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Abstract 
 

Cambodia is one of south-east Asia’s poorest countries and agriculture is the main source of 
livelihood there (Ali 2002).  In Kien Svay district, Kandal Province, year round vegetable production 
occurs though it requires high inputs including frequent irrigation.  Manual labour for irrigation 
constitutes the largest expense for a vegetable famer (Abedullah and Farooq 2002).  Accessibility to 
water for irrigation is a challenge for farmers in the dry season who must rely on rain-fed storage tanks 
or pay to pump water to their fields from distant canals and rivers. Another solution is to use 
groundwater irrigation however groundwater there is contaminated with arsenic (As). As in pore water 
can be taken up by plant roots and ingested, potentially leading to As poisoning. Additionally, As soil 
loading can decrease soil productivity leading to lower yields and decreasing income. An ex-situ 
permeable reactive barrier composed of blast furnace slag (a byproduct of the steel industry) has been 
designed. The high iron (Fe) and calcium (Ca) content of the slag reacts with the As removing it from 
solution. The design uses inexpensive materials including concrete, slag, peat moss, and a treadle pump, 
and is designed to output 350 L/day of arsenic-free water. The ex-situ PRB can be installed on an existing 
borehole, and costs an initial US$2744.50 plus yearly maintenance of less than US$20 which includes 
replacing the slag and peat. This design is suitable for small farms, less than 1 ha in size to increase their 
vegetable production. 
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1 Introduction 

1.1 Problem statement 

 
 Due to civil strife in the 1970s and 1980s, the Kingdom of Cambodia has not seen much 

economic development in the agricultural sector particularly with vegetable production. Vegetables 

have high input requirements including labour and irrigation and there is a higher coefficient of variation 

in vegetable yield compared to cereals meaning it is a riskier investment (Abedullah and Farooq 2002). 

However, 99% of vegetables produced are sold on the market constituting the majority of the farm 

income (Abedullah and Farooq 2002). Vegetable production requires high water demands and Ali (2002) 

states that the access to irrigation water is the major factor constraining vegetable production in 

Cambodia. Due to a lack of rain in the dry season, surface water sources are unreliable and therefore 

other water sources such as groundwater are necessary in order to meet crop requirements. In Kien 

Svay, a district in need of irrigation infrastructure, the groundwater contains arsenic (As) which is 

naturally present due to sedimentary runoff from the Himalayan Mountains which is broken down 

through various degradation mechanisms in deltaic regionssource. Consumption of low doses of arsenic 

over prolonged periods of time has detrimental effects on the human body leading to cancer, diabetes, 

respiratory problems and causes stillbirths (Feldman, Rosenboom et al. 2007). Using contaminated 

groundwater to irrigate crops and to boost vegetable production can lead to the uptake of As by plants 

(McLaren, Megharaj et al. 2006) and the consumption by people. Now, a solution is needed to provide 

small-scale rural farmers with the means to irrigate their crops, promote vegetable production and 

increase income without the dangers of arsenic contamination. 

 

 

 

 

 



1.2 Objective and Scope 

 
 The objective of this project is to provide small scale Cambodian farmers in the Kien Svay district 

in Kandal province with access to arsenic free irrigation water (0.01 mg/L) so as to increase vegetable 

production and income while preventing soil As loading. Since extensive manual labour is already 

required to irrigate crops in Cambodia, another objective is to design a technology that will reduce 

irrigation labour requirements. This technology must be easy to use, easy to maintain, and inexpensive. 

The use of local materials is imperative to designing a cost effective technology. 

 There are several assumptions that have been made to limit the scope of this project. First, we 

assume that the farmers in Kien Svay will have access to a groundwater well that can supply the amount 

of water withdrawn. This is based on our chosen site in Kien Svay district which was used in a study by 

Polizzotto et al. (2008) and has a large quantity of wells with data on the physical and chemical 

parameters that we will use in our design (see Figure 1). This groundwater data should be considered 

unique to the test site and is not necessarily applicable to all groundwater extraction wells in similar 

regions. Thus the permeable reactive barrier design presented here must be adapted to fit conditions in 

areas outside of the test site. 

The following aspects are considered within the scope of this project: 

 Water requirement for small-scale vegetable farm  

 Removal mechanism of As to blast furnace slag 

 Physical design of the PRB including slag amount and thickness and retention time 

 Maintenance  

 Cost  



 

Figure 1. 50km
2
 test site in Kien Svay, Kandal Province, Cambodia (Polizzotto et al. 2008) 

 

 

2 Fate of Arsenic in the Soil 
 

2.1 Arsenic in Soil 

 
 Arsenic accumulation in soils due to anthropogenic and natural processes is becoming a concern 

due to the potential negative health and environmental effects it may have (McLaren, Megharaj et al. 

2006). In uncontaminated topsoil around the world, arsenic concentrations can vary from 1-100 mg/kg, 

however average concentrations are usually below 10 mg/kg (Kabata-Pendias and Pendias 2001). 

Though As can be deposited on soils by coal combustion, pesticide and herbicide uses, As-contaminated 

irrigation water can also be a major source of As in agricultural land. In Kien Svay where 51% of farmers 

are experiencing water shortages (Abedullah and Farooq 2002), groundwater is a reliable irrigation 

source despite that it is contaminated with As.  

The fate of arsenic in the soil environment is complex, though it can be simplified as shown in 

Figure 2. Arsenic has four main pathways once in the soil environment (McLaren, Megharaj et al. 2006): 

(1) in solution, As can react and be retained by the solid phase of the soil, (2) As can be volatilized into 



the atmosphere due to a number of biological transformations, (3) It can be leached into the 

groundwater, and (4) As can be taken up by plants. Arsenic retained by the soil as well as the arsenic 

taken up by plants are of most concern due to the process of As accumulation as well as the health 

effects that are caused by people eating plants which have taken up As. 

 
 
 
 
 

  
 
 
 
 
 
Figure 2. The simplified fate of arsenic in soils (McLaren, Megharaj et al. 2006) 

 
 

The most stable inorganic As species found in soils at a normal pH of 7 are arsenate, As(V), and 

arsenite, As(III), under aerobic and anaerobic conditions respectively (Smith, Naidu et al. 1998). Upon 

contact with the soil, both of these species demonstrate fast initial sorption, the bulk of which sorbs 

within one hour of contact with the soil (Smith, Naidu et al. 1999).  

The main concern with As loading is that As sorption in the soil can lead to soil infertility and can 

decrease crop yields. However, the As level required to reduce crop yields is not definitive number but 

rather a broad range. This is because As adsorption to soil is very dependent on the soil type (Smith, 

Naidu et al. 1999) therefore variations in yield reductions exist from study to study. Rice yields have 

reportedly declined from 8.92 to 2.99 t/ha where soil-As levels increased from 26.3 to 57.5 mg/ha 

(Duxbury and Panaullah 2007). This could be detrimental for Kien Svay farmers who depend on farming 

for their livelihood. 
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2.2 Bioaccumulation of As in crops 

 
 The major problem with using arsenic contaminated water to irrigate crops is that in the dry 

winter seasons when irrigation is at its highest, As contaminated irrigation water could lead to As 

accumulation in soils and in the crop (McLaren, Megharaj et al. 2006).  Rice, being the principal irrigated 

crop in SE Asia and their most important food source, is of particular interest (Brammer and Ravenscroft 

2008). The arsenic in irrigation water adsorbs to ferric oxyhydroxides in the topsoil (Roberts, Hug et al. 

2007) where it accumulates gradually. Since rice fields require up to 1000 mm of water per crop, water 

puddles on the soil surface causing anaerobic conditions in flooded paddy fields. Under these 

conditions, As is mainly present as As(III) and dissolves in the soil pore water making it readily available 

to plant roots (Brammer and Ravenscroft 2008). A study in Bangladesh showed As levels in unirrigated 

floodplain soils to be 10 mg/kg (Abedin et al., 2002) whereas levels in irrigated areas reported topsoil As 

levels >10 mg/kg at 48% of 456 sites studied (Duxbury and Zavala 2005 as cited in Chakravarty, Dureja et 

al. (2002)). The safe limit for soil As for rice is somewhere in the range of 25-50 mg/kg (Duxbury and 

Panaullah 2007). 

Usually only paddy rice fields that are flooded experience anaerobic, reduced conditions with 

the dominant arsenic species being the more mobile and toxic As (III). While crops such as wheat, maize, 

and most vegetables are grown in aerated, oxidized soils with the dominant species being As(V), the 

immobile form. As(V) under aerated conditions can be quickly adsorbed to iron hydroxides and is thus 

less readily available to plants (Brammer and Ravenscroft 2008). However in Cambodia with monsoon 

season comes flooding, and soils, regardless of crop, experience anaerobic conditions in the wet season 

and aerobic conditions in the dry season creating different As availabilities in soils over the course of a 

year. Rice and vegetables in Kien Svay could therefore be growing in both reduced and oxidized soils.  

 Apart from rice, Williams et al. (2006) conclude that radish leaves, arum stolons, spinach and 

cucumber adsorb the most As when irrigated with As contaminated water whereas most fruits and 



vegetables and spices adsorb the least (<0.2 mg/kg). This is of major concern for Cambodians since 

cucumber is the most commonly grown vegetable (Ali 2002). 
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3.1 Vegetable production    

 
 There are two main growing seasons in Cambodia: the dry season spanning from November to 

May followed by the rainy season which lasts from May to November. Kandal Province is one of the six 

Cambodian provinces that is in year-round vegetable production (Sokhen, Kanika et al. 2004). The 

Mekong, Bassac, and Tonle Sap rivers are all located within the province and vegetables have been 

grown along their banks for centuries. Kien Svay district, where the site is located, is the second largest 

all seasons vegetable producer, farming 1000 hectares of vegetables a year (Huy and Moustier 2005). 

These vegetables are exported to nearby Phnom Penh, the capital city of Cambodia. 

Vegetables can be easily grown in the early dry season (November, December, and January) for 

a number of reasons including good climate, lack of pests and easy access to water sources. In the late 

dry season, however, ponds and lakes suffer from dehydration and vegetables with high crop water 

demands such as tomato, cabbage and Chinese cabbage suffer (Sokhen, Kanika et al. 2004) causing the 

influx of imported vegetables to increase during these months.   

The average size of a vegetable farm in Kien Svay is 0.8 ha 29 % of which is allocated to  

vegetable production (Abedullah and Farooq 2002). The addition of vegetables to the cropping system 

has shown to increase farm income although the probability of losing money is higher compared to rice 

and other non-vegetable crops; resource poor farmers may be less able to take on the risk of cultivating 

vegetables (Abedullah and Farooq 2002). However, surveys at the household level were conducted by 

Abedullah and Farooq (2002) and the following results were found: vegetable farmers have been shown 



to have higher incomes and are generally better educated than non-vegetable farming heads of 

households. In Cambodia, both vegetable and non-vegetable farmers will have a similar family size, as 

well as a similar family labour force for farming activities (see Table 7 in Appendix 1) but there is 

evidence that vegetable farmers have smaller farm sizes and thus lower production. As well, less of their 

land is irrigated. Yet with the higher educated heads of household, vegetable farmers demonstrate 

better managerial skills. The children of vegetable farmers are also better educated indicating that they 

can afford to send their children to school and they spend less money on luxurious goods such as 

televisions and more on farming equipment (see Table 3 in Appendix 1).  

 Vegetable farmers have been shown to have higher output efficiency which could be due to 

their smaller farm size, difference in education, or input use (Ali 2002). Cereal production was found to 

be 20% higher on vegetable compared to non-vegetable farms due to differences in education, farm 

size, and irrigation practices (Abedullah and Farooq 2002). It is believed that once vegetable cultivation 

begins, the efficiency of other crops will also improve. Vegetable farmers must learn production 

processes and understand agricultural markets better in order to increase their profits since vegetables 

are particularly sensitive to climate and their biological environment. Once a farmer gains this 

knowledge as a vegetable producer, they can apply their capabilities to other crops increasing efficiency 

and income. 

 Although it is often perceived that only rich farmers can grow vegetables, empirical evidence 

from Cambodia, Laos and Vietnam has shown that increasing vegetable production will be an indication 

of poverty reduction particularly in rural areas (Ali 2000). The promotion of vegetable farming can be an 

important aspect in alleviating poverty in Cambodia due to the enhanced resource-use efficiency in 

production as well as the improved managerial skills of the farmers (Abedullah and Farooq 2002). By 

shifting resources from cereals to vegetables, jobs will be generated, and the higher resource-use 

efficiency can be applied to all crops resulting in higher income from both cereals and vegetables; also 



improving the nutritional status of the farm families (Ali 2002). Vegetable production means wealthier 

and healthier farmers and their families. 

3.2 Irrigation 

 
One of the major differences between vegetable and cereal production is the necessity for 

irrigation for vegetable production compared to rain-fed cereal crops. According to Abedullah (2002), 

vegetable production in Cambodia is limited by impoverished irrigation infrastructure during the dry 

season and excessive rains during the wet season.  Ali (2002) states that access to irrigation water is the 

most serious constraint to increasing vegetable production in Cambodia. The main objective to irrigating 

the fields in the driest months is to increase yields and therefore increase farm income.  

Cambodian vegetable farms are extremely small in size, which makes it very difficult to 

construct water channels through them. Often, water is stored during the rainy season in small ponds 

for household and agricultural needs. These water sources are unreliable in the dry season however and 

can make irrigation very challenging. Once dry, farmers fill these ponds by pumping water from 

channels, lakes or open wells. Crops are therefore irrigated by transporting water in buckets from these 

ponds or pumped from a surface water source which can both be more than 150 m away from the field 

(Abedullah 2002). It is too costly for a Cambodian farmer to construct sophisticated water-saving 

technologies and therefore frequent irrigations with low water volumes is a technique employed by 

many farmers to help reduce water loses via percolation. However, the more they irrigate, the higher 

the labour costs and hand watering constitutes 40% of the total cost of vegetable production (Asian 

Vegetable Research and Development Center 1995). With the current irrigation infrastructure, irrigation 

labour is the number one expense for a farmer and the limiting factor for increasing vegetable 

production in Cambodia (Ali 2002).  

The most accessible source of water in Kien Svay is groundwater wells as in the dry season, 53% 

of farmers have access to one. Otherwise, 41% of farmers have access to canals (Ali 2002). However, a 



total of 51% of all farmers in the district experience water shortages (Huy and Moustier 2005). The 

affect of these water shortages are that farmers would be more likely to refrain from commencing or 

expanding their vegetable production due to a lack of water. 

 Apart from labour, irrigation presents several other costs to the farmer. Among these are that 

the government may apply water taxes to water provided by the urban infrastructure or the farmer may 

have to pay for usage if he is retrieving water from a neighbor’s well. Also irrigation equipment 

deteriorates over time, and if a tube well is the source of water, the costs of maintenance, depreciation, 

and operation must be considered (Ali 2002). Still, considering the benefit to the Cambodian people’s 

livelihoods through the introduction of irrigation, this payback outweighs the costs. Clearly there is a 

great need for improvement in the irrigation system on small farms in Cambodia to increase the 

reliability of water, decrease the labour requirements and increase the likelihood that farmers will invest 

in vegetable production. 

3.3 Farmer income 

 
The inputs for vegetable farms are much higher than the inputs for non-vegetable farms. For 

example, the labour requirement for vegetable farms is 5 times that of non-vegetable farms (437 versus 

81 day/ha), as well, the number of required irrigations for vegetable crops is 50 compared to 4 

irrigations for cereals (Ali 2002). Other inputs such as fertilizer, manure and pesticide are all higher for 

vegetable crops compared with cereals (Ali 2002). Values are summarized in Table 3 of Appendix 1. This 

is why vegetable farmers have a much higher cost per land mass, 388 US$/ha, compared to cereals at 77 

US$/ha (Ali 2002).  

 Approximately 99% of all vegetables produced are sold in the market while less than 1% is 

consumed at home. In comparison, 11% of rice produced is sold at the market while 89% is consumed at 

home suggesting that vegetable production is necessary for cash income to buy farm equipment, 

clothing and most importantly, for education (Abedullah and Farooq 2002). Switching from a non-



vegetable to a vegetable farm will improve the resource-use efficiency and the output efficiency of 

other crops with the overall effect of increasing farm income as shown in Table 5. The earning difference 

between the two farms becomes even larger when off-farm income is accounted for. 

4 Permeable Reactive Barrier 
 

Permeable reactive barriers (PRBs) are usually an in situ technology consisting of a barrier 

installed directly in groundwater flow which contains a reactive material capable of bonding with 

contaminates, thus removing them from solution. Permeable reactive barriers compared to traditional 

pump-and-treat systems have a major advantage in that they are a passive treatment and operate 

almost entirely independent of external labour and energy inputs (Gavaskar 1999). Such passive systems 

are particularly desirable when contaminants will remain in the environment for an extended period of 

time such as is the case for arsenic occurring naturally in the sediment. However due to the difficulty in 

determining an appropriate location for the permeable reactive barrier in the Kien Svay test site, 

outlined below, an ex-situ design was chosen. 

4.1 The Ex-Situ Design 

 
Most researchers on arsenic contamination of groundwater in deltaic regions agree that the 

release mechanism of arsenic from sediments into groundwater is due to microbially mediated 

reduction of arsenic and iron oxides. However the arsenic location in the subsurface has been much 

more controversial (Polizzotto, Kocar et al. 2008) where it has been found that wells less than 100 m 

from each other will have drastically different arsenic concentrations (Polizzotto, Harvey et al. 2006). 

Recent studies have pointed to the predominant role of hydrological processes as opposed to 

geochemical in the release and transport of arsenic through the subsurface, stating that the original 

release of arsenic occurs near the surface, particularly in the anoxic conditions associated with ponds, 

and that due to steep vertical arsenic gradients in the sediment versus the aquifer, the arsenic is drawn 



downwards towards the aquifer (Kocar, Polizzotto et al. 2008). Thus a remediation strategy could be to 

contain or remove the arsenic released from the ponds before it enters the aquifer. This was the idea 

behind emplacing a permeable reactive barrier within the arsenic plume originating from ponds in the 

Cambodian subsurface. However, there are further complications that make this remediation strategy 

impossible. First, due to the monsoon season in Cambodia the water movement reverses so that during 

the wet season there is a flux of water from the river inland, while in the dry season the flux is from 

inland towards the river, see Figure 2 (Polizzotto, Kocar et al. 2008). Thus it was difficult to determine 

where the permeable reactive barrier should be placed in order treat water in both seasons and 

whether this reverse flux of water would be detrimental to treatment conditions within the barrier over 

time. Secondly, the objective was to provide arsenic-free irrigation water for small-scale farmers but 

irrigation has been shown to alter the transport of arsenic by disrupting both the physical and chemical 

parameters of the groundwater system (Benner, Polizzotto et al. 2008). Researchers in Bangladesh, 

where similar arsenic problems exist - as well as a much more established groundwater irrigation system 

than Cambodia - have shown that the highest arsenic concentrations are found near the convergence of 

old and new groundwater caused by irrigation pumping (Klump, Kipfer et al. 2006). Thus although 

arsenic release originates in the anoxic pond sediments and by natural hydrologic processes moves into 

the aquifer, irrigation pumping would alter this significantly making it impossible to determine where to 

emplace the permeable reactive barrier. Because of these confounding factors the best solution was to 

design an ex-situ arsenic removal system. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Flux of groundwater (yellow arrow) in wet season (A) versus dry season (B) (Polizzotto, Kocar et al. 

2008) 

 

5 Design Parameters 

 

5.1 Water requirement for the design 

 
The amount of irrigation water required depends on the size of the farm, the crop, and the time 

of year. In terms of the size of the farm two options were considered: supplying water to a group of 

farmers in close proximity, or providing water to individual farms. If irrigation water was to be supplied 

to a group of farmers, a co-operative would be set up with a full-time employee to maintain and 

distribute the water. However water system development research in Cambodia has indicated that 

when presented with both options, rural Cambodians are not keen to share the costs of drilling a 

collaborative well for irrigation purposes as they feel problems will arise in the management and 

allocation of the water (Rickman and Sinath 2004).  At the individual farmer level these management 

problems would be avoided with each farmer maintaining their own system. Thus we have chosen to 

implement strategies for the individual farmer. As stated earlier very few farmers in Kien Svay have the 

resources to grow vegetables as they do not have the water availability or the manual labour to do so. In 

Cambodia approximately 17 % of households have less than 0.5 ha of farm land (Chan Sophal 2001). 

Since our design parameters also limit the amount of water that may be processed per day, see below, 



the ex-situ PRB will be designed to provide enough arsenic free water to meet the crop requirements for 

a small vegetable farm.  

5.2 Reactive Materials 

 
The reactive material of the permeable reactive barrier is the key to removing contaminants 

from the groundwater and must be selected with care. Roehl at al. (2005) have delineated selection 

criteria including reactivity, stability, availability and cost, hydraulic performance, environmental 

compatibility and safety. Reactivity encompasses the ability of the compound to react with the 

contaminant; quantitative determination of this parameter through bench scale studies allows the 

calculation of required residence time of the contaminant in the barrier and minimum barrier thickness. 

The stability of the compound involves that it will be reactive enough to remove the contaminant over 

the desired lifetime of the permeable reactive barrier. The stability also requires that the compound 

remain active within the range of possible temperatures, pressures and pH at the site.  The availability 

and cost of the compound are important because permeable reactive barriers usually require a large 

amount of reactive material; in this case the material must be cheap because otherwise our target 

population will not be able to afford the technology. The hydraulic performance of the barrier requires 

that the material have the same or greater hydraulic conductivity than the surrounding soil to ensure 

that the water will flow through the barrier rather than around (Roehl et al. 2005). In this case, the 

hydraulic conductivity is less important given the ex-situ design, however it must still be ensured that 

the material is permeable enough so that the water can flow through the barrier at the required rate. 

The barrier material must also be environmentally compatible in that it should not form any undesirable 

compounds that could pose a hazard. Finally the material must be safe so that during the construction 

there is no risk to the workers (Roehl 2005). The choice of material and the principle reasons for this 

choice are outlined below.  

 



Several researchers have indicated various possible reactive materials for arsenic including 

elemental iron, a reactive blend containing iron oxide, calcium oxide and limestone (Blowes, Ptacek et 

al. 2000), basic oxygen furnace slag (Bain 2006), blast furnace slag, oxygen gas sludge, evaporation 

cooler dust, electrostatic precipitator dust (Ahn, Chon et al. 2003) and iron foundry slag (Metz 2007). Of 

these suggestions the cheapest and most reactive material is blast furnace slag, provided it has a high 

calcium content due to being processed with limestone or dolomite as a fluxing agent (Ahn, Chon et al. 

2003; Metz 2007). Blast furnace slag is a waste by-product of the iron and steel making industry, see 

Figure 2; it is usually disposed of by land filling, thus it is essentially free of costs except for transport and 

processing (Kanel, Choi et al. 2006).  There is currently no steel industry in Cambodia, however Thep Viet 

steel manufacturer of Ho Chi Minh City is set to invest US$70 million with the hopes that the factory will 

begin production in 2 to 3 years (Sophal 2008). Thep Viet Steel exports 5000 tonnes of steel per month 

to Cambodia and the company believes that the construction of a plant within the country would be 

very beneficial to the Kingdom’s rapidly developing infrastructure (Sophal 2008). Until this development 

occurs, blast furnace slag may be procured from Thailand or Vietnam. There is a steel manufacuring 

industry in nearby Bangkok that could be shipped relatively cheaply, by truckload; see section 8 - 

Economic Analysis. 

 

 
Figure 4 Iron and steel slags (TFHRD 2007) 

 

 

 

 

 



5.3 Reactivity and Stability 

 
The main components of blast furnace slag include iron, calcium oxide, silica oxide, aluminum 

oxide, manganese oxide and magnesium oxide (Kanel, Choi et al. 2006). The exact amount of each of 

these components varies between samples of slag and between the particles themselves (Metz 2007). 

This heterogeneity must be taken into consideration when designing the permeable reactive barrier 

because it could limit the quantity of reactive surface area available (Blowes, Ptacek et al. 2000). Most 

researchers who have tested the reactivity of furnace slags preprocess the material by crushing and 

sifting to an appropriate grade. Using batch adsorption tests Kanel et al. (2006) found that the best 

particle sizing for removal of arsenic is 0-180 µm. Following Metz and Benson (2007), the reactive 

material at our site will be crushed using a mechanical crusher until they are small enough to pass 

through a standard US No. 4 (4.75 mm) sieve. Although some of the particles will be much larger than 

the recommended range by Kanel, we can assume that it will be cheaper to add more blast furnace slag, 

in order to increase the reactive surface area, than to increase the processing time of the particles. 

Ahn et al. (2003) have proposed that the principle removal mechanism of arsenic with furnace 

slags is a precipitation reaction between calcium and arsenic. The researchers highlight how blast 

furnace slag increases the pH of the groundwater within a range of 9-12 and at this high pH, the surface 

adsorption or precipitation reactions between arsenic and iron are disabled (Ahn, Chon et al. 2003; 

Kanel, Choi et al. 2006). Thus given that the dominant species of arsenic (V) at pH 12 are HAsO4
2- and 

AsO4
3- and arsenic (III) is HAsO3

2- the main reactions between arsenic and blast furnace slag become 

(Ahn, Chon et al. 2003): 

 
HAsO4

2- + Ca2+ + nH2O  CaHAsO4.nH2O 

2 AsO4
3- + 3 Ca2+ + nH2O  Ca3(AsO4)2.nH2O 

HAsO3
2- + Ca2+ + nH2O  CaHAsO3.nH2O 

 



Kanel et al. (2006) point out that other studies have shown that the adsorption of Arsenic(III) on 

hydrous ferric oxide is not strongly dependent on pH over the range of 4-9, thus in sections of the 

barrier at the lower end of the pH range there may be some sorption of arsenic onto the present iron 

species (Kanel, Choi et al. 2006). The calculations for residence time, barrier thickness and barrier life 

time are presented below. 

 

5.4 Environmental Compatibility 

 
As Roehl et al. (2005) mentions it is important to consider whether the reactive material is 

environmentally compatible. The high pH that occurs due to the dissolution of calcium compounds in 

the blast furnace slag may cause problems to farmer’s crops. In order to lower the pH we will use peat 

moss which releases organic acids (Bain 2006) . The common mineral phase in the blast furnace slag is 

calcium hydroxide which results from the addition of CaO as a raw material in the iron making process, 

the dissolution of the calcium hydroxide (portlandite) causes the high pH and Calcium concentration 

(Ahn, Chon et al. 2003). The high pH must be neutralized by adding a sufficient quantity of peat moss. 

The natural pH of peat moss is about 4.1 and this is due in part to the high quantity of humic substances, 

30.37%, present in the organic fraction (Morita 1980). Humic acids have an extremely variable molecular 

weight (2 x 103 to 1.5 x 106 g/mol) thus determining the concentration of peat moss required to 

neutralize the blast furnace slag by calculating the molar concentration of humic acid in the peat moss 

filter is problematic (Cameron 1972). However a study by Bain et al. (2006) showed that 5 m3 of peat 

could successfully neutralize the pH from effluent from a permeable reactive barrier containing furnace 

slag over a period of 6 years (Bain 2006). If we assume that we will replace the peat moss each year, we 

can safely use 0.85 m3 of peat. 

 

 



5.5 Residence time requirement 

 
The amount of time that the contaminant must spend in the reactive material in order to be 

removed to the desired level is called the residence time. This is determined through bench scale 

column tests. Ideally a tracer study would be conducted to determine the seepage velocity and 

dispersion coefficient. This would involve passing a non-reactive chemical such as bromide through a 

column of reactive material and measuring the resulting effluent concentrations over time. This data 

would be fit to the one dimensional advection-dispersion-reaction equation using a software program 

such as CXTFIT (Cope and Benson 2009)., equation (1): 
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Where u is defined in equation (2): 

𝑢 = 𝑣  1 +  
4𝐾𝑜𝑏𝑠 𝐷

𝑣2  
1

2 
  (2) 

 
 And R is the retardation factor defined in equation (3): 
 

𝑅 = 1 +  
𝜌𝑑

𝑛
𝐾𝑝    (3) 

 
Ce is the time varying concentration of effluent at the end of the column, D is the dispersion coefficient, 

v is the seepage velocity, L is the column length Co is the constant influent concentration, t is the time, ρd 

is the bulk density, n is the porosity, Kobs is the first order decay rate constant and Kp is the bulk partition 

coefficient (Lee, Benson et al. 2004). For a conservative tracer such as bromide the retardation factor is 

considered 1 and the variable u is zero (Cope and Benson 2009). Next the contaminant would be passed 

though the column and the effluent measured to find the steady state concentration profile or the 

stationary distribution of arsenic in the pore water (Cope and Benson 2009). By fitting equation (4) to 

the steady state contaminant concentration data the first order rate constant, Kobs, of the contaminant 

could be determined. 

𝐶𝑒 =  
𝐶𝑜

𝑅
exp  

𝐾𝑜𝑏𝑠 𝑡

𝑅
   (4) 



 
Due to the limited number of studies that have covered arsenic removal with blast furnace slag it was 

not possible to determine the dispersion coefficient or the seepage velocity. However the decay rate 

constant has been provided in the study by Metz and Benson (2007) for several iron foundry slags with 

comparable physical and chemical characteristics to the blast furnace slag. Knowing the first order decay 

rate constant it is possible to calculate the residence time requirement, tR, using equation (5) (Simon 

2005): 

𝑡𝑅 =   
−𝑙𝑛 

𝐶𝑒
𝐶𝑜
 

𝐾𝑜𝑏𝑠
    (5) 

 
The first order decay rate constant that will be used is 0.062 min-1 (Metz 2007). Thus given an influent 

arsenic concentration of 1 mg/L and a target effluent arsenic concentration of 0.01 mg/L (10 ppb is the 

WHO limit), the required residence time is about 1.25 hours. 

 

5.6 Barrier thickness determination 

 
The minimum barrier thickness, b,  may be found using equation (6) (Simon 2005): 
 

𝑏 = 𝑣 × 𝑡𝑅 × 𝑆𝐹  (6) 
 
Where v is the groundwater flow velocity through the barrier, and SF is a safety factor. Given that the 

velocity of the groundwater will be determined by the blast furnace slag properties, the hydraulic 

conductivity of 8.0 x 10-4 m/s, hydraulic gradient of 1 m/m and porosity of 0.35, the speed is 8.0 x 10-4 

m/s and with a safety factor of 1.5, the minimum barrier thickness is about 2.55 x 10-1 m (Metz 2007). 

This gives an indication of the minimum required thickness of the barrier in order for the reactive 

material to remove the arsenic assuming that the decay rate constant is correct. However it ignores 

several important factors such as competition by other anions in the groundwater for reactive sites, 

preferential flow paths in the reactive medium because of improper distribution, lack of reactivity of the 

materials due to its inherent heterogeneity, and clogging over the long term due to precipitate build up. 



An in-depth assessment of the long term behavior of the arsenic with the reactive material would need 

to be done to fully assess the appropriate design thickness of the barrier. 

 

5.7 Barrier life time 

 
The barrier lifetime may be determined using a batch adsorption test. In this test a quantity of 

arsenic solution of a set concentration is added to a known mass of reactive material and these are 

shaken together for a number of hours, the solution is then filtered and measured for adsorbance using 

a spectrophotometer and compared against a calibration curve (Kanel, Choi et al 2006). Kanel et al. use 

stock solutions of 1000 mg/L As (III) and As(V) made by dissolving NaAsO2 and Na2HAsO4.7H2O, 

respectively, in deionized water. 20 ml of As (III) solution is added to 200 mg BFS in a 50 ml bottle for a 

final arsenic (III) concentration of 1000 µg/l and blast furnace slag concentration of 10 g/l; this is kept at 

25 oC in a shaking water bath for 72 hours, the pH is not altered and is monitored. After this time the 

supernatant is filtered with a 0.45 µm filter and analysed with a spectrophotometer. The results are fit 

to Langmuir and Freundlich isotherm equations, equations (7) and (8) (Kanel, Manning et al. 2005; 

Kanel, Choi et al. 2006). 

𝑞 =  
𝐾𝐿𝑏𝐶

1+𝑏𝐶
    (7) 

 
Where q is the sorption capacity in mg/g, C is the equilibrium solute concentration in mg/l, KL is the 

maximum adsorption capacity and b is the Langmuir constant (Kanel, Choi et al. 2006). 

 

𝑞 = 𝐾𝐹𝐶
1
𝑛    (8) 

 
Where q is the sorption capacity in mg/g, C is the equilibrium solute concentration in mg/l and  
 
KF and n are Freundlich constants (Kanel, Choi et al. 2006). 
 



 
Figure 5 Freundlich and Langmuir Isotherms (Kanel, Choi et al. 2006) 
 
 
The results of this analysis are presented in Table 1. 
 

 
Table 1. Freundlich and Langmuir Isotherms (Kanel, Choi et al. 2006) 
 
 

 
The maximum adsorption capacity provided with the Langmuir isotherm is 1.4 mg As(III) per 

gram BFS with the initial concentration of arsenic at 1 mg/L. The lifetime of the barrier can be calculated 

using this value. Our group has assumed that the barrier should last for 365 days, this is the lifetime, we 

have also designed the structure to hold 100 L of blast furnace slag and using these values it is possible 

to calculate the total allowable flow of water into the reactive barrier. Given an arsenic concentration of 

1 mg/L the total flow of water that the blast furnace slag can effectively remove the arsenic from is 

about 430 L/day. This is enough water to provide a 75 m2 vegetable garden with adequate water for one 

growing season. 

The limitations of this method include how we do not know how arsenic (V) will react because 

the maximum adsorption capacity was only determined for arsenic (III), also the range of initial arsenic 



concentrations is lower than the maximum arsenic concentration at the site, 1.3 mg/L, and we cannot 

be sure that the Langmuir isotherm would be true for this increased value, finally we do not yet know 

the effect of competing anions on the adsorption capacity of the blast furnace slag. The effect of 

competing anions on adsorption capacity was analyzed by Kanel et al. (2006) by adding nitrate, 

phosphate, salicic acid, bicarbonate and sulphate to the solution. 

5.8 Competing anions 

 
In order to test the effect of competing anions on the adsorption capacity of the blast furnace 

slag batch tests were conducted as before with the addition of varying concentrations of nitrate, 

phosphate, silicic acid, bicarbonate and sulfate. In order to do this 1 mg/L of As(III) was added to 0.1, 1 

and 10 mM solutions of NaNO3, NaH2PO4, Na2SiO3, NaHCO3 or Na2SO4 with 200 mg blast furnace slag, 

these solutions were shaken for 12 hours, then filtered and the supernatant analysed for absorbance as 

above. The bicarbonate and silicic acid had little effect on the adsorptive capacity of the blast furnace 

slag but the nitrate, sulphate and phosphate reduced the adsorption capacity of the blast furnace slag 

more significantly, see Table 2. Using the anion concentrations found on the test site a more accurate 

adsorption capacity can be calculated. Within the aquifer wells the maximum concentration of nitrate, 

sulphate and phosphate is 0.08 mg/L, 58 mg/L and 13mg/L, respectively (Polizzotto, Kocar et al. 2008). 

Thus the arsenic removal capacity of the blast furnace slag should be reduced by about 15%. Thus the 

total flow of water that may be processed through the permeable reactive barrier is 360 L/day. This 

would provide enough water for a 60 m2 vegetable garden for one season.  

 
Table 2 Competitive anion effect on adsorption capacity (Kanel, Choi et al. 2006) 
 



While the amount of blast furnace slag in the design is set at 100 L it will be contained in the lower part 

of a 220 L drum, see below in Final Design. The remainder of the drum will be used to store water above 

the BFS so that the farmer will only have to pump part of the required water at points throughout the 

day. The pumping schedule will resemble Table 3.  

8am 120 L 
2pm 120 L 
9pm 120 L 
Total 360 L 

Table 3 Pumping Schedule 
 

5 Final Design 
 

There were major challenges to be overcome in the design of an ex-situ PRB. The main logistical 

challenges included what size field was to be irrigated, as well as the availability of the materials in 

Cambodia, how to change the saturated slag and peat moss be routinely and efficiently. 

 

5.1 Design Components of the PRB 

 
There are already many boreholes in Kien Svay, which the ex-situ PRB could be attached to. A 

typical borehole can range from 7 to 100 meters in depth with a 4 to 6 inch diameter (UK 2009). With a 

regular hand pump as the mechanism for drawing out the water, the flow rate can be approximated to 

16 liters per minute (WHO 2009).  



 

Figure 6  Permeable reactive barrier cross section 

 
Piping:  

From ground level, the hand pump pushes the water up 2 meters of 1 ½ inch diameter white 

PVC pipe of which the last 0.25 m of piping is made of flexible for ease of changing the barrel. The white 

pipe was chosen to prevent radiation adsorption to increase the life span of the pipe (shows as orange 

piping in Figure 5). The pipe is attached to the top of a 220 liter barrel by a nipple connection (the lid of 

the barrel has a pre-manufactured hole) 

Barrel:  

The barrel is a total volume of 220 L. The barrel houses 100 liters of blast furnace slag which is 

heavy enough to remain on the bottom of the barrel. The remaining 120 liters of barrel space is for the 

pumped water, which will sit on top of the slag and penetrate through at the retention time of 60 

ml/min.  A modification to the bottom of the barrel is made: 40 x ½ inch diameter holes are be drilled to 

allow the water to trickle out of the slag. To prevent the slag from exiting from these holes, a 200 grade 

copper mesh (80 micrometer diameter) beneath the slag is needed (slag averages about 100 

micrometer diameter (Kanel, Choi et al. 2006)).  



 

Figure 7  Permeable reactive barrier hatch view with dimensions 

 
Peat:  

The peat, required to lower the pH, is placed in 10 lb onion bags and rests on a rebar grid with 

150 mm by 150 mm spacing inside the concrete water holding tank (see Figure 6). A total of 0.85 m3 of 

peat moss is needed and is very light (68 kg/m3) but when saturated with water, the total weight is 

870.4 kg. The amount of bags needed was based on the wet weight, thus 174 bags. The water is then 

able to percolate through the peat and can remain idle until irrigation.  

Floor:  

The floor is on a 1-2 % slope to ensure the water will drain from the concrete tank. Additionally, 

a drain sump is designed to prevent any slag which may filter through the mesh and the peat from 

clogging the pipe (see Figure 11 in Appendix 2). 



  

Figure 8  Side view with dimensions 

 

 

5.2 Dimension Calculations 

 
The dimensions of the water tank were calculated using excel: 

Tank Calculations 
 Items Dimensions Notes 

Tank Volume 1538,70 Liters with 1.5 safety factor 

Height 1070,00 mm   

T
h
ic

k
n
es

s Wall 75,00 mm   

Roof 115,00 mm   

Floor (inner) 40,00 mm   

Floor (base) 100,00 mm   

Floor beyond wall 55,00 mm   

Radius 676,63 mm Found by volume/height 

Diameter 1353,26 mm   



Diameter/Height 1,26 mm   

Circumference 4251,39 mm pi*r 
V

o
lu

m
e 

Capacity 1,54 m
3
 Tank Volume/(1000 kg/m

3
) 

Roof 165405502,40 mm
3
 Roof Area * Thickness 

Wall 341174080,13 mm
3
 Wall Area * Thickness 

stucco 506579582,53 mm
3
 Roof + Wall Volume 

Floor 261940587,18 mm
3
 Floor Area * Thickness 

Total 768520169,71 mm
3
 Stucco + Floor Volume 

A
re

a 

Roof 1438308,72 mm
2
 pi*r

2
 

Wall 4548987,74 mm
2
 Circumference * Height 

Stucco 5987296,45 mm
2
 Roof + Wall Area 

Floor (inner) 1438308,72 mm
2
 pi*r

2
 

Floor (base) 2044082,39 mm
2
 

pi*(r + wall thickness + floor beyond 

wall)
2
 

total 9469687,55 mm
2
 Area Sum 

Density of Concrete 2395,51 kg/m
3
 Specific Weight (Elsevier 1989)/9,81 

W
ei

g
h
t Concrete 1841,00 kg Volume * Density 

Water 1538,70 kg 1 kg = 1 Liter of water 

Total 3379,70 kg   

R
eb

ar
 

Small (1 cm) 8,74 m Circumference * Height/spacing 

Large (1.25 

cm) 9,08 m Circumference * Height/spacing 

Hoop spacing 
Large 0,48 m Spacing for the rebar 

Small 0,69 m Spacing for the rebar 

 

Then the total weight on the soil was tabulated: 

Total Force on Soil 
Items Density Volume Porosity Weight 

Slag 1120 kg/m3 0.10 m3 0.460 cm3/cm3 158 kg 

Peat 68 kg/m3 0.85 m3 0.956 cm3/cm3 870.4 kg 

Barrel     0.22 m3     8 kg 

Water (Barrel) 1000 kg/m3 0.12 m3     120 kg 

Pipe, connections & mesh         neg.   

  
Total Force on Soil (including tank) 44499 N 

 

 



With the total force on the soil calculated as 44, 499 N, the dimensions of the foundation were 
calculated: 
 

Concrete Slab Calculations 
Values Notes 

Safety Factor 3   Standard 

Spec. Weight (concrete) γc 23.5 KN/m^3 Standard 

C
o

h
es

iv
e 

So
il 

Ø 0     

Nc 5.14     

Nq 1     

Nγ 0     

q 0   Since the foundation is on top of soil 

C 19 kPa Average for Clay soil 

Foundation Diameter Do 1.8 m 
Chosen in order to determine slab 
thickness, t  

 

 

Formulas Notes 

S.F. = Qultimate     = 3.00   Standard Safety Factor for soils 

  Qdesign             

Qdesign = Qall + Qfoundation         All the weight from the tanks  

  A         & full barrel and the foundation 

Qall = total weight*9,81   = 44499.15 N   

Qfoundation = γc*pi*Do
2*t   = 59.80 *t t = thickness of foundation 

  4           

Qultimate = 
0,3*γ*B*Nγ + 1,2*C*Nc + 
q*Nq = 117.19 kN For a circular footing 

A =  pi*Do
2     = 2.54 m2 Area of foundation 

  4             
 

Isolate for Thickness of the Concrete Foundation 

3 =  117,19   

  40,98 kN + 59.80*t   

          

  t =  0.09 m   

Volume Cement for Slab 

Do
2*pi*t = 0.23 m3   

4         

Total Volume of Concrete 



Tank 0.77 m3     

Slab 0.23 m3     

Total: 1.00 m3     
 

The total volume of concrete needed per unit is 1.0 m
3
. 

 

6  Community Based Approach 
 
 International development aid projects have often failed – not because the technology was 

inappropriate for the job, but because the technology and approach of implementation was not 

appropriate for the local culture. One of the main reasons for this is that a majority of donors for 

development projects are from the North and often unwittingly impose their views or thoughts on the 

South. Often the development may be implemented without consulting the people in the developing 

community as to whether the solution is acceptable for their culture or not. Another problem is the 

people who receive the technology are often poorly trained on how to maintain the equipment once the 

aid workers leave. Some communities may end up with three boreholes within a 100 meter radius for 

example; when one becomes unusable, the community will just use the others and neglect to repair the 

other borehole. There can be a lack of communication between different aid companies or Non 

Governmental Organizations (NGOs). The result of these errors is that the technology handed over to 

the community for free leaves the community with no sense of ownership over the equipment and thus 

no motivation to look after it when it breaks. Some of these problems arise from how the big funding 

agencies such as CIDA, USAID, and World Vision tend to operate with a “top-down” approach with little 

feedback coming back up the chain of command. A reason for this being that there is fear from local 

NGO workers that if they were to point out the problems in the project it will be taken away and they 

will lose their jobs (Engineers Without Borders, 2009). 

For these reasons NGOs have started to implement projects differently to ensure that the 

community will use the technology. The new approach is called participatory and the idea is that if the 



community works with the NGO to address the problem and helps to pay for the solution, it will create a 

sense of ownership and thus a higher probability of project success. There are many Training guides that 

use this approach, such as the Participatory Hygiene and Sanitation Transition (PHAST) (WHO 1998). The 

objective is to adapt this approach to the project and work with Cambodian consultants and local NGOs 

to use a “bottom-up” approach. It is hoped that by using a participatory approach, like PHAST, and by 

designing culturally suited training-sessions and manuals, this project will be a success in the 

hypothetical village community in Cambodia.  

The approach will include focusing on people’s behaviors around arsenic contaminated water to 

ensure that the community is following hygienic procedures. Without addressing the potential hygiene 

and sanitation problems from water contamination occurring when transporting the water from the 

pump to the home could lead to illnesses that would cause the community to question the remediation 

system. If the community were to lose confidence in the system they may not agree to monitor or 

maintain it and this will lead to the eventual failure of the project.  

 The PHAST approach works to empower the community – it initially involves facilitators holding 

workshops whereby the community willingly attends demonstrations and information sessions about 

why they are getting sick and what the potential solutions are. The facilitators have a certain goal at the 

end that they want the community to reach, but it is the initial step that is very important and needs 

time and dedication in order for the community to truly understand and want to continue to work with 

the facilitators.  

Eventually, the design will be assigned to a local NGO. The overall goal is to take a sustainable, 

transparent approach where all of the PRB design material will be handed over so that they can 

continue to monitor and evaluate and integrate the design without international support. This means 

that proper documentation and organization and recording of steps will be done to ensure future 

success of the technology.  Part of the work done will be to show trainers how to educate and train 



others, focusing on developing the community structurally as well 

as socially so that they will be proficient to deal with the next 

“crisis” which may affect their area.  

Our group proposes to collaborate with Resource 

Development International Cambodia (RDI) an NGO near Kien Svay 

in Cambodia. This organization already works with an approach 

similar to PHAST where they implement technology and education programs in Cambodian communities 

by developing long term, mutually respecting relationships with local people (RDI, 2009). They also run 

the foremost arsenic test laboratory in Cambodia and are skilled at managing construction projects such 

as rain catchment tanks and hand pumps. For these reasons we advise that RDI is enlisted as a major 

partner in the implementation of all levels of the permeable reactive barrier project including the 

preconstruction consultations with farmers, construction and finally monitoring of the barriers. 

7 Installation and Maintenance 
 

In order to begin installation of the permeable reactive barrier the ground, total surface area 2.3 

m2, must be leveled. This can be done using manual labour and applying the hose and water technique 

as shown in Figure 5. Gravel is placed on top of the soil to help level the land and to provide bedding for 

the concrete slab to be poured on (foundation concrete volume: 2.04 m3). RDI can do all of these 

installations and will pre-fabricate the required frames for molding the concrete which can be re-used.  

The amount of piping will depend on how far the well is located from the water source and how far 

the water must be pumped to reach the fields. If the fields are far away, a simple treadle pump can be 

integrated into the piping to transport the water a greater distance.   

 

Figure 9. Simple levelling technique 

using a hose and water (FAO 2009) 



7.1 Changing the slag and the peat 

 
The blast furnace slag and peat must be changed once a year. This can be done easily with the 

help of a pick-up truck and RDI. The truck must park up close to the side of the tank, whereby the top 

pipe can be unscrewed from the barrel and then the barrel rolled into the truck. RDI can immediately 

install the new barrel filled with slag and remove the used barrel to dispose of the BFS, replace it and 

then give the new barrel to another client. The slag must be disposed of safely, this process is outlined 

below. Peat removal can occur once the barrel is removed. There is enough space between the rebar 

supports to use a hook on a stick and pull the peat moss bags out. Again, RDI can remove these bags and 

dispose of the peat while leaving fresh peat bags in the concrete tank.  

7.2 Concrete tank maintenance 

 
There are two outlets from the concrete water tank – one at the same level as the tanks’ floor 

height and the other 70 mm below. This second outlet is used as a slag drain and remains capped until 

maintenance is required. Since the floor is slanted, any slag that falls into the tank will accumulate in a 

drain sump which is 80 mm in length and 40 mm wide. Every year when the slag barrel is changed, and 

the peat is removed, the farmer can uncap the slag drain and flush the system to remove any fallen slag 

from the sump. 

7.3 Disposal of arsenic sludge 

 
To date, very little research has been done on the handling of arsenic waste. Most metals are 

disposed of by incineration, or by recovering and purifying the metal to be reused in other products for 

resale (Mohan and Pittman 2007). These solutions are not an option for As for the following two reasons 

(Leist, Casey et al. 2000): 1. Arsenic oxides are volatile and can easily escape during the incineration 

process, 2. Removal and purification of the As from the slag is cost inefficient due to the lack of demand 

for As in the market. Leist, Casey et al. (2000) suggest three methods of arsenic disposal: 1. 



Concentration and containment, 2. Dilution and dispersion, and 3. Encapsulation of arsenic; where 

concentration and containment is not the most economically feasible solution as people are not willing 

to spend money on a product that is not marketable unless it is of extremely high purity. Arsenic was 

formerly used in agricultural chemicals such as insecticides and herbicides but the use of As in these 

products has been declining. In cases where As is able to be removed with a 95% purity, it is primarily 

used as a wood preservative and at 99.9% purity, in the electronics industry (Leist, Casey et al. 2000).  

Additionally, a main concern with containment is that the storage of arsenic in a concentrated form 

could have dire consequences if there were an accident at the site. As for dilution and dispersion, this 

does not provide a solution to the problem because releasing arsenic into the environment even in 

dilute form, could still pose serious health threats due to the hazards associated with chronic exposure. 

Leist, Casey et al. (2000) therefore suggest that the only viable solution to disposing this concentrated 

arsenic is to use one of a number of solidification/stabilization techniques (S/S).  

S/S is a process which transforms hazardous waste into less hazardous or nonhazardous solids 

by trapping the waste in a matrix. This solid can then be disposed of in a properly designed landfill 

whereby the leaching is minimized. Some common matrix materials include cement, and even slags 

which have the advantage of disposing of two wastes at one time.  There are a number of leaching tests 

that have been identified to determine the leachability of a material; the leachability is dependent on 

the type of arsenic waste. A leaching test would have to be conducted on the As saturated BFS slag to 

determine whether it would be suitable to place in a landfill or if the slag would require extra protection 

such as encapsulation in a cement matrix.  

Chakravarty, Dureja et al. (2002) suggest an alternative slag disposal technique: bio-

transformation of As. Bio-transformation of As occurs due to microorganisms which form volatile 

methylated arsenic compounds (Maeda 1994 as cited in (Chakravarty, Dureja et al. 2002)). A new 

method of arsenic disposal is being tested whereby an earthworm species, Perionyx excavates, 



successfully converts plant available arsenic to plant unavailable arsenic. The earthworms were bred in a 

mixture of soil, manure, and arsenic filter sludge and a decrease in plant available arsenic was observed 

in the earthworms cast (Chakravarty, Dureja et al. 2002).  

Either of these methods has potential for the safe disposal of arsenic filter slag, though more 

research is required in order to determine the least expensive and safest disposal method of the slag. 

8 Economic Analysis 
 

8.1 Total Cost 

 
It is important to note that the costs shown here are in American dollars as it was not possible 

to find listings for the products in the Cambodian currency, the Riel.  The presented costs are also for 

new products (except for the mesh bags and barrel which can be easily found used even in Canada), but 

if RDI and the farmers are resourceful, the cost of the ex-situ PRB could drop significantly. For example, 

clay soil could be used instead of purchasing sand, a 28$US saving; a used barrel could be found for free, 

saving 25 $US; rocks or other household materials could be used in place of dobies, saving 7.50$; and 

finally finding a less expensive source of gravel or removing the gravel completely from beneath the slab 

would provide another significant cost saving. The wood for the frames could be reused to build several 

units. Also, the costs associated with design work of the three engineers will not need to be charged for 

each additional PRB that is constructed. With all of these considerations the total cost of each additional 

unit will be 232.56 $US. 

RDI is currently working on safe drinking water projects which include the collection of rain 

water in communities and we believe that safe irrigation water should be incorporated in their work 

(RDI 2009). If RDI staff are already making the trip to these communities promoting safe drinking water, 

they could do the monitoring and evaluation of the PRBs at this time thus reducing costs. The unit is still 

expensive for a typical Cambodian farmer who makes an average income of 191 US$/ha (Abedullah and 



Farooq 2002) but with the help of some American non-profit organizations also affiliated with RDI (RDI 

2009), RDI could potentially pay for 90% of the project with the famer paying the remainder; this is a 

way to give empowerment and a sense of ownership to the farmer (see section 6 for more on the 

Community Approach). 

 

 

TOTAL INITIAL COST 
    Items Quatity Unit Cost Total Source 

1 Cement 442.10 kg 4.79 $ per 50 kg 42.35 $ (Kant 2008) 

2 Sand 
425.10 kg 12.00 $ per ton 5.10 $ 

(Gravel 
2009) 

3 
Gravel 

5/8" - 1 1/2" (for concrete) 
760.92 kg 12.50 $ per ton 9.51 $ 

(Gravel 
2009) 

  1" - 2" (For sub-foundation) 
0.58 kg 12.00 $ per ton 0.01 $ 

(Gravel 
2009) 

4 
Rebar 

small (1 cm) 8.74 m 3.11 $ per 6 meters 4.53 $ 
(OasisDesign 
2009) 

  
Large (1.25 cm) 4.31 m 4.98 $ per 6 meters 3.57 $ 

(OasisDesign 
2009) 

5 
Welded Wire Mesh 

1" (wall) 4.55 m2 4.19 $ 
(30 m X 1,2 
m) 0.53 $ (TWP 2009) 

  
1/4" (floor) 3.48 m2 10.05 $ 

(30 m X 1,2 
m) 0.97 $ (TWP 2009) 

6 
Tie Wire 1.00 bundle 2.60 $ per bundle 2.60 $ 

(OasisDesign 
2009) 

7 
Hog Ring Staples 1.00 bundle 10.00 $ per bundle 10.00 $ 

(OasisDesign 
2009) 

8 
Dobies 2" 15.00 unit 0.50 $ each 7.50 $ 

(OasisDesign 
2009) 

9 
Wood for Frames Slab/Floor/Roof 3.48 m2 3.80 $ 2" x 6" x 8' 36.16 $ 

(Carroll 
2009) 

  Tank Wall 9.10 m2 3.80 $ 2" x 6" x 8' 94.46 $ 
 10 Slag 112.00 kg 20.00 $ per ton 2.24 $ 
 

11 

Peat 57.80 kg 7.00 $ 
per 33,6 kg 
bag 12.04 $ 

(Ministry of 
Agriculture 
2006) 

12 
Barrel 1.00 unit 25.00 $ each 25.00 $ 

(Gumtree 
2009) 

13 Copper Mesh (200) 0.27 m2 7.28 $ (30 m X 1 m) 0.06 $ (TWP 2009) 



14 
Mesh Bags 174 bags 0.05 $ each 8.70 $ 

(FlexPVC 
2009) 

15 
Pipe PVC Rigid Sch 40//38 mm Ø 3.10 m 8.80 $ 

per 2,4 
meters 11.37 $ 

(FlexPVC 
2009) 

  PVC Flex 38 mm Ø 0.50 m 67.95 $ per 15 meters 2.27 $ 
 

16 

Connections 

90° Elbow 4.00 unit 0.96 $ per elbow 3.84 $ 
(FlexPVC 
2009) 

  Cap 2.00 unit 0.89 $ per cap 1.78 $ 
   Glue 1.00 unit 4.69 $ per 1/4 pint 4.69 $ 
   Nipple 38 mm Ø 2.00 unit 1.39 $ per nipple 2.78 $ 
   PVC Ball Valve 1.00 unit 6.96 $ per valve 6.96 $ 
 

17 
 
Labour                            Cambodian workers 

 9.00 
3 * 3 
days 6.00 $ per day 54.00 $ 

 
18 

Engineer Designing 3 
Jr. 
engineer 20$ per hour 2400$ 

 

     
TOTAL:   

2763.18 
$ 

 

 

8.2 Cost of Maintenance 

 
The yearly maintenance involves testing the arsenic and pH levels in the barrier influent and effluent 

using an arsenic field kit and pH test strips 8 times throughout the year and changing the barrel of blast 

furnace slag. According to the testing chart, in Appendix 2, the most likely time that the unit will 

malfunction is at the beginning and at the end of its life cycle, thus the testing will occur at the times 

delineated by the graph. The costs of the arsenic and pH testing is presented below. 

 

MAINTENANCE (yearly) 
   Items Quatity Unit Cost Total Source 

1 Slag 112.00 kg 20.00 $ per ton 2.24 $ 

 2 Arsenic Test 8.00 test 169.99 $ per 100 tests 13.60 $ 

 3 pH (5 - 9 range) Test 8.00 test 7.50 $ per 50 tests 1.20 $ 

 
4 

Peat 34.00 kg 7.00 $ 
per 33,6 kg 
bag 7.08 $ 

 

    
TOTAL:   24.12 $ 

  



 

 

On top of this, every five years the structure will need extra maintenance. The following are the 

costs associated to this maintenance (note: the yearly maintenance is not included): 

MAINTENANCE (5 years) 

    Items Quatity Unit Cost Total Source 

1 Cement 
1,00 kg 4,79 $ per 50 kg 0,10 $ 

(Kant 
2008) 

2 Sand 
2,00 kg 12,00 $ per ton 0,02 $ 

(Gravel 
2009) 

3 Gravel 
5/8" - 1 1/2" 

(for concrete) 3,00 kg 12,50 $ per ton 

0.04 $ 

 
(Gravel 
2009) 

 
       

5 
Barrel 1,00 unit 25,00 $ each 25,00 $ 

(Gumtree 
2009) 

6 
Copper Mesh (200) 0,27 m2 7,28 $ 

(30 m X 1 

m) 0,06 $ 

(TWP 
2009) 

7 
Mesh Bags 102 bags 0,05 $ each 5,12 $ 

(FlexPVC 
2009) 

8 

Pipe 

PVC Rigid 

Sch 40//38 

mm Ø 3,10 m 8,80 $ 

per 2,4 

meters 

 

(FlexPVC 
2009) 

  
PVC Flex 38 

mm Ø 0,50 m 67,95 $ 

per 15 

meters 

  
9 

Connections 

90° Elbow 4,00 unit 0,96 $ per elbow 

(FlexPV
C 2009) 

(FlexPVC 
2009) 

  Cap 2,00 unit 0,89 $ per cap 1,78 $ 

   Glue 1,00 unit 4,69 $ per 1/4 pint 4,69 $ 

 
  

Nipple 38 

mm Ø 2,00 unit 1,39 $ per nipple 2,78 $ 

 
  

PVC Ball 

Valve 1,00 unit 6,96 $ per valve 6,96 $ 

 10 Labour 1,00 days 2,50 $ per day 2,50 $ 

 

     

TOTAL:   73,61 $ 

  
It is hoped that with good installation and proper maintenance that the structure will last at  
 
least 30 years. (Matsushima 1995). 
 
 



9 Conclusion 
 

With unreliable surface water sources in Kien Svay in the dry season, a source of irrigation water 

is needed to increase vegetable production and thus farmers’ incomes. Groundwater is an ideal source 

for irrigation water, except that it is contaminated with As. The design of the ex-situ PRB, using blast 

furnace slag as a reactive material and concrete for a water holding tank, can provide 350 L of arsenic 

free water per day. This volume of water is enough to grow vegetables on a 60 m2 plot for a 120 day 

growing season. Arsenic removal occurs by filtering water with an initial As concentration of 1.0 mg/L 

through 100 L of blast furnace slag and 850 L of peat moss to reduce the As concentration in the water 

to 0.01 mg/L and the pH to circum neutral. The lifetime of the slag barrier is one year and the reactive 

material must be replaced along with the peat moss at this time.  The initial cost of the ex-situ PRB is 

363.18 US$ plus the cost of engineering expertise at $2400; the cost of maintaining the PRB is US$24.12 

a year.  This simple technology, though a costly initial investment for a typical Cambodian farmer, has 

the long-term benefit of providing arsenic free irrigation water for growing vegetables, preventing the 

arsenic build up in the soil that causes soil infertility and accumulates in plants. 
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Appendix 1 
Table 4  Labour and non-labour input use and cash cost in vegetables and cereals (Ali 2002) 

 
 
 
 
 
 
 
 
 
Table 5  Farm income (US$/family/year) on vegetable versus non-vegetable farms (Ali 2002) 

 
 
 
 
 
 
 
 
 



Table 6  Household characteristics and belongings of farmers by farm (Abedullah) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Appendix 2 



 

Figure 10  Hatch view of PRB enlarged 

 



 

Figure 11  Close-up of water exit including sump where slag can deposit 

 

 

Figure 12  Top view of PRB 



 

Figure 13  Arsenic water testing schedule over the course of one year 
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