the 

chemicals used. Emissions are represented by light-brown arrows, while the water to 

be treated is represented by a dark-green arrow. The sludge generated in wastewater 

treatment is represented by a dark-brown arrow.  Regenerated AC and high arsenic 

content waste are represented by black arrows, where AC was assumed to be sent back 

to the adsorption unit.  
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Figure 3. System boundary and process flow for arsenic removal using RMS AC. 

 

Red mombin seeds were transported by air from Peru to Germany, where the activated 

carbon was produced by a number of processes. The raw material was first washed to 

remove husk and pulp, then it was dried to remove any moisture in it, followed by 

grinding, sieving impregnated with zinc chloride as the activating agent. The raw 

material was then put in a carbonization unit under nitrogen atmosphere for 2 hours, 

then it was cooled with a flow of nitrogen gas, washed with water and 0.15M HCl, 

dried, and finally ground and sieved. (Cruz et al., 2018) Note that the cooling step was 

based on the study done by Hjaila et al. (2013), where the carbonized AC was cooled 

using nitrogen gas for 20 minutes. The produced AC was then sent to the adsorption 

unit for use.  

Wastewater from RMS AC production was assumed to go to a wastewater treatment 

plant, where GHG emissions were released in addition to sludge production. 

Spent AC was assumed to be regenerated via acid-alkali method, where 10% of the 

spent adsorbent was assumed to be lost (Li et al., 2015). Detailed information 

regarding regeneration of adsorbents is missing, so it was assumed that if the impacts 
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of treating a certain amount of water over the lifespan of the unit were divided by the 

functional unit of this study, the impacts would be very small. This was shown in the 

LCA analysis, and as it had very little impact compared to the other processes, it was 

kept nevertheless. The information found regarding the regeneration of agro-waste 

activated carbons did not specify the amount of the used materials for such process, an 

assumption was made that the adsorbent would be regenerated using the mentioned 

method, which has been used for regenerating powdered activated carbon for 4 cycles. 

Based on that, it was assumed that RMS AC would be regenerated for 5 regeneration 

cycles. Zepon and Azapagic (2018) assumed that the adsorbent would be replaced 

about 9 times, with 10 regenerations for each replacement over the lifespan of 60 years 

for the unit. Because 5 regeneration cycles were assumed for this study based on the 

acid-alkali method, distributed over 6 years of operation, it was assumed that the 

replacement of the adsorbent would be done 5 times over an assumed lifespan of 30 

years for the adsorption unit, where the replacements take place every 6 years.  When 

the impact of such process over the whole lifespan of the unit is divided by the 

functional unit of this study, the impact would be very small, which was mentioned 

earlier. 

The amounts of used materials were adjusted based on the functional unit for this 

study. The spent AC was first mixed with NaOH and deionized water, washed and 

filtered, then mixed with sulfuric acid and more deionized water. The mix was again 

washed and filtered, followed by overnight drying at 105 OC.  

The manufacturing process of AC by Hjaila et al. (2013) was estimated for 1 kg of 

activated carbon, but it was necessary to determine how much AC was needed for the 

treatment in this study. The amount of used activated carbon for 1000 m3 purified 

water in Bonton et al. (2012)’s pilot-scale study was 76 kg. The adsorbent loading 

suggested by Cruz et al (2018) was 0.5 kg/m3, meaning 500 kg of adsorbent. However, 

the two values are not comparable since the study by Cruz et al. (2018) was completely 

done on a laboratory scale. Therefore, an adsorbent loading value of 0.01 kg/m3 was 

assumed for this study, corresponding to 100 kg of adsorbent needed for the functional 

unit for 90 days of servicing time (Bonton et al., 2012). Since this study considers one 

day of treatment, the amount of used activated carbon for one day of treatment was 

estimated to be about 1.1 kg. This was estimated by dividing 100 kg of AC by the 

number or servicing days. 
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For the operation phase, a number of chemicals were used in addition to electricity. 

Alum and polymer were used for coagulation-flocculation prior to adsorption. 

Alkalinity drop would happen due to coagulant addition, which is why NaOH was 

used to compensate for such drop. Liquid chlorine was used for disinfection, while 

NaOH along with CO2 were used for corrosion control. (Bonton et al., 2012) Note that 

the obtained water after treatment was assumed to reach the quality that is safe to 

discharge into the water network, which is why corrosion control and disinfection 

chemicals were assumed to be used. 

Figure 4 illustrates the process flow for the assembly of spiral wound modules for 

arsenic removal. As was the case with Figure 3, Figure 4 includes only the main points, 

and a more detailed process flow can be found in Appendix 1. The information 

obtained from the work done by Zepon and Azapagic (2018), and Bonton et al. (2012) 

where a pilot-scale case was considered, were primarily used for drawing the figure. 

The NF unit construction phase was left out of the system boundary, as seen in Figure 

4. A total of 270 modules was assumed to be used in the membrane separation unit for 

the operation; 180 for the treatment process and 90 to replace modules that are being 

washed after the treatment process. Each module had an active surface area of 37 m2. 

This assumption was made based on the study done by Bonton et al. (2012). The 

lifetime of the nanofiltration unit was assumed to be 30 years, like the adsorption unit. 

The preparation process of flat membranes, which can be used for spiral wound 

modules was described by Mulder (1996). The preparation stages were polymer 

dissolving, polymer solution casting, and immersion of the cast film in a coagulation 

bath (usually water). The process was described as simple by Mulder (1996), which 

concluded that the process might not consume much energy. Bonton et al. (2012) 

assumed an energy consumption of 0.5 kWh for CFC-113 solvent recycling, so it was 

assumed that the production of spiral wound modules would consume 1 kWh of 

energy.  

Chlorine was used for disinfection, while carbon dioxide, sulfuric acid, and phosphoric 

acid were used for corrosion control (Bonton et al., 2012). After the filtration process, 

three outputs can be seen:  permeate purified water, the concentrate (high arsenic 

content waste), and plastic waste. The concentrate was assumed to be sent to hazardous 

waste incineration. Plastic waste is the modules after use, assumed to be sent for 
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municipal incineration. The lifetime of a single module was assumed to be 10 years, 

which means that the disposal of the modules would be after 10 years of operation. 

 

Figure 4. System boundary and process flow for arsenic removal using spiral wound 

nanofiltration membranes. 

 

6.3 Life Cycle Inventory 

 

6.3.1 Inventory data for arsenic removal using red mombin seeds activated 

carbon (RMS AC) 

 

Some data were collected from the research done by Cruz et al. (2018) for the 

preparation of RMS AC, while other data were collected from the production of 

activated carbon using olive-waste cake by Hjaila et al. (2013), which helped in 

making some assumptions and estimations regarding the energy use, generated waste, 

and water use. The assumptions were made based on the fact that olive-cake waste was 

also agro-waste like red mombin, which led to the belief that production conditions 

and results could be similar. Some assumptions were also made based on the work by 

Bonton et al. (2012). Estimates regarding the transport of materials and waste were 

made based on the assumed location of the adsorption unit, which was also the case 
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with the membrane separation unit. Other inventory data were obtained from ecoinvent 

3, agri-footprint, and ELCA databases available in SimaPro. Note that the estimates 

and assumptions were based on the defined functional unit of 1000 m3, which was also 

the assumed daily treatment capacity of the adsorption unit. Assumptions were 

numbers taken as they were in the studies by Bonton et al. (2012), and Zepon and 

Azapagic (2018), while estimates were calculated based on the studies by Hjaila et al. 

(2013), Cruz et. al. (2018), and Li et al., (2015) and adjusted according to the functional 

unit of this study (1000 m3 water). Table 7 lists all the assumptions that were made, 

including transport and waste management.  

Also note that calcium hydroxide and aluminum sulphate, which are two of the 

chemicals used in the operation phase, were excluded because they were not available 

in the SimaPro databases. For transport, air and lorry were considered to transport the 

raw material. Red mombin seeds were assumed to be transported from Peru to 

Germany, which is about 10,600 km away, by air, then transported to the plant from 

the airport (22.2 km away) by road.  

According to Zepon and Azapagic (2018), 10% loss of spent AC was to be expected 

during regeneration. The lost AC, which contains high levels of arsenic, was assumed 

to be sent to a hazardous waste incineration plant located in Cologne, Germany (571 

km). Husk and pulp waste came out from washing the raw material, labelled as non-

hazardous waste, and were assumed to be sent to a municipal incineration plant in 

Cologne (583 km). Generated wastewater from washing and drying AC was assumed 

to be discharged to a wastewater treatment plant located in Dresden. 
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Table 7. Inventory data for arsenic removal using activated carbon produced from red 

mombin seeds (per 1000 m3 of wastewater). 

Data Value Unit Estimate/Assumption Reference 

AC Production     

Electricity 

 

Red Mombin Seeds 

 

Water 

 

0.15M Hydrochloric 

acid- final washing 

 

Zinc Chloride  

 

Nitrogen gas 

 

Transport, plane 

 

Transport, lorry 

 

Emissions- from 

carbonization (VOC, 

CO2, methane, N2, 

organic vapor) 

 

3.4 

 

35 

 

0.12 

 

0.048 

 

 

7 

 

1.5 

 

371 

 

0.77 

 

4.5 

kWh 

 

kg 

 

m3 

 

m3 

 

 

kg 

 

kg 

 

tkm 

 

tkm 

 

kg 

 

Estimate 

 

Estimate 

 

Estimate 

 

Estimate 

 

 

Estimate 

 

Estimate 

 

Assumption 

 

Assumption 

 

Estimate 

 

 

Hjaila et al., 2013 

 

Cruz et al., 2018 

 

Hjaila et al., 2013 

 

Cruz et al., 2018 

 

 

Cruz et al., 2018 

 

Cruz et al., 2018 

 

Own  

 

Own  

 

Hjaila et al., 2013 

 

Coagulation-

flocculation 

    

Polymer (acrylonitrile-

butadiene-styrene 

copolymer)  

 

 

 

0.3 

 

 

 

kg 

 

 

Assumption 

 

 

 

Bonton et al., 2012 

Alum 

 

NaOH (alkalinity 

control) 

 

80 

 

31 

kg 

 

kg 

Assumption 

 

Assumption 

 

Adsorption Unit  

Electricity 

 

162.5 

 

kWh 

 

Assumption 

 

Bonton et al., 2012 

 

Corrosion control 

and disinfection 

     

Carbon dioxide, liquid 

 

 

NaOH 

 

 

 

Chlorine, liquid 

 

 

 

 

 

14 

 

 

60 

 

 

 

0.6 

kg 

 

 

kg 

 

 

 

kg 

Assumption 

 

 

Assumption 

 

 

 

Assumption 

 

 

 

Bonton et al., 2012 
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Adsorbent 

Regeneration 

 

Electricity (for drying) 

Deionized water 

NaOH 

 

H2SO4 

113 

0.02 

0.04 

 

0.032 

kWh 

m3 

kg 

 

kg 

Assumption 

Estimate 

Estimate 

 

Estimate 

Hjaila et al., 2013 

Li et al., 2015 

Li et al., 2015 

 

Li et al., 2015 

Waste management  

 

Hazardous waste- AC 

regeneration 

 

Non-hazardous waste- 

AC production 

 

Wastewater  

 

Transport, lorry- 

municipal incineration 

(Dresden-Cologne) 

 

Transport, lorry- 

hazardous waste 

incineration (Dresden-

Cologne) 

 

 

0.12 

 

 

29.25 

 

 

122 

 

17.05 

 

 

 

 

 

 

0.07 

 

 

 

 

kg 

 

 

kg 

 

 

kg 

 

tkm 

 

 

 

 

 

 

tkm 

 

Assumption 

 

 

Estimate 

 

 

Estimate 

 

Estimate 

 

 

 

 

 

 

Estimate 

 

Own 

 

 

Hjaila et al., 2013 

 

 

Hjaila et al.,2013 

 

Own 

 

 

 

 

 

 

Own 

 

According to the mass balance diagram in Figure 5, weight loss of the raw material 

after impregnation (activation), carbonization, AC washing, and drying was about 97% 

in the form of volatile gas releases, residues, and some water vapor, in addition to the 

activating agent. As for the used activation chemical, 75% loss of H3PO4 used by 

Hjaila et al (2013) with the output washing water was estimated. There was no 

information regarding how much ZnCl2 was lost in RMS AC production, so 75% was 

also assumed for this study. 
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Figure 5. Mass balance diagram for the production of RMS AC (Cruz et al., 2018). 

 

6.3.2 Inventory data for arsenic removal using spiral wound nanofiltration 

membranes 

 

Inventory data were obtained from the previous work done by Tarpani and Azapagic 

(2018), where they have used life cycle assessment as a tool for the estimation of the 

impacts associated with advanced treatment methods, namely nanofiltration 

membranes, granular activated carbon and solar photo-Fenton and ozonation. Some of 

the nanofiltration data obtained by them were taken from Ecoinvent 2.2, which were 

available in Ecoinvent 3 and other libraries used in this work. Table 8 lists the assumed 

and estimated inventory data. As was the case with the adsorption, the estimates and 

assumptions were based on the defined functional unit of 1000 m3 of treated water. 

Operational data were taken as they were in the studies by Zepon and Azapagic (2018) 

and Bonton et al. (2012), while the data regarding transport were estimated based on 

the assumed locations. The chemicals listed in the inventory were assumed to be 

provided by Sigma-Aldrich in Munich (472 km away) and R&G 

Faserverbundwerkstoffe in Stuttgart (535 km away). This assumption was used to 

estimate transport distances from the producers to a hypothetical nanofiltration unit 
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with a daily capacity of 1000 m3 assumed to be located in Dresden, Germany. The 

amount of concentrate (arsenic content waste) from nanofiltration was estimated to be 

15% of the treated water (National Research Council, 1997), which was assumed to 

be sent to hazardous waste incineration (566 km) in Cologne, Germany. Membrane 

modules were assumed to be plastic waste, which was sent to municipal incineration. 

Disposal of the cleaning solutions was not considered because their pre-treatment 

represents a negligible percentage of 0.5%, according to Bonton et al. (2012).  

Table 8. Inventory data for spiral wound modules for arsenic removal (per 1000 m3 

wastewater). 

Data Value Unit Estimate/Assumption Reference 

Spiral wound modules 

assembly 

 

 

 

 

1 

 

0.14 

 

0.12 

 

0.0014 

 

 

0.05 

 

 

 

0.03 

 

0.017 

 

0.0075 

 

39.1 

 

 

 

 

 

kWh 

kg 

 

kg 

 

kg 

 

 

kg 

 

 

 

kg 

 

kg 

 

tkm 

 

 

tkm 

 

 

 

 

Assumption 

Assumption 

 

Assumption 

 

Assumption 

 

 

Assumption 

 

 

 

Assumption 

 

Assumption 

 

Estimate 

 

 

Estimate 

 

 

 

 

Bonton et al., 

2012 

 

Bonton et al., 

2012 

Bonton et al., 

2012 

 

Bonton et al., 

2012 

 

 

Bonton et al., 

2012 

Bonton et al., 

2012 

Own 

 

 

Own 

Electricity 

Polyester resin, unsaturated, 

at plant 

N, N- dimethylformamide, 

at plant 

Polyphenylene sulfide, at 

plant 

 

Polyvinyl chloride, at 

regional storage- permeate 

tube 

 

Epoxy resin, liquid, at plant 

 

Isopropanol, at plant 
 

Lorry transport, polyester 

resin (Stuttgart-Dresden) 

Lorry transport, other 

chemicals (Munich-

Dresden) 

Unit Operation  

 

 

 

  

Electricity 

Cleaning agent (EDTA + 

NaOH, 50% H2O) 

554 

 

4.2 

kWh 

 

kg 

Assumption 

 

Assumption 

Bonton et al., 

2012 

Bonton et al., 

2012 

 

     

Corrosion control and 

disinfection 

    

Carbon dioxide, liquid 

Sulfuric acid, liquid 

Phosphoric acid 

Chlorine, liquid 

 

 

 

31 

36 

1.1 

0.6 

 

kg 

kg 

kg 

   kg 

 

Assumption 

Assumption 

Assumption 

Assumption 

 

Bonton et al., 

2012 

Zepon and  

Azapagic, 2018 
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Waste management     

Modules disposal- plastic 

waste 

 

Hazardous waste, 

incineration 

 

Lorry- hazardous waste 

incineration 

 

Lorry- municipal waste 

incineration 

0.3584 

 

 

 

150 

 

85.6 

 

 

0.21 

kg 

 

 

 

kg 

 

 

tkm 

 

tkm 

Assumption 

 

 

 

Estimate 

 

 

Estimate 

 

Estimate 

Zepon and 

Azapagic, 2018 
 

 

National Research 

Council, 1997 

 

Own 

 

Own 

 

 

6.4 Impact Assessment 

 

The impacts of the life cycles of arsenic removal using activated carbon produced from 

red mombin seeds, and spiral wound nanofiltration membranes were assessed. The 

results of those cases were compared to the results of arsenic removal using spiral 

wound nanofiltration membranes.  

SimaPro 8.5 was used to analyze the data. The software offers a variety of calculation 

methods, some of them are global.  For this study, the impact method “IMPACT 2002+ 

version 2.14” was chosen. This method was chosen over the ReCiPe 2016 method 

because the latter does not provide normalized or weighted results yet. IMPACT 

2002+ includes 15 midpoint categories, which are carcinogens, non-carcinogens, 

respiratory inorganics, ionizing radiation, ozone layer depletion, respiratory organics, 

aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification/nutrification, land 

occupation, aquatic acidification, aquatic eutrophication, global warming, non-

renewable energy and mineral extraction. These categories go under four damage 

categories; human health, ecosystem quality, climate change and resources. This can 

be seen in Figure 6 below.  
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Figure 6. Scheme of IMPACT 2002+ method (Jolliet et al., 2003). 

 

6.5 Results 

 

6.5.1 Results for arsenic removal using RMS AC 

 

Figure 7 presents the percentages of the environmental impacts associated with the 

production of RMS AC and its use for the removal of arsenic. Table 9 lists the real 

impact values for each phase. The Figure has shown that the production of RMS AC 

had the highest impact contribution over the other phases in all of the impact 

categories, the highest impact value being in aquatic ecotoxicity (10.1x104 kg TEG 

water), followed by non-renewable energy (4.12x104 MJ primary), terrestrial 

ecotoxicity (2.4x104 kg TEG soil), and ionizing radiation (2.08x104 Bq C-14 eq).  
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Pre-treatment of water (coagulation-flocculation) had its highest impact values in 

aquatic ecotoxicity (7.4x103 kg TEG water), ionizing radiation (1.4x103 Bq C-14 eq), 

terrestrial ecotoxicity (2x103 kg TEG soil), and non-renewable energy (1.12x103 MJ 

primary), the highest contribution being in mineral extraction, followed by non-

carcinogens and carcinogens. Operation of the adsorption unit had its highest impact 

values in aquatic ecotoxicity (2.5x103 kg TEG water), ionizing radiation (2.3x103 Bq 

C-14 eq), and non-renewable energy (1.6x103 MJ primary). Transport had its highest 

impact values in aquatic ecotoxicity (1.47x104 kg TEG water), non-renewable energy 

(6.16x103 MJ primary), terrestrial ecotoxicity (3.44x103 kg TEG soil), and ionizing 

radiation (2.74x103 Bq C-14 eq). After-treatment of the water (corrosion control and 

disinfection), adsorbent regeneration, and waste disposal had very little impact 

compared to the other phases, which is why they may not be clearly visible in Figure 

7. The impact percentages of each phase can be found in Appendix 2. 

Figure 7. Midpoint impacts of arsenic removal by adsorption using RMS AC. 
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Table 9. Midpoint impact categories values for arsenic removal by adsorption using 

RMS AC. 

 

Figure 8 gives the results after normalization. Note that normalized values are unitless. 

From the Figure, it is seen that the normalized values in climate change and resources 

are very close. Again, the production phase had the highest values in all damage 

categories; 0.2 in human health, 0.019 in ecosystem quality, 0.27 in climate change, 

and 0.271 in resources. The normalized values for each endpoint damage category can 

be found in Appendix 2. 

 

Label Unit RMS AC 

production 

Pre-

treatment 

Unit 

operation 

After-

treatment 

Adsorbent 

regeneration 

Waste 

disposal 

Transport 

Carcinogens kg C2H3Cl eq  6 1,87 0,169 0,923 0,00172 0,000348 0,837 

Non-carcinogens kg C2H3Cl eq  8,66 4,5 0,375 0,17 0,00309 0,000717 1,09 

Respiratory 

inorganics 

kg PM2.5 eq  1,96 0,0836 0,028 0,0292 0,000236 0,00149 0,291 

Ionizing radiation Bq C-14 eq  20800 1430 2310 685 17,1 0,281 2740 

Ozone layer 

depletion 

kg CFC-11 eq  5,24E-05 8,1E-06 4,85E-06 5,88E-06 4,52E-08 2,54E-09 7,35E-05 

Respiratory 

organics 

kg C2H4 eq  2,79 0,0125 0,00439 0,00389 3,95E-05 0,000398 0,133 

Aquatic 

ecotoxicity 

kg TEG water  101000 7410 2500 499 18,7 3,14 14700 

Terrestrial 

ecotoxicity 

kg TEG soil  24100 2000 645 176 4,91 0,279 3440 

Terrestrial 

acid/nutri 

kg SO2 eq 64,6 1,34 0,926 0,463 0,00705 0,0538 9,85 

Land occupation m2org.arable  7,02 0,949 1,48 0,132 0,0106  0,827 

Aquatic 

acidification 

kg SO2 eq  11,6 0,575 0,209 0,19 0,00168 0,0074 1,74 

Aquatic 

eutrophication 

kg PO4 P-lim  0,246 0,0248 0,0456 0,00299 0,000324 1,24E-05 0,0328 

Global warming kg CO2 eq  2700 54,7 98,9 31,1 0,726 1,16 398 

Non-renewable 

energy 

MJ primary  41200 1120 1610 537 12 16,7 6160 

Mineral 

extraction 

MJ surplus  13,3 26,1 0,469 0,75 0,00427 0,000085 0,894 



66 
 

Figure 8. Normalized results for the endpoint damage categories from arsenic 

removal by adsorption using RMS AC. 

 

The production phase had the highest impact over the other phases, so it was 

necessary to get more details about the involved processes in the phase and their 

impact over the life cycle. Figure 9 shows the percentages of the environmental 

impacts of the processes inside the production phase. Table 10 lists the impact values 

of each process. The processes had close impact values, but carbonization of the raw 

material had the highest impact values overall, the highest being in aquatic 

ecotoxicity (1.48x104 kg TEG water), non-renewable energy (6.18x103 MJ primary), 

terrestrial ecotoxicity (3.45x103 kg TEG soil), and ionizing radiation (2.77x103 Bq 

C-14 eq). Impregnation of the raw material had its highest impact values in aquatic 

ecotoxicity (1.47x103 kg TEG water), non-renewable energy (6.17x103 MJ primary), 

terrestrial ecotoxicity (3.44x103 kg TEG soil), and ionizing radiation (2.75x103 Bq 

C-14 eq). The percentages of each process can be found in Appendix 2. 
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Figure 9. Midpoint impacts of RMS AC production. 

 

Table 10. Midpoint impact values for RMS AC production. 

Label Unit Washing Dry, 

grind 

& 

sieve 

Impregnation Carbonization Cooling Final 

Washing 

& 

filtration 

Dry, 

grind 

& 

sieve 

AC 

Carcinogens kg C2H3Cl eq  0,838 0,838 0,838 0,84 0,84 0,902 0,904 

Non-

carcinogens 

kg C2H3Cl eq  1,09 1,1 1,1 1,1 1,1 1,58 1,59 

Respiratory 

inorganics 

kg PM2.5 eq  0,291 0,291 0,291 0,292 0,292 0,25 0,25 

Ionizing 

radiation 

Bq C-14 eq  2740 2750 2750 2770 2770 3510 3520 

Ozone layer 

depletion 

kg CFC-11 eq  7,35E-05 7,35E-

05 

7,35E-05 7,36E-05 7,36E-

05 

7,82E-05 7,83E-

05 
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Respiratory 

organics 

kg C2H4 eq  0,133 0,133 0,133 0,693 0,693 0,501 0,501 

Aquatic 

ecotoxicity 

kg TEG water  14700 14700 14700 14800 14800 13700 13700 

Terrestrial 

ecotoxicity 

kg TEG soil  3440 3440 3440 3450 3450 3440 3450 

Terrestrial 

acid/nutri 

kg SO2 eq  9,85 9,85 9,86 9,86 9,86 7,64 7,64 

Land 

occupation 

m2org.arable  0,827 0,829 0,833 0,845 0,845 1,42 1,43 

Aquatic 

acidification 

kg SO2 eq  1,74 1,74 1,74 1,74 1,74 1,44 1,44 

Aquatic 

eutrophication 

kg PO4 P-lim  0,0328 0,0328 0,0329 0,0333 0,0333 0,0404 0,0407 

Global 

warming 

kg CO2 eq  398 398 398 418 418 333 334 

Non-

renewable 

energy 

MJ primary  6.16E3 6170 6170 6180 6180 5180 5190 

Mineral 

extraction 

MJ surplus  0,895 0,897 0,899 0,905 0,905 4,39 4,4 

 

Figure 10 illustrates the normalized results of the production phase of RMS. 

Carbonization, impregnation, and raw material washing had the highest impact values 

in all of the damage categories, where the values were more or less the same. In human 

health, raw material washing, drying, grinding and sieving RMS, and impregnation 

had the same value (0.0297). Carbonization and cooling AC had a value of 0.0299, 

while final washing and filtration, followed by drying, grinding and sieving AC had 

values of 0.0259 and 0.026, respectively. The same went on for the remaining damage 

categories. The normalized values can be found in Appendix 2. 
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Figure 10. Normalized results for the endpoint damage categories from RMS AC 

production. 

 

Figure 11 presents the life cycle of arsenic removal using RMS AC, with 0.04% cutoff 

for a better view of the main phases of the life cycle. It is clearly seen that the 

production of RMS AC took 81.5% of the life cycle impacts. Pre-treatment, unit 

operation, and after-treatment took 2.69%, 2.58%, and 1.05%, respectively, while 

waste disposal and transport took 0.0404% and 12.1%, respectively. 
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Figure 11. Life cycle of arsenic removal by adsorption using RMS AC (0.04 % cutoff). 
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6.5.2 Results for arsenic removal using spiral wound nanofiltration membranes 

 

Figure 12 presents the percentages of the environmental impacts associated with the 

production of spiral wound nanofiltration membranes and their use for arsenic 

removal. Table 11 lists the real impact values for each phase. The unit operation phase 

had the highest impact contribution in all of the impact categories, its highest impact 

values being in aquatic ecotoxicity (9.8x103 kg TEG water), ionizing radiation 

(7.99x103 Bq C-14 eq), non-renewable energy (5.69x103 MJ primary), and terrestrial 

ecotoxicity (2.35x103 kg TEG soil). After-treatment of the water (corrosion control 

and disinfection) had the second-highest impact contribution, the highest value being 

in aquatic ecotoxicity (1.21x103 kg TEG water). Spiral wound modules production and 

assembly, waste disposal, and transport had very little impact compared to the unit 

operation and after-treatment phases. The impact percentages of each phase can be 

found in Appendix 2. 

 

Figure 12. Midpoint impacts of arsenic removal using spiral wound nanofiltration 

membranes. 
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Table 11. Midpoint impact values for arsenic removal using spiral wound 

nanofiltration membranes. 

Label Unit Spiral wound modules 

production & 

assembly 

Unit 

operation 

After-

treatment 

Waste 

disposal 

Transport 

Carcinogens kg C2H3Cl eq  0,0575 0,856 0,284 1,67E-05 0,000758 

Non-carcinogens kg C2H3Cl eq  0,0702 1,41 0,541 3,45E-05 0,00156 

Respiratory 

inorganics 

kg PM2.5 eq  0,00143 0,105 0,02 7,15E-05 0,00324 

Ionizing 

radiation 

Bq C-14 eq  8,23 7990 393 0,0135 0,611 

Ozone layer 

depletion 

kg CFC-11 eq  1,56E-07 1,82E-05 2,44E-06 1,22E-10 5,53E-09 

Respiratory 

organics 

kg C2H4 eq  0,0035 0,0187 0,00697 1,92E-05 0,000868 

Aquatic 

ecotoxicity 

kg TEG water  83 9080 1210 0,151 6,83 

Terrestrial 

ecotoxicity 

kg TEG soil  15,1 2350 393 0,0134 0,609 

Terrestrial 

acid/nutri 

kg SO2 eq  0,0228 3,32 0,315 0,00259 0,117 

Land occupation m2org.arable  0,0707 5,12 0,729   

Aquatic 

acidification 

kg SO2 eq  0,00599 0,755 0,133 0,000356 0,0161 

Aquatic 

eutrophication 

kg PO4 P-lim  0,000428 0,159 0,0107 5,96E-07 0,000027 

Global warming kg CO2 eq  1,3 347 24,9 0,0559 2,53 

Non-renewable 

energy 

MJ primary  31,2 5690 612 0,801 36,3 

Mineral 

extraction 

MJ surplus  0,044 1,99 1,87 4,09E-06 0,000185 

 

In Figure 13, the normalized results are shown. Unit operation had the highest impact 

in all of the damage categories, the highest being in resources (0.0374), followed by 

climate change (0.035). The other phases had little impact compared to unit operation. 

The normalized values for each damage category can be found in Appendix 2.  
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Figure 13. Normalized results for the endpoint damage categories from the use of spiral 

wound nanofiltration membranes for arsenic removal. 

 

Figure 14 presents the life cycle of arsenic removal using  spiral wound nanofiltration 

membranes with 0.0.071% cutoff for a better view of the figure. Because of the chosen 

cutoff percentage, some phases and parts cannot be seen. Unit operation has taken 

89.1% of the impact of the life cycle, while after-treatment took about 9.5%. Spiral 

wound modules production and assembly took about 0.6%. Waste disposal and 

transport took about 0.02% and 0.58%, respectively. 
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Figure 14. Life cycle of arsenic removal using spiral wound nanofiltration membranes 

(0.071 % cutoff). 
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6.6 Comparison of the Results 

 

Figure 15 compares impacts between the life cycles of arsenic removal by adsorption 

using RMS AC with and spiral wound modules nanofiltration membranes. RMS AC 

had the highest impact values in all of the impact categories, the highest values being 

in aquatic ecotoxicity (1.26x105 kg TEG water), non-renewable energy (5.07x104 MJ 

Primary), terrestrial ecotoxicity (3.04x104 kg TEG soil), and ionizing radiation 

(2.8x104 Bq C-14 eq). The highest impact values for NF were in aquatic ecotoxicity 

(1.04x104 kg TEG water), ionizing radiation (8.39x103), non-renewable energy 

(6.37x103 MJ primary), and terrestrial ecotoxicity (2.76x103 kg TEG soil). Table 12 

lists the other impact values, where the difference between NF membranes and 

adsorption RMS AC could be clearly seen. 

Figure 15. Comparing life cycles of arsenic removal methods. 
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Table 12. Comparison of the life cycles for RMS AC and NF membranes for arsenic 

removal.  

Label Unit RMS AC 

Adsorption 

Nanofiltration 

Carcinogens kg C2H3Cl eq  8,97 1,2 

Non-carcinogens kg C2H3Cl eq  14,8 2,03 

Respiratory inorganics kg PM2.5 eq  2,39 0,13 

Ionizing radiation Bq C-14 eq  28000 8390 

Ozone layer depletion kg CFC-11 eq  0,000617 0,0000208 

Respiratory organics kg C2H4 eq  2,94 0,0301 

Aquatic ecotoxicity kg TEG water  126000 10400 

Terrestrial ecotoxicity kg TEG soil  30400 2760 

Terrestrial acid/nutri kg SO2 eq  77,2 3,77 

Land occupation m2org.arable  10,4 5,92 

Aquatic acidification kg SO2 eq  14,3 0,891 

Aquatic eutrophication kg PO4 P-lim  0,353 0,17 

Global warming kg CO2 eq  3280 376 

Non-renewable energy MJ primary  50700 6370 

Mineral extraction MJ surplus  41,5 3,91 

 

Figure 16 shows the normalized results for the comparison between the life cycles of 

RMS AC and NF membranes for arsenic removal. It is clearly seen that RMS AC had 

the highest impact in all of the four damage categories, where the highest normalized 

impact value was found to be in resources (0.338), followed by climate change 

(0.3313). The other normalized values can be found in Appendix 2. 
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Figure 16. Normalized results for the endpoint damage categories for the comparison 

between the life cycles of RMS AC and NF membranes for arsenic removal. 
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7 DISCUSSION 

 

7.1 Meaning of the Results 

 

It can be seen from the results that the best arsenic removal technology based on the 

impact values was the spiral wound nanofiltration membrane. It had the lowest impact 

values in all of the impact categories when compared to adsorption using red mombin 

seeds activated carbon. The largest difference between the impacts of the two methods 

was found to be in respiratory organics (98.8%), followed by ozone depletion (96.6%), 

terrestrial acidification/nutrification (95.11%), respiratory inorganics (94.6%), aquatic 

acidification (93.76%). The difference percentages for other impact categories can be 

found in Appendix 2. 

 

7.2 Sources of Error 

 

Error in the results is something to be expected while performing LCA. The sources 

of such error could be detected the further the analysis proceeds. While defining the 

boundaries, some parts were excluded such as the construction and decommissioning 

phases of the units.  

What is done with red mombin seeds (e.g. cultivation) before being transported is also 

not taken into account as there was no information regarding that. These exclusions 

may have an effect on the final results. 

The availability of data is a major source of possible error. In this work, some data 

regarding used materials was found in Ecoinvent, but some were not found, and some 

manufacturers would not share their inventory information due to its being 

confidential. Therefore, some amounts were either assumed or estimated based on 

similar cases from literature, or excluded.  

 Because the experimental work done by Cruz et al (2018) did not provide numbers 

regarding the amount of used materials or energy use, the work done by Hjaila et al 

(2013) was used as a basis for estimating them, where the production process for AC 

from olive-cake waste was more or less the same as RMS AC. These amounts were 

adjusted based on the amount of raw material used, where it was quite large for RMS 
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AC compared to olive-cake waste. This could give a rough estimate of how things 

might look like at a larger scale, but it is very likely to find error in the results. 

Regarding waste management, there was not much information on how the spent 

adsorbent with high arsenic content is handled, so it was assumed to be sent to a 

hazardous waste incineration plant. In addition, there is no information regarding how 

the concentrate from nanofiltration is handled, so it was also assumed to be sent to a 

hazardous waste incineration plant as well. 

Statistical and sensitivity analysis of the results is an important part of an LCA 

analysis, where the effect of the important assumptions on the results is studied by 

changing several parameters (e.g. transport distances, impact method, waste 

management, etc.) and see whether there is any difference in the results. A higher 

chance of error and uncertainty is likely to occur because the sensitivity analysis was 

not done in this work. 

Social and economic impacts were not taken into account in this study, which limits 

the extent of understanding how much arsenic removal using the studied methods 

would affect the surroundings and the economy. This is basically a limitation of LCA 

itself as a sustainability assessment tool (Arantza et al., 2015). However, it is possible 

to take them into account by using other sustainability assessment tools such as Socio-

Eco-efficiency analysis (SEEBALANCE®) and Eco-efficiency analysis (EEA), where 

SEEBALANCE® considers economic, societal, and environmental aspects, and EEA 

considers environmental and economic aspects (Arantza et al., 2015). 

 

7.3 Recommendations 

 

As seen in the results, when using RMS AC for arsenic removal), washing the 

adsorbent had the highest impact due to the large amount of generated wastewater 

composing of ZnCl2 and HCl. More environmentally-friendly alternatives regarding 

the use of other activating agents and using a different chemical than HCl for washing 

the adsorbent are worth considering if found. Potassium hydroxide (KOH), potassium 

carbonate (K2CO3), phosphoric acid (H3PO4) are possible options of activating 

chemicals (Cruz et al., 2012; Hjaila et al., 2013). 
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Regeneration of the adsorbent has proven to be effective in the case of powdered 

activated carbon (Li et al., 2015). It would be worthwhile to test it on RMS AC or other 

granular activated carbons. 

Transport of the raw material from Peru to Germany had the third-highest impact after 

the production phase and the pre-treatment. It may be possible to find local raw 

materials (e.g. sewage sludge, perennial crops, hops cultivation) or somewhere else 

with less transport distance, but it is essential that such raw material would result in an 

adsorbent almost as satisfactory as RMS AC (Federal Ministry for the Environment, 

2018). 

In the case of spiral wound NF membranes, after-treatment (corrosion control and 

disinfection) had a high impact, which may be due to the use of carbon dioxide and 

sulfuric acid. There may be other options for corrosion control that are less toxic, 

which would mitigate the impact of the corrosion control process. Silicate-based and 

phosphate-based corrosion inhibitors may be good candidates for corrosion control 

(Environmental Protection Agency, 2016). 
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8 CONCLUSIONS 

 

This study considered a comparison of life cycle environmental impacts for lowering 

inorganic arsenic concentrations in drinking water from 100 µg/l to the desirable level 

(10µg/l) using two methods, namely adsorption with activated carbon produced from 

red mombin seeds, and spiral wound nanofiltration membranes. These methods were 

used because they were known to be able to reach high removal efficiencies of 

inorganic arsenic. The analysis was done using SimaPro 8.5, and “IMPACT 2002+ 

version 2.14” was chosen as the calculation method, where it was possible to calculate 

the environmental impacts for 15 impact categories (e.g. carcinogens, ozone depletion, 

ionizing radiation, etc.) and 4 damage categories (human health, ecosystem quality, 

climate change, resources). 

Arsenic exposure through drinking water has been a major concern in many countries 

around the world, where contaminant levels in drinking water were found to be way 

above the standard set by EPA and the European Commission (10 µg/l). In particular, 

inorganic arsenic was found to be more toxic than organic arsenic. Despite its toxicity, 

inorganic arsenic was widely used in many applications, such as the production of 

pesticides and medical treatment (e.g. leukemia, syphilis) and others. It was classified 

by a number of agencies (e.g. IARC and EPA) as a known human carcinogen, causing 

skin, lung, and bladder cancer, as well as anemia, diabetes, and cardiovascular 

diseases. 

This study reviewed the main water treatment methods that were designed for the 

removal of inorganic arsenic. The methods covered in this thesis were oxidation, ion 

exchange, adsorption, membrane filtration, nanoparticles, and hybrid methods (e.g. 

photocatalysis/adsorption, membrane/adsorption). Nanofiltration membranes were 

found to have the lowest environmental impact values in all the considered impact 

categories. The impact values were found to be the lowest in ozone depletion, aquatic 

eutrophication, and respiratory organics and inorganics. The use of red mombin seeds 

activated carbon was found to have low impact values in carcinogens, respiratory 

organics and inorganics, ozone depletion, aquatic eutrophication, and aquatic 

acidification while in ionizing radiation, aquatic ecotoxicity, terrestrial ecotoxicity, 

and non-renewable energy the impact values were higher. The difference percentage 

in the impacts between RMS AC and NF membranes was about 84.4% in average. 
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Previous studies have been done where advanced water treatment techniques were 

compared based on their environmental impacts. The studies were done by Bonton et 

al. (2012) and Zepon and Azapagic (2018). Inventory data were obtained from those 

studies, and some assumptions were made based on them. The results of those studies 

indicated that treatment by nanofiltration membranes had indeed the lowest 

environmental impacts compared to treatment by activated carbon, which was the 

same final result of this study. 

Recommendations regarding the use of less toxic chemicals in different processes (i.e. 

chemical activation, adsorbent washing, corrosion control) are worth considering. It 

would also be worthwhile to investigate the availability of other options for transport 

or raw materials.  

Limitations regarding data and resources availability would be drivers for further 

work. More detailed work regarding effective regeneration of spent adsorbents is 

necessary, in addition to the manufacturing process of membranes filtration for water 

treatment.  

It has been noted that the data used for RMS AC was on a laboratory scale, and as it 

had the potential to effectively purify the water, it should be adapted on a larger scale. 

Alternatives for managing hazardous waste such as high arsenic content waste need to 

be further discussed and presented. 

There are a number of possible approaches to expand this study. Sensitivity analysis 

as well as uncertainty analysis may be performed to determine the effectiveness of the 

assumptions on the final results, in addition to defining the processes that affect the 

results more significantly than others. Economic and social aspects may also be 

considered by using other sustainability assessment tools like eco-efficiency analysis 

(EEA) and socio-eco-efficiency analysis (SEEBALANCE®). 
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APPENDIX 1: Detailed Process flows 

 

Appendix 1 (1/2):  Detailed process flow for the production of red mombin seeds 

activated carbon and its use for arsenic removal. 
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Appendix 1 (2/2): Detailed process flow for the assembly and use of spiral wound 

nanofiltration membranes for the removal of arsenic. 

 



 

APPENDIX 2: Results tables 

 

Appendix 2 (1/6) Impacts of arsenic removal by adsorption using RMS AC in different midpoint impact categories, and the production 

phase of RMS AC (in %). 

Label RMS AC 

Production 

Pre-treatment Unit operation After-

treatment 

Adsorbent 

regeneration 

Waste disposal Transport 

Carcinogens 66,9153 20,8063 1,8853 1,029 0,0192 0,0039 9,341 

Non-carcinogens 58,4709 30,4272 2,532 1,151 0,0209 0,0048 7,393 

Respiratory inorganics 81,864 3,4937 1,1718 1,2186 0,0098 0,0621 12,1799 

Ionizing radiation 74,3388 5,1053 8,2523 2,4469 0,061 0,001 9,7947 

Ozone layer depletion 85,017 1,313 0,7865 0,9529 0,0073 0,0004 11,9228 

Respiratory organics 94,7543 0,4263 0,1494 0,1322 0,0013 0,0135 4,523 

Aquatic ecotoxicity 80,0868 5,868 1,9776 0,3947 0,0148 0,0025 11,6556 

Terrestrial ecotoxicity 79,3843 6,5753 2,1233 0,5788 0,0162 0,0009 11,3213 

Terrestrial acid/nutri 83,631 1,7301 1,1987 0,6 0,0091 0,0696 12,7613 

Land occupation 67,4263 9,1056 14,1635 1,2677 0,1018 0 7,9351 

Aquatic acidification 80,9608 4,0266 1,4616 1,3329 0,0118 0,0518 12,1545 

Aquatic eutrophication 69,806 7,032 12,9292 0,849 0,0918 0,0035 9,2886 

Global warming 82,1839 1,6685 3,0156 0,9488 0,0221 0,0354 12,1257 

Non-renewable energy 81,3459 2,2074 3,1724 1,06 0,0238 0,0328 12,1577 

Mineral extraction 32,0266 62,8723 1,1287 1,8073 0,0103 0,0002 2,1545 
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Label Raw material 

washing 

Drying,grinding 

and sieving 

Impregnation Carbonization Cooling AC Final Washing 

& filtration 

Drying, 

grinding & 

sieving AC 

Carcinogens 13,9615 13,9654 13,9737 13,997 13,997 15,0414 15,064 

Non-carcinogens 12,6471 12,6527 12,6663 12,7042 12,7042 18,2954 18,3302 

Respiratory inorganics 14,879 14,8798 14,8839 14,8956 14,8956 12,7791 12,787 

Ionizing radiation 13,1787 13,1954 13,2273 13,3164 13,3164 16,8368 16,9289 

Ozone layer depletion 14,0243 14,0257 14,0283 14,0358 14,0358 14,9213 14,9287 

Respiratory organics 4,7735 4,7736 4,774 24,8545 24,8545 17,9844 17,9855 

Aquatic ecotoxicity 14,5546 14,5563 14,5642 14,5865 14,5865 13,5667 13,5852 

Terrestrial ecotoxicity 14,2623 14,2672 14,2766 14,3027 14,3027 14,2807 14,3078 

Terrestrial acid/nutri 15,2594 15,26 15,2642 15,2757 15,2757 11,8287 11,8362 

Land occupation 11,773 11,805 11,8656 12,0347 12,0347 20,1557 20,3313 

Aquatic acidification 15,0135 15,0144 15,0196 15,0343 15,0343 12,437 12,4469 

Aquatic eutrophication 13,3082 13,3251 13,3791 13,5297 13,5297 16,4027 16,5255 

Global warming 14,7549 14,7574 14,768 15,4905 15,4905 12,3583 12,3802 

Non-renewable energy 14,9464 14,9517 14,9629 14,9942 14,9942 12,5599 12,5907 

Mineral extraction 6,7344 6,7434 6,7603 6,8076 6,8076 33,0489 33,0979 
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Appendix 2 (2/6) Normalization of the impact results for arsenic removal using RMS AC, and the production phase of RMS AC. 

Label RMS AC 

Production 

Pre-treatment Unit operation After-

treatment 

Adsorbent 

regeneration 

RMS Waste Transport 

Human health 0,2006 0,0108 0,003 0,003 2,57E-05 0,0001 0,0297 

Ecosystem quality 0,0198 0,0014 0,0006 0,0001 4,28E-06 4,26E-06 0,0029 

Climate change 0,2723 0,0055 0,01 0,0031 7,33E-05 0,0001 0,0402 

Resources 0,2714 0,0075 0,0106 0,0035 7,93E-05 0,0001 0,0406 

 

 

Label Raw material 

washing 

Drying,grinding 

and sieving 

RMS 

Impregnation Carbonization Cooling AC Final Washing 

& filtration 

Drying, 

grinding & 

sieving AC 

Human health 0,0297 0,0297 0,0297 0,0299 0,0299 0,0259 0,026 

Ecosystem quality 0,0029 0,0029 0,0029 0,0029 0,0029 0,0027 0,0027 

Climate change 0,0402 0,0402 0,0402 0,0422 0,0422 0,0337 0,0337 

Resources 0,0406 0,0406 0,0406 0,0407 0,0407 0,0341 0,0342 
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Appendix 2 (3/6) Impacts of arsenic removal using spiral wound nanofiltration membranes in different midpoint impact categories (in %). 

Label Spiral wound 

modules production 

& assembly 

Unit operation After-treatment Waste disposal Transport 

Carcinogens 4,7974 71,4304 23,7075 0,0014 0,0633 

Non-carcinogens 3,4674 69,7573 26,6964 0,0017 0,0771 

Respiratory inorganics 1,1012 81, 15,3533 0,055 2,4906 

Ionizing radiation 0,098 95,2054 4,689 0,0002 0,0073 

Ozone layer depletion 0,7472 87,5107 11,715 0,0006 0,0265 

Respiratory organics 11,6413 62,2547 23,1577 0,0636 2,8827 

Aquatic ecotoxicity 0,7994 87,5156 11,6177 0,0015 0,0658 

Terrestrial ecotoxicity 0,5477 85,2007 14,2291 0,0005 0,022 

Terrestrial acid/nutri 0,6042 87,8654 8,3567 0,0685 3,1052 

Land occupation 1,1943 86,4979 12,3077 0 0 

Aquatic acidification 0,6727 84,7891 12,6878 0,04 1,8104 

Aquatic eutrophication 0,2523 93,4542 6,2772 0,0004 0,0159 

Global warming 0,3458 92,3396 6,6267 0,0149 0,673 

Non-renewable energy 0,4891 89,3218 9,6068 0,0126 0,5697 

Mineral extraction 1,126 50,9829 47,8863 0,0001 0,0047 
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Appendix 2 (4/6) Normalization of the impact results for arsenic removal using spiral wound nanofiltration membranes. 

Label Spiral wound 

modules assembly 

Unit operation After-treatment Waste disposal Transport 

Human health 0,0002 0,0115 0,0023 7,08E-06 0,0003 

Ecosystem quality 1,64E-05 0,002 0,0003 2,05E-07 9,27E-06 

Climate change 0,0001 0,035 0,0025 5,64E-06 0,0003 

Resources 0,0002 0,0374 0,004 5,27E-06 0,0002 

 

Appendix 2 (5/6) Normalization of the comparison results of red mombin seeds activated carbon and spiral wound nanofiltration 

membranes for arsenic removal. 

Label Nanofiltration Adsorption 

Human health 0,0144 0,2473 

Ecosystem quality 0,0024 0,0247 

Climate change 0,038 0,3313 

Resources 0,0419 0,3338 
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Appendix 2 (5/6) Difference percentage between the life cycle impacts of arsenic removal by adsorption using RMS AC and spiral wound 

nanofiltration membranes. 

Label Adsorption Nanofiltration Difference 

Carcinogens 100 13,3664 86,6336 

Non-carcinogens 100 13,6796 86,3204 

Respiratory inorganics 100 5,4352 94,5648 

Ionizing radiation 100 29,951 70,049 

Ozone layer depletion 100 3,3796 96,6204 

Respiratory organics 100 1,0232 98,9768 

Aquatic ecotoxicity 100 8,2142 91,7858 

Terrestrial ecotoxicity 100 9,0882 90,9118 

Terrestrial acid/nutri 100 4,8873 95,1127 

Land occupation 100 56,8347 43,1653 

Aquatic acidification 100 6,2358 93,7642 

Aquatic eutrophication 100 48,1278 51,8722 

Global warming 100 11,4642 88,5358 

Non-renewable energy 100 12,5649 87,4351 

Mineral extraction 100 9,4234 90,5766 

 

 


