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Abstract: 

The report presents a design for a plant that treats groundwater in the Black 

Canyon City area by reducing the amount of arsenic in the water to meet the MCL 

standard, as determined by the EPA. The EPA guidelines state that the amount of 

arsenic present in groundwater must be under 10 ppb. Long term exposure to arsenic 

has been linked to several health issues including cancer and Blackfoot disease. There 

are many different ways to remove arsenic from water. The designed process for this 

project includes four major unit operations -- chlorination, adsorption, desorption, and 

arsenic precipitation. Post-treatment, the arsenic level in the water will be below the 

MCL, making it safe for human consumption.   

 
Executive Summary: 
            The goal of this project is to remove arsenic from groundwater in Black Canyon 

City, Arizona. Groundwater in this region contains a level of arsenic that exceed the 

Maximum Contamination Limit (MCL) of 10 ppb (“Chemical Containment Rules”), as set 

by the United States Environmental Protection Agency (EPA). Arsenic consumption 

causes negative health effects including increased risk of cancer and Blackfoot disease. 

Many methods for removing arsenic from water exist, including reverse osmosis 

and adsorption using a variety of available sorbents. The designed plant for this project 

uses an adsorption column containing granulated ferric hydroxide (GFH). Common 

practice involves using the GFH until it reaches saturation and then disposing of the 

spent GFH as hazardous waste. This project compares both the environmental and 

economic costs of disposing of the spent sorbent versus regenerating it via desorption. 

            The full plant design includes eight pieces of equipment and eleven pumps. The 

main equipment pieces serve four main functions – storage, pretreatment of the water, 

adsorption, and desorption with accompanying post-processing. Two large tanks store 

the water prior-to and following treatment. These tanks help maintain a consistent 

process flow and store water for use during peak times and seasons. Two stirred tank 

reactors the pre-treat the water to achieve optimal adsorption.  



   
 

The core of the treatment process is the adsorption and desorption columns. 

Arsenic removal occurs via adsorption using GFH. GFH regeneration occurs 

approximately every eighteen days via a desorption process using 4% sodium 

hydroxide solution. Two adsorption columns placed in series protect against 

contamination of the product due to breakthrough. Arsenic precipitates out of the 

desorption column waste stream using ferric chloride in a stirred tank reactor. After the 

arsenic precipitation reactor, the waste stream enters the arsenic settling tank where the 

ferric arsenate settles out. Pumps transfer the residual sodium hydroxide and ferric 

arsenate waste streams into tanker trucks for disposal as hazardous waste.  

            Environmental considerations for the plant include carbon dioxide emissions 

from electricity usage and proper disposal of the hazardous waste. For the disposal 

method, the plant produces 151 tons of carbon dioxide and 105 barrels of hazardous 

waste per year. Comparatively, the desorption method annually produces 153 tons of 

carbon dioxide and approximately 1 barrel of hazardous waste per year. Minimal safety 

hazards exist for the process. The chlorine gas and sulfuric acid are the most 

hazardous materials in the plant. Proper storage and handling practices mitigate 

potential hazards resulting from their use.  

            The main source of uncertainty for the project is the assumed empty bed contact 

time (EBCT) for desorption. The EBCT value used was found in the literature but was 

based on a pilot-scale model. The actual EBCT value for the desorption process may 

require adjustment based on the large size of the process.  

The plant is a cross between a grass-roots and add-on design. A warehouse 

structure contains all of the pieces of equipment except for the two large tanks and the 

arsenic settling tank. The net present value (NPV) for the disposal method is -

$49,200,000 with a payback period of 25 as compared to a NPV of -$44,400,000 with a 

25 year payback period for the desorption method. Based on a full economic and 

environmental analysis of the plant design and operations, desorption is the 

recommended method, though both methods require government funding to make them 

economically viable.  
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1.0 Introduction 
1.1 Overall Goal 

The overall goal of this project is to design a facility that treats groundwater in the 

Black Canyon City area by reducing the amount of arsenic in the water to meet the MCL 

standard, as determined by the EPA. The EPA guidelines state that the amount of 

arsenic present in groundwater must be under 10 ppb. Long term exposure to arsenic 

has been linked to several health issues including cancer and Blackfoot disease 

("Arsenic"). There are many different ways to remove arsenic from water. The designed 

process for this project includes four major unit operations -- chlorination, adsorption, 

desorption, and arsenic precipitation. Post-treatment, the water's arsenic level will be 

under the MCL, making it safe for human consumption.  

 

1.2 Current Market Information 

There are two different types of systems to remove arsenic from groundwater. 

Treatment is provided by either a point-of-use (POU) system, which can be attached to 

a faucet, or a treatment facility that treats groundwater in bulk and delivers it to each 

household or business. This second method is called a point-of-entry (POE) system 

(Spayd 1). Groundwater in Black Canyon City contains both the oxidized and reduced 

forms for arsenic. Since POU systems only remove As(III), not As(V), residents of the 

Black Canyon City must have a POE system in place to ensure that both types of 

arsenic are removed ("Point-of-Use").  

Water treatment is a public utility. Consequently, the costs of building a new 

treatment facility or adding to an existing facility are covered by an increase in water 

rates. Since the arsenic MCL is mandated by a federal organization, the EPA, and water 

treatment is a necessity in places where arsenic levels exceed the MCL, the federal 

government may offer grants to offset the cost of providing this public service.  

High levels of arsenic occur naturally and are a problem all over the world. 

Groundwater contaminated with arsenic is largely a result of minerals dissolving from 

weathered rocks. As a result, arsenic contamination is commonly found near mines 

("Trace"). Arsenic contaminated groundwater poses a significant problem in developing 

countries that are not developed enough to build POE systems and do not have the 
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funds to do so either. Beyond developing nations, arsenic is also an issue in Arizona. 

The arsenic level in Black Canyon City, Arizona exceeds the MCL standard over ten 

times, at an average concentration of 0.15 mg/L (Towne 64-65). 

Although arsenic removal systems are not very profitable, they provide a crucial 

service in many regions of the world. Most arsenic removal systems are POE to ensure 

treatment for both As(III) and As(V). While many people all over the world would benefit 

from this technology, this project specifically focuses on the Black Canyon City region. 
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1.3 Project Premises and Assumptions 

 
Table 1. Project Premises and Assumptions 

 



4 
 

   
 

2.0 Process Description, Rationale, and Description 
2.1 Block Flow Diagram 

 

Figure 1. Quantitative block flow diagram detailing the disposal method 
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Figure 2. Quantitative block flow diagram detailing the desorption method 
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2.2 Process Flow Diagram 

 
Figure 3. Process flow diagram detailing the disposal method 
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Figure 4. Process flow diagram detailing the desorption method
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2.3 Equipment Table 

 

Table 2. Equipment Table 
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2.4 Stream Table 

Table 3. Desorption Method Stream Table 
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Table 4. Disposal Method Stream Table 
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2.5 Utility Table 

Table 5. Desorption Method Utilities 

 
 

Table 6. Disposal Method Utilities 

 
2.6 Written Description of Process 

This report explores two different methods of removing arsenic from 

groundwater, the disposal method and the desorption method. Both processes use GFH 

as an adsorbent media to remove the arsenic but differ in how the GFH is treated after it 

is saturated. 

Pumps bring the arsenic-contaminated groundwater from seven different well 

locations throughout the Black Canyon City area to the facility for treatment. As seen in 

Fig. 3 and 4, the contaminated water (stream 1) enters the facility and is stored in tank 

TK-101. From here, the water (stream 2) moves to the chlorination reactor R-101. 
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Chlorine gas (stream 3) is bubbled into the bottom of R-101. Chlorination serves two 

purposes, oxidizing the arsenic from As(III) to As(V) and decontaminating the water for 

potable use. The chlorinated groundwater (stream 4) then moves into R-102 where the 

pH is adjusted to pH 6 by adding a 1M sulfuric acid (stream 5). From here, the pre-

treated groundwater (stream 6) enters the combined T-101 and T-102 system.  

No differences exist between the disposal and desorption processes up until this 

point, however the two methods diverge at the T-101/T-102 system. Fig. 3 serves as a 

visual reference for the description of the disposal method. In the disposal method, both 

T-101 and T-102 work exclusively as adsorption columns in series packed with GFH. 

Fig. 5 demonstrates the different configurations in which the water will be routed 

through the two columns throughout the adsorption process. Initially, the groundwater is 

piped so that it travels through T-101 and into T-102 (phase a). After the water passes 

through both columns, it leaves the columns (stream 7) and enters TK-102. When the 

GFH contained in T-101 eventually becomes saturated, the column will be taken offline 

and the water will be rerouted to pass only through T-102 and into TK-102 (phase b). 

The saturated GFH from T-101 will be discarded and replaced with fresh adsorbent. 

When T-101 comes back online, it will become the second column in series with T-102 

(phase c). When the GFH in T-102 becomes saturated, it will be taken offline and the 

water will be rerouted through T-101 again (phase d). When T-102 comes back online in 

series with T-101, the system will have returned to the initial state and the cycle will 

continue from there. T-101 and T-102 always operate in series other than the brief 

periods of time in which the GFH in one of the columns is replaced. The two columns 

will alternate between being the first or second column in series. After the water has 

passed through the T-101 and T-102 system it will be potable, free of arsenic 

contamination, and safe for human consumption. Tank TK-102 temporarily stores the 

potable water (stream 8) until it exits the facility and enters the water distribution system 

for Black Canyon City. 



13 
 

   
 

 
Figure 5. Routing configurations for T-101/102 for the disposal method 

 

 Figure 4 shows a complete process diagram for the desorption method. For 

desorption, columns T-101 and T-102 both serve dual purposes of acting as both 

adsorption and desorption columns. Figure 6 displays the routing configurations 
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throughout the desorption method. Similar to the disposal method, the water initially 

passes through T-101 and T-102 in series (phase a). When T-101 becomes saturated 

with arsenic, it will be taken offline with the water will be rerouted through T-102. 

Regeneration of the GFH occurs by flushing the column with a 4% sodium hydroxide 

solution (stream 9) which produces an arsenic brine (stream 10) that then flows into    

R-103 (phase b). This desorption step continues on a semi-batch basis until the GFH is 

completely regenerated, at which point T-101 will be drained of sodium hydroxide and 

reinstated in series after T-102 (phase c). This system continues in a cyclical pattern 

similar to that of the disposal method. After the water has passed through T-101 and T-

102 (stream 7) it passes into TK-102 before exiting the facility into Black Canyon City's 

distribution system. The arsenic brine in R-103 reacts with a ferric chloride solution 

(stream 11) to precipitate the arsenic as a solid suspended in the solution. The 

suspended arsenic (stream 12) enters the settling tank TK-103 where the arsenic solid 

collects on the bottom. Pumps transfer the arsenic slurry (stream 14) into 55-gallon 

barrels where it is stored until it can be disposed of through a hazardous waste disposal 

company. Sulfuric acid is added to the sodium hydroxide waste stream to neutralize it 

so that the stream is no longer considered hazardous waste and can be disposed of as 

normal wastewater.  
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Figure 6. Routing configurations for T-101/102 for desorption method 

 

2.7 Rationale for Process Choice 

Adsorption of arsenic is a very simple process that has a high efficiency and yield 

of potable water without the technical drawbacks of other arsenic removal processes 

such as reverse osmosis (RO) filtration. The major drawback of the traditional disposal 

method is that when the adsorbent material becomes saturated, it contains enough 

arsenic to be considered a hazardous waste, which means that the spent adsorbent 

must be disposed of through a hazardous waste disposal company. Disposal can be 

extremely costly when considering large volumes of adsorbent material. 
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The desorption method solves this disposal issue by regenerating the adsorbent 

so that it can be reused indefinitely. One of the byproducts of the desorption process is 

a concentrated arsenic brine that still needs to be treated. This arsenic brine is reacted 

with ferric chloride in order to precipitate the arsenic out of the solution as ferric 

arsenate. Solid ferric arsenate has a significantly smaller volume than saturated GFH 

containing an equivalent amount of arsenic. Having a smaller volume of waste allows 

for a large reduction in hazardous material disposal costs compared to the disposal 

method. However, the desorption method has its own drawbacks, namely the increased 

feedstock costs with purchasing the sodium hydroxide and ferric chloride reactants. 

Precipitation of arsenic via ferric chloride is also an effective method of removing 

arsenic from drinking water. However, the volume of groundwater that this plant treats 

would require an infeasible amount of ferric chloride to treat using only this method. This 

is the rationale behind why the groundwater in the desorption method is first adsorbed 

and desorbed before precipitation occurs. This adsorption-desorption process creates a 

concentrated arsenic solution that can then be processed using a significantly smaller 

volume of ferric chloride. 

This report conducts a complete analysis of the economic, safety and 

environmental considerations associated with each treatment method. The results for 

each method and a recommendation as to which method is most feasible is detailed 

below. 

 

3.0 Equipment Description, Rationale, and Optimization 
 

3.1 T-101/102 - Adsorption/Desorption Columns  
 Traditional arsenic removal processes include oxidation, use of membranes, and 

adsorption (Kartinen & Martin 2). A recent review outlined additional technologies 

including ion exchange and coagulation-flocculation (Nicomel et. al. 3). Amongst these 

various removal technologies, adsorption is the most widely used technique due to its 

many advantages. Adsorption is a low-cost, easy operation, high efficiency method that 

produces no sludge (Nicomel et. al. 8). Numerous sorbents exist for the arsenic 

adsorption process. Iron or iron-based compounds have high removal efficiencies at 
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lower costs than many other organic or commercially available sorbents (Mohan & 

Pittman 39). A thorough literature review revealed that adsorption using granular ferric 

hydroxide (GFH) is the most cost-effective and efficient method for removing arsenic 

from water and was consequently selected as the method for this project. The ideal 

operating pH for GFH adsorption is a pH of 6 (Pal 64) with an EBCT of 5 minutes 

(“Arsenic in Drinking Water” 1).  
Common practice for GFH-based adsorbent methods is to dispose of the GFH 

after it becomes saturated with arsenic. Based on the water volume and arsenic flow 

rate for the plant, the GFH reaches arsenic breakthrough every 18 days. With the plant 

operating 320 days per year, the GFH disposal method will produce 105 barrels of 

hazardous waste per year.  

Since sorbent and hazardous waste disposal costs are high at $575 per 55-

gallon barrel (Clean Management Environmental Group), researchers have studied the 

possibility of regenerating the spent GFH (Chaudhary & Farrell 1). Desorption requires a 

highly caustic solution to strip the arsenic from the GFH. A 4% sodium hydroxide 

solution efficiently removes arsenic with minimal media loss (Chen et. al. 95). The 

required EBCT for the desorption process is 120 minutes (Chen et. al. 89). At the 

required process flow rate, the desorption process takes 4 hours (Appx. A).  

Since the EBCT for desorption is much greater than that of adsorption, the 

column sizing was based on the adsorption time (Appx. A). The column diameter is 2.1 

meters with an accompanying length of 6.4 meters (Table 2). Beyond operating the 

adsorption and desorption columns at an ideal pH, there is no optimal temperature and 

pressure for the process. The adsorption and desorption columns operate at room 

temperature and atmospheric pressure to eliminate the need for heat exchangers and 

compressors. The columns are constructed using carbon steel with sufficient thickness 

to protect against potential degradation by the caustic sodium hydroxide solution. 

An additional design consideration for adsorption is the potential for 

breakthrough. Arsenic breakthrough for GFH media occurs at a c/c0 of approximately 

0.6 (Sperlich et. al. 1197). Placing two adsorption columns in series prevents 

breakthrough from contaminating the product. Since the time for the GFH media to 

become saturated is much larger than the time to regenerate the media (18 days versus 



18 
 

   
 

4 hours), the process only requires two columns. The process will temporarily operate 

with only one column while the GFH media is regenerated, but the risk of contamination 

is negligible compared to the high cost of an additional column.   

 

3.2 TK-101/102 - Water Storage Tanks 
Groundwater that is pumped from the well heads is combined and stored in      

TK-101 at the beginning of the process. The volume of the tank is designed to hold 

enough water to compensate for the maximum water demand of Black Canyon City 

during the middle of the summer. This maximum water demand was calculated after 

completing a 25-year population growth projection for Black Canyon City, ensuring that 

the plant capacity is large enough to provide a sufficient supply of water for the entire 

lifespan of the plant. TK-102 is an identical water storage tank to TK-101, but it is 

located at the end of the process to hold the treated water before it is sent out to 

customers. This tank is in place to compensate for surges in demand and also ensures 

access to clean water in case the treatment facility is shut down for maintenance.      

TK-101/102 are 515,000 gallon tanks that are 12 feet in diameter and 610 feet in length. 

The tanks will be horizontal vessels made of carbon steel and placed outside of the 

plant due to their large size.  

 

3.3 TK-103 – Arsenic Settling Tank 

The arsenic settling tank is located after the precipitation reactor (R-103) to 

ensure that the arsenic has time to settle to the bottom and be disposed of as 

hazardous waste. The volume of the settling tank takes into account the detention time 

of 3 hours and the volumetric flow rate coming from the precipitation reactor 

("Sedimentation"). The dimensions of the settling tank include a height of 10 feet and a 

diameter of 1 foot. In order to ensure that no ferric arsenate leaches into the ground, the 

tank will be constructed of plastic galvanized steel. A key feature of the settling tank is a 

sludge scraper that will direct the settled ferric arsenate into the piping located at the 

bottom of tank where it will then be collected for disposal. This tank will be located 

outside of the treatment facility due to its large size and will be open to the atmosphere. 
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3.4 R-101 – Chlorination Reactor 

Before the groundwater can be treated in T-101 and T-102 it must first undergo 

pre-processing. Arsenic present in groundwater is naturally present in the As(III) form 

("Arsenic Fact Sheet" 2) but for adsorption with GFH the arsenic must be in the As(V) 

form (Pal 60). Chlorine gas can be used to oxidize arsenic and reacts in a 1:1 

stoichiometric ratio (Sorlini 5654). In the chlorination reactor R-101, chlorine gas is 

bubbled into the groundwater at a 3:1 stoichiometric ratio. At the arsenic concentration 

present in the groundwater this ratio of chlorine can oxidize 100% of the arsenic in 

under two minutes (Sorlini 5655). Therefore, R-101 is sized to have a residence time of 

two minutes to ensure complete oxidation of the arsenic. R-101 has a diameter of 3 

feet, a height of 8 feet, and the reactor vessel is constructed of stainless steel to 

withstand the corrosive effects of chlorine gas ("Chemical Compatibility Chart." 9). The 

residual chlorine present in the water after oxidation is completed performs the 

secondary task of sanitizing the water so that it is safe for human consumption. Another 

side effect of the chlorination is that the pH is lowered from pH 7.4 to pH 7.25. 

 

3.5 R-102 – pH Adjustment Reactor 

Optimal adsorption of arsenic onto GFH takes place at pH 6. The pH adjustment 

reactor R-102 adds sulfuric acid to the chlorinated groundwater in order to decrease the 

pH from pH 7.25 to the optimal value of pH 6. Acid base reactions take place almost 

instantaneously so, for convenience sake, R-102 is sized to have the same residence 

time as R-101. R-102 has a diameter of 3 feet, a height of 8 feet, and the reactor vessel 

is constructed of stainless steel to withstand the corrosive effects of the sulfuric acid 

("Chemical Compatibility Chart." 5). 

 

3.6 R-103 – Arsenic Precipitation Reactor 

Before the arsenic is ready for disposal it is mixed with ferric chloride, which then 

forms ferric arsenate. This reactor was sized by the volumetric flurry which is 11 gallons 

per day and the residence time which is four hours to allow maximum precipitation 

(Dash). The dimensions of the precipitation reactor include having a height which is 10 

feet and a diameter which is 3.5 feet. The reaction that occurs has a 1:1 ratio and takes 
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place at standard temperature and pressure conditions ("Regeneration"). This reactor is 

constructed of stainless steel and features an impeller blade. 

 
4.0 Process Safety Concerns and Engineering Controls 
 

4.1 Plant Operational Hazards 
One of the main safety issues inside a water treatment facility is water spills onto 

the plant floor. Any water leaks or equipment failure can result in slipping hazards for 

the plant operators and maintenance workers due to large volumes of water. Plant 

operators may also be exposed to hazardous chemicals if there are leaks or spills of 

ferric chloride, chlorine gas, or sodium hydroxide. Any exposed wires or defective 

pumps can create an electrical shock hazard for employees.  There is a danger of 

serious injury to maintenance workers cleaning out or repairing stirred tank reactor 

vessels with impeller blades; all equipment must be turn off when maintenance is 

occurring (Donagi 1).  

 

4.2 Plant Operator Safety 

Arsenic is recognized by OSHA as a carcinogenic toxin and hazardous 

substance. Plant employees may be exposed to arsenic when the equipment is being 

cleaned and repaired, as well as during contact with the arsenic settling tank. According 

to OSHA regulations, any employees that may be exposed to arsenic at or above levels 

of 5 ug/m3 for at least 30 days per year must be provided with medical examinations 

(United States Department of Labor 1). In addition, OSHA requires that sampling of the 

water for arsenic contamination must be completed every 7 hours using a sampling 

pump at a flow rate of 2 L/min with a 0.8 micrometer pore size membrane filter that is 

37mm in diameter (United States Department of Labor 2). Employees must not 

consume arsenic contaminated water.  

Chlorine gas is stored on site and used to treat the water. Chlorine gas is a 

yellow gas that can have adverse effects on the human body through inhalation or 

contact with the skin or eyes. Chlorine gas exposure can cause damage of the eyes and 

lungs as well as corrosion of the teeth. OSHA requires that periodic medical 
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examinations be provided on an annual basis for employees that work with chlorine gas 

(U.S. Department of Health and Human Resources 2).  

Ferric chloride is used in small quantities in this process to precipitate out the 

arsenic of the waste stream during the regeneration process. Ferric chloride can cause 

coughing, sore throat, and irritation of the eyes and skin. Ingestion will cause extreme 

abdominal pain and possible shock or collapse. Employees must not be exposed to 

ferric chloride above 1 mg/m3 and must be provided with periodic medical examinations 

to check for any exposure (NIOSH 3).  

Sodium hydroxide is a strong base that causes severe irritation of the skin, eyes, 

and lungs. Proper protective equipment including a respirator must be worn at all times 

when handling large amounts of sodium hydroxide (NIOSH 3). 

Sulfuric acid is a strong acid that causes severe irritation of the skin, eyes, and 

lungs. Protective equipment must be used to prevent any contact with the sulfuric acid. 

(NIOSH 2). 

 

4.3 Equipment Safety 

The chlorination reactor has chlorine gas fed to it through an inlet pipe to oxidize 

the arsenic as well as disinfect the groundwater. Any leaks or defects in the inlet piping 

will result in a release of chlorine gas into the plant and will also result in an insufficient 

amount of chlorine reacting with the water. If there is not enough chlorine fed to the 

reactor, then the effluent may still contain harmful bacteria that is not suitable for human 

consumption. Fail close valves and seals are in place in the reactor and the inlet piping 

to prevent any chlorine gas from being fed during regular maintenance. The chlorine 

gas must not reach extremely high temperatures or there is a risk of the inlet pipe 

rupturing and releasing large amounts of toxic chlorine gas (Royball, Chlorination 

Reactor Hazop). 

The pH fixing reactor uses sulfuric acid to lower the pH of the groundwater for 

efficient adsorption. Sulfuric acid is extremely corrosive and therefore regularly 

scheduled maintenance and corrosion inspections are performed on the reaction vessel 

as well as the inlet piping. Any spills or leaks of the sulfuric acid may result in employee 

exposure to a hazardous substance and a risk of exposing downstream equipment to a 
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corrosive chemical. Acid neutralizing kits are available near the reactor in case of a 

minor spill. Large amounts of heat are released when mixing a strong acid and water, 

therefore dilute sulfuric acid is used as well as having a temperature monitoring system 

in place in the reactor. 

The adsorption columns are vertical pressure vessels that contain a packing 

material. There is a rupturing hazard if the columns are overfilled, therefore overflow 

drains are in place in case of pressure build up. Due to the slightly acidic nature of the 

water entering the columns, the vessel walls are at risk of corrosion and are regularly 

inspected for corrosion damage to avoid any major loss of containment (Kaplan, 

Adsorption Column Hazop).  

The precipitation reactor pipes in a ferric chloride solution in order to precipitate 

out the arsenic present in the waste stream from the desorption of the columns. The 

ferric chloride is used in small amounts and is a relatively dilute solution, however, 

regular safety and maintenance inspection are done on the inlet piping as well as all 

seals, valves, and vessel container walls to ensure there is no defective equipment. Due 

to the corrosive nature of ferric chloride, the impeller blade must be inspected and 

replaced periodically to ensure that proper mixing occurs in the vessel and all of the 

arsenic precipitates out (Arkwright, Precipitation Reactor Hazop). 

The settling tank collects the ferric arsenate precipitate at the bottom of the tank 

and an impeller blade periodically scrapes the waste to remove it. The settling tanks are 

located outside; therefore, the tanks are regularly inspected for leaks so that arsenic 

does not leach into the surrounding environment. Fencing is in place around the tank to 

ensure that there is no accidental public exposure to hazardous material (Hunn, Settling 

Tank Hazop).  

All pumps in the process are paired with identical redundant pumps in the case of 

any pump failure or defects. Periodic inspections are completed to minimize the risk of 

cavitation inside of the centrifugal pumps if any damage to the impeller blades occurs. 

 

4.4 Chemical Storage 

The Occupational Safety and Health guidelines for arsenic notes that arsenic is 

reactive with oxidizing agents and heat, and hazardous fumes may be released in the 
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event of a fire. Arsenic will react with hydrogen gas to form arsine, which is an 

extremely toxic and dangerous substance. Possible exposure routes may be through 

skin contact, ingestion, or inhalation (U.S. Department of Health and Human Resources 

1). Arsenic will only be present in significant quantities inside of the precipitation reactor 

and the settling tank and will not be stored near hydrogen. The settling tank will be an 

open top tank located outside, eliminating the possibility of airborne arsenic 

contamination. A barrier fence with warning signs will be constructed around the settling 

tank to warn of arsenic exposure and prevent any contamination to wildlife. Regular 

maintenance checks must be performed on the settling tank to inspect for cracks or 

leaks to prevent arsenic from leaching into the environment.  

According to the Occupational Safety and Health guidelines for chlorine, high 

temperatures may cause the gas cylinders to burst. Chlorine gas must be stored away 

from combustible substances and metal dust as any contact may result in fire or 

explosion. Chlorine may corrode certain types of plastics, rubber, and coatings, and is a 

strong oxidizer. In this plant, the chlorine gas cylinders are stored in a cooled area that 

contains a monitoring system to maintain a safe temperature as well as analyze air 

composition to detect any possible chlorine gas contamination (U.S. Department of 

Health and Human Resources 2). 

Ferric chloride is not combustible but may give off toxic fumes in a fire. It 

decomposes when heated to above 200oC and produces chlorine and hydrogen 

chloride. Ferric chloride reacts explosively with hydrogen gas (NIOSH 3). Ferric chloride 

is stored in temperature-controlled environment and is not near any source of hydrogen 

gas. 

Sodium hydroxide reacts violently with acid and will corrode some metals and 

produce hydrogen gas. Sodium hydroxide is stored in polyethylene tanks in the plant in 

a temperature-controlled environment. The sodium hydroxide is kept above 60oC at all 

times to avoid crystallization inside of the storage tank (NIOSH 3). 

Sulfuric acid is a noncombustible liquid that reacts violently with water and 

produces large amounts of heat. It is stored inside of polyethylene tanks to avoid 

corrosion. High temperatures may cause toxic vapors to form, therefore the sulfuric acid 

is stored in a temperature-controlled environment (NIOSH 2). 
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4.5 Operational Controls 

To avoid airborne exposure to hazardous substances such as chlorine and 

arsenic, the process enclosure has local exhaust ventilation (U.S. Department of Health 

and Human Resources 1978). Drains are in place in the floor of the plant in case of 

leaks or spills in the process. Several strong acids are used in this process, and 

therefore acid neutralizing kits containing sodium bicarbonate are available throughout 

the plant, as well as next to the acid storage tanks. Base neutralizing kits containing 

dilute HCl are also available near the storage tanks for the sodium hydroxide in case of 

spills. To decrease the likelihood of a spill, all hazardous chemicals stored on site will 

have secondary containment. Eye wash and shower stations are present near all 

chemical storage tanks as well as near all entrances and exits in the plant facility. 

 
5.0 Environmental Impact Statement 

The environmental impact of the process results from secondary carbon dioxide 

emissions due to electricity usage and the production of hazardous waste. The 

desorption and disposal methods produce different amounts of emissions and waste. 

Table 7 summarizes the environmental impacts of the two methods. 

 
Table 7. Environmental Impact Comparison 

  
 

 

 

 



25 
 

   
 

5.1 Utilities 

The only utility that the plant requires is electricity to power the equipment and 

lighting for the plant. A small operator room has heating and cooling, but otherwise the 

plant will not have air conditioning or heating as the large size of the plant and relatively 

few number of operators make these utilities impractical. The desorption process has 

higher power requirements and resulting emissions than that of the disposal method 

since it includes more pieces of equipment. Assuming electricity comes from the normal 

grid and is produced primarily via nonrenewable methods, 1 kWh of electricity yields 

7.44e-4 tons of carbon dioxide ("Greenhouse Gas Equivalencies Calculator"). 

The total amount of indirect carbon dioxide emissions for the desorption process 

is 152 tons of carbon dioxide per year (Appx. A). In comparison, the total emissions for 

the disposal method is 151 tons of carbon dioxide per year (Appx. A). The two methods 

yield similar emissions levels since the desorption process runs so infrequently that the 

additional energy requirements are negligible. These energy requirements do not 

include the electricity required to pump the water from the wells to the plant. Addition of 

these electricity requirements would further refine the estimate of the plant's total energy 

usage and subsequent carbon dioxide emissions.  

 

5.2 Hazardous Waste Production 

Both processes produce hazardous waste that requires proper disposal. The 

plant contracts a hazardous waste company to dispose of the plant's waste. The 

disposal costs for the waste are a $575 incineration fee per 55-gallon drum of waste 

plus an additional $350 transportation fee (Clean Management Environmental Group). 

The disposal method produces 105 barrels per year of waste in the form of spent GFH 

(Appx. A). The desorption method produces approximately one barrel of waste per year 

in the form of a ferric arsenate slurry (Appx. A). Previously the caustic sodium hydroxide 

waste stream from the desorption process was an additional source of hazardous 

waste. To reduce the amount of hazardous waste resulting from the desorption method, 

the process was adjusted to neutralize the spent sodium hydroxide solution using 

sulfuric acid. After neutralization with acid, the waste stream can be disposed of via the 

municipal wastewater system. 
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5.3 Land Usage 

The plant requires 95,000 ft2 of land for the warehouse and water storage tanks. 

Land usage does not differ significantly between the two methods. The majority of land 

usage results from the large water storage tanks. Consequently, the exclusion of the 

desorption-related equipment does not alter the required building size and land usage 

significantly. A clearing of land already exists in Black Canyon City that can 

accommodate this plant size so no additional land must be cleared. 

Ancillary land usage results from the water pipes that transport water from the 

wells to the plant. The required piping totals approximately 2 miles. Though the piping is 

buried 27" below the finish grade ("Burial Depth for Yard Piping" 1), the ground and 

accompanying wildlife will be disturbed during the process of laying the piping.  

 

5.4 Potential Chemical Spills 

Three chemicals used in the process pose environmental hazards in the event of 

a spill, the 4% sodium hydroxide solution, the ferric chloride solution, and the sulfuric 

acid solution. Environmental precautions for sodium hydroxide include preventing the 

spill from reaching drains, sewers, and waterways ("Sodium Hydroxide"). The same 

precautions apply to sulfuric acid ("Sulfuric Acid") and ferric chloride ("Ferric Chloride 

Solution Safety Data Sheet").  

The large storage tank for arsenic contaminated groundwater (TK-101) presents 

an additional spill hazard. A large leak in the tank could allow the water to seep into the 

soil and contaminate the surrounding area. The aquifer for the region already contains 

high levels of arsenic so this form of contamination would not greatly affect the region 

as a whole but could affect residents living adjacent to the plant.  

 

5.5 Water Usage 

With predicted population growth for the Black Canyon City region, the plant is 

designed to process approximately 787,00 gallons of water per day. This water is 

pumped out of wells in Black Canyon City and consequently has a direct impact on the 

region's water table. During times of drought, the plant may need to reduce its 
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production levels to prevent overdrawing from the aquifer. Alternatively, any excess 

water could be added to natural streams to recharge the aquifer. This solution, however, 

is not ideal as the water would likely be re-contaminated with arsenic.  

 
6.0 Economic Analysis Including Economic Hazards 

Table 8 shows the bare module costs for all of the equipment used in the 

disposal method and Table 9 shows the bare module costs for the desorption method. 

Costing calculations for towers, tanks, and reactors were performed using equations 

from Seider's Product and Process Design Principles (Appx. A). Pump costs were 

estimated based on current market prices for equivalent pump types and sizes. 
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Table 8. Bare-Module Costs for Disposal Method 
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Table 9. Bare-Module Costs for Desorption Method 
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The total capital investment was calculated using sizing factors from chapter 16 

in Seider et. al. The plant is a cross between a grass-roots and an add-on design. Black 

Canyon City does not have an existing water distribution system (Kaplan & Stuart). 

Instead, water is pumped directly from the wells to residents' homes (Kaplan & Stuart). 

A new building will be constructed to hold the equipment other than the water storage 

tanks and the arsenic settling tank. This building, however, will resemble more of an 

add-on structure than a full plant since it will not have full heating or cooling other than 

in a small operator room. To reflect the plant's lower construction costs, a cost factor in 

between that of an add-on and a grass roots effort was used to calculate total capital 

investment. The process requires minimal adjustment or intervention by operators. 

Consequently, the plant requires only two operators per shift to monitor the process and 

test the arsenic levels in the product stream for the disposal method. The desorption 

method is a slightly more complex process and will require three operators per shift. A 

summary of the factors for total capital investment are shown in Table 10 for the 

disposal and desorption methods. 
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Table 10. Costing Factors for Total Capital Investment 

 
 

Construction costs for the plant also include the cost of piping to connect the 

wells to the water treatment plant. The blue lines in Fig. 7 show estimated lengths of 

piping from each well to the proposed plant location, the gray rectangle. These lines do 

not account for laying piping around existing buildings and merely provide a rough 

estimate of the required amount of piping. Additionally, piping costs for transporting the 

treated water back to residents' homes were not considered. Some water piping already 

exists in the area and this existing distribution network could be expanded to transfer 

untreated water to the plant and treated water to residents' homes. The total estimated 
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amount of piping is 10,260 ft. Based on this required length of piping, costing equations 

from Clark et. al. (Appx. D) were used to calculate the total piping cost. The components 

of the costing equations are summarized in Table 11. 

 
Figure 7. Map of active wells (green dots, circled in white) in Black Canyon City Region 

with piping (blue lines) leading to the proposed plant site (gray rectangle) 
 

Table 11. Piping Costs 
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The cost of manufacture and total annual production cost were calculated using 

factors found in Chapter 17 of Seider et al. Table 12 contains a summary of the factors 

for total annual production costs for the disposal and desorption treatment methods. 

Table 12. Annual Production Costs 

 
 

Economic analysis for the plant assumes that the city government already owns 

a water right that covers the total water demand from the city's residents. The only raw 
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material cost associated with the water from the wells is the cost of pumping the water 

to the plant. Both methods require GFH sorbent, chlorine gas and sulfuric acid which 

have unit costs of $17/kg ("Ferric Hydroxide"), $888/ton (“Online Shopping Liquified 

Chlorine Gas Cylinder.”), and $275/ton (source) respectively. Additional raw material 

costs for the desorption method include the ferric chloride solution which costs $250/ton 

(“Ferric Chloride 40% Liquid FeCl3 for Water Treatment”) and the sodium hydroxide 

solution which is sold in bulk at $211/20L ("Sodium hydroxide 4% (w/v)"). The plant also 

incurs disposal costs in both methods. A hazardous waste disposal company charges a 

$575 incineration fee per 55-gallon drum of hazardous waste with an additional $350 

transportation fee (Clean Management Environmental Group). 

The estimated lifespan for the plant is 25 years (Djukic et. al 1421). With a 5.5% 

discount rate (Djukic et. al 1419), the net present value (NPV) for the plant is -

$49,200,000 for the disposal method and -$44,400,000 for the desorption method. 

These large negative values for NPV are due to the fact that the annual costs of running 

the plant in both treatment methods outweigh the revenue generated at the current 

water rates. In order for these plants to be economically viable and have an NPV of $0 

at the end of their lifetime, the water rates of the Black Canyon City area must be 

increased from $12.54 per month to at least $43 per month for the disposal method and 

$40 per month for the desorption method. 
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Table 13. NPV for Disposal Method 
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Table 14. NPV for Desorption Method 
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7.0 Conclusions and Recommendations  
This project compares two methods of arsenic removal from groundwater. The 

first method consists of disposing of the spent sorbent every 18 days once it is 

saturated with arsenic. This disposal method requires a total capital investment of 

$17,600,00 with an annual production cost of $5,300,000. The net present value of this 

method is -$49,200,000 at the current water rates in Black Canyon City. For the 

disposal process to be viable, the water rates must be increased to $43 per month. This 

process results in annual production of 151 tons of carbon dioxide emissions as well as 

105 barrels of hazardous waste. The second method consists of regenerating the spent 

sorbent using desorption. This desorption method requires a total capital investment of 

$17,700,00 with an annual production cost of $4,930,000. The net present value of this 

method is -$44,400,000 at the current water rates in Black Canyon City. For the 

desorption method to be viable, the water rates must be increased to $40 per month. 

This process results in annual production of 153 tons of carbon dioxide emissions as 

well as ~1 barrel of hazardous waste. 

The desorption process requires a higher capital investment than the disposal 

method but has a higher net present value and requires the water rates to be increased 

by a smaller margin to make the process viable. The desorption produces a slightly 

higher amount of carbon dioxide but generates a much smaller amount of hazardous 

waste. Due to these reasons, the recommended process for arsenic removal in Black 

Canyon City is to use desorption to regenerate the spent adsorbent. However, it is not 

feasible to build this plant without government subsidies, as the water rates must be 

increased too much using either method. 

The main source of uncertainty for the project is the assumed empty bed contact 

time for desorption. The empty bed contact time value used was found in the literature 

but was based on a pilot-scale model. This value affects the size of the column as well 

as the amount of time for which desorption must be run. In order to improve the 

accuracy of this project, a larger scale model would need to be constructed to refine the 

data for the desorption process. 

One recommendation for improvement would be to eliminate the sludge pump at 

the end of the desorption process. There is a very small amount of arsenic waste being 
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produced and the removal of the waste from the settling tank could easily be completed 

manually. Removal of this pump would reduce the utility cost of the plant. Additionally, 

since the saturation of the GFH sorbent takes so long to occur, the size of the columns 

could be decreased. This would require increasing the frequency of running the 

desorption process but would reduce the initial capital cost of the columns, likely making 

this method more cost effective.  

Future work includes exploring additional processes and equipment that could be 

integrated into the existing facility to treat for secondary contaminants and organics 

removal. There are also many new alternative methods for arsenic removal that have 

not been employed on a large scale and it could be useful to model these and compare 

their effectiveness to GFH adsorption. 
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9.0 Nomenclature 
 

Table 15. Nomenclature 
V Volume 

D Diameter 

L Length 

τ Detention time 

Q Volumetric flow rate 

h Height of tank/reactor 

S Surface area 

r Radius 

Vcalc Volume of reactor 
Vworking Volume of reactor scaled up for impeller blades 
t Residence time 
Ka Acid dissociation constant 
[c] Concentration 
Tot Total equivalent concentration 
[c]i Initial concentration 
[c]f Final concentration 
hw Head 
zB Final height 
zA Initial height 
hf Head loss due to friction loss 
hai Head loss due to valves, elbows, and fittings 
hp Head loss due to pipes 
v Velocity 
g Gravitational constant 
f Friction factor 
μ Viscosity 
ρ Density 
Re Reynolds Number 
e Relative pipe roughness 
f Friction factor 
Qd Desired volumetric flow rate 
NPSH Net positive suction head 
NPSHa Net positive suction head available  
Ptot Total cost of piping 
Pbase Cost of pipes (PVC) 
Ptrench Trenching and excavation cost, assuming sandy gravel soil with 1:1 slope 
Pembed Cost ordinary embedment for pipes  
Pfill Cost of backfill and compaction, assuming sandy native soil with 1:1 



44 
 

   
 

slope 
Pfit Cost of valves, fittings, and hydrants, medium spacing 
CTBM Total bare-module investment 
CCatalyst Cost of initial charge of catalyst 
Csite Cost of site preparation 
Cserv Cost of service facilities 
CDPI Allocated Costs for utility plants and related facilities 
Ccont Total of direct permanent investment 
CTDC Cost of contingencies and contractor's fee 
Cland Total depreciable capital 
Croyal Cost of land 
Cstartup  Cost of royalties 
CTPI Cost of plant startup 
CTPIA Total permanent investment 
Cwc Total permanent investment adjusted for location 
CTCIP Working capital 
Cpipe Total capital investment without piping 
CTCI Piping costs to facility 
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Appendix A 
 

T-101/T-102 – Adsorption/Desorption Columns 
 
The sizing for T-101 and T-102 was based on the Empty Bed Contact Time (EBCT) for 
the adsorption and desorption processes. EBCT for adsorption is the time required to 
adsorb arsenic from the contaminated water and the EBCT for desorption is the time 
required to desorb the arsenic from the granular ferric hydroxide (GFH) media using 4% 
sodium hydroxide solution. Research on the relative EBCT’s for the adsorption and 
desorption processes revealed that the EBCT for desorption is over twenty times longer 
for desorption than adsorption. The recommended EBCT for arsenic adsorption onto 
iron-based sorbents is 5 minutes (“Arsenic in Drinking Water”, 2015). In comparison, the 
EBCT for desorption using 4% sodium hydroxide solution is approximately 120 minutes 
(Chen et. al., 2015). 
 
Sizing the columns based on the desorption EBCT would result in a column volume that 
is unreasonably large. The flow rate of contaminated water into the column is 490 liters 
per minute. 
 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  490 
𝐿𝐿
𝑚𝑚𝑚𝑚𝑚𝑚

× 120 min = 58,800 𝐿𝐿  
 
Instead, we chose to size the columns based on the adsorption EBCT. The volume for 
the column was calculated based on the flow rate and EBCT. 
 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  490 
𝐿𝐿
𝑚𝑚𝑚𝑚𝑚𝑚

× 5 min = 2,450 𝐿𝐿  
 
This volume was increased to 5000 L to account for the 15-50% bed expansion that 
occurs during backwash (“Arsenic in Drinking Water”, 2015). To determine the height 
and diameter of the columns based on the required volume, the heuristic that length 
should be three times the diameter was used. 
 

𝑉𝑉 =  𝜋𝜋(
𝐷𝐷
2

)2𝐿𝐿 
 

5 𝑚𝑚3 =  𝜋𝜋 �
𝐷𝐷
2
�
2

(
𝐷𝐷
3

)  
 

𝐷𝐷 = 2.12 𝑚𝑚 
 

𝐿𝐿 = 3 × 2.1 = 6.4𝑚𝑚 
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From this equation, we found that the required diameter was 2.1 meters and the 
accompanying length was 6.4 meters. 
 
In addition to placing the two columns in parallel to allow for simultaneous adsorption 
and desorption, both the T-101 and T-102 will also be placed in series with a second 
tower. This is represented via the T-101 A/B and T-102 A/B on the PFD. The second 
column in series ensures that when breakthrough occurs, the arsenic will not 
contaminate the final product. Rather than dispose of the GFH right after breakthrough 
occurs, all of the column media can be saturated prior to beginning the regeneration 
process.  
 
The columns will be constructed from carbon steel and will be oriented vertically. 
Temperature and pressure do not significantly affect the adsorption and desorption 
processes so the columns will be operated at room temperature and atmospheric 
pressure. Both columns will contain GFH packing. 
 
 
 
TK-101/102 – Water Storage Tanks 
Storage capacity for the tanks is based off of a 25 year population growth model, using 
a growth rate of 1.53% (Arizona Population 2018). The expected population was then 
multiplied by the maximum daily per capita water demand for Arizona of 378 LPD. 

Initial Population: 3522 
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The final population was calculated to be 5160, with a daily maximum water demand of 
1950 m3 (Cell G4). This volume should be enough water to safeguard against any 
surges in water demand, and was used as the volume of the storage tank. 
 
 
 
To determine the diameter and length of the tank, the equations for pressure vessels 
from Seider et al. were used. Due to the large volume of the tank, the diameter was 
chosen to be the largest acceptable diameter that could be used in the sizing and 
costing equations from Seider et al. This diameter was 12 ft. 

Diameter of tank: 3.7 m (Cell G3) 
The length of the tank was then calculated based off of the total volume and the 
diameter. 

L = 
𝑉𝑉
𝜋𝜋𝑟𝑟2

 = 
1950 𝑐𝑐3

𝜋𝜋(3.7
2 )2

 = 186 m (Cell G6) 

Length of tank: 186 m (610 ft) 
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Water tanks that can hold up to 2 million gallons are available for purchase, so this size 
of tank is reasonable. Both TK-101 and TK-102 are identical tanks. They will be 
horizontal vessels constructed out of carbon steel. 
 

 
 
TK-103 – Sedimentation Tank 
To determine the diameter and height of the sedimentation tank equations and design 
considerations from “Sedimentation Tank Design Nptel” were used. 
 
Heuristics used: 
-Assume settling is discrete particle settling, which means particles are settling 
individually without interacting with nearby particles  
-Detention time is 4 hours for plain sedimentation  
-Depth of the tank is 3 meters 
Variables: 
V – volume of tank 
t – detention time 
Q – volumetric flow rate 
h – height of tank 
S – surface area of tank 
r – radius of tank 
d – diameter of tank 
 

𝑉𝑉 = 𝑄𝑄𝑄𝑄 = 4ℎ𝑟𝑟 �0.0425 𝑐𝑐3

𝑑𝑑𝑑𝑑𝑑𝑑
� �1 𝑑𝑑𝑑𝑑𝑑𝑑

24 ℎ𝑟𝑟
� = 0.0071m3 

 
 

𝑆𝑆 = 𝑉𝑉
ℎ
 = .0071 𝑐𝑐3

3𝑐𝑐
= 0.002 m2 

 
 

𝑟𝑟 = �𝑆𝑆
𝜋𝜋
 = �0.002𝑐𝑐2

𝜋𝜋
 = 0.027𝑚𝑚 

 
 

𝑑𝑑 = 2𝑟𝑟 = 0.027𝑚𝑚(2) = 0.054𝑚𝑚 
 
 

R-101/102 – Chlorination and pH Adjusting Reactors 
 The volume for R-101/102 was calculated from the residence time required for 
each reactor. At the arsenic concentrations present in the groundwater, if chlorine gas is 
fed to the reactor at a 1:3 stoichiometric ratio then 100% of the As(III) will be oxidized to 
As(V) in under two minutes (Sorlini, 2010). Therefore, R-101 will be designed to have a 
residence time of two minutes. Since acid-base reactions occur almost instantaneously, 
the same two minute residence time from R-101 will also be used for R-102 (Pines, 
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1997). From this residence time the volume can be calculated from the following 
equation: 

𝑉𝑉𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 = 𝑄𝑄 ∙ 𝜏𝜏 

𝑉𝑉𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 = 17.3 
𝑓𝑓𝑄𝑄3

𝑚𝑚𝑚𝑚𝑚𝑚
∙ 2 𝑚𝑚𝑚𝑚𝑚𝑚 = 34.6 𝑓𝑓𝑄𝑄3 

 This calculated volume was then increased by a factor of 10% to provide room 
for the impeller blade of the reactors. 

𝑉𝑉𝑤𝑤𝑐𝑐𝑟𝑟𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤 = 1.1 ∙ 𝑉𝑉𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 
𝑉𝑉𝑤𝑤𝑐𝑐𝑟𝑟𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤 = 1.1 ∙ 34.6 𝑓𝑓𝑄𝑄3 = 38.1𝑓𝑓𝑄𝑄3 

 From this working volume, the dimensions of the reactors need to be calculated. 
This design will assume a cylindrical shape for the reactors with the heuristic that the 
length of a vessel is three times the diameter: 

𝐿𝐿 = 3 ∗ 𝐷𝐷 

𝑉𝑉 =
𝜋𝜋
4
∙ 𝐷𝐷2 ∙ 𝐿𝐿 =

𝜋𝜋
4
∙ 𝐷𝐷2 ∙ 3𝐷𝐷 =

3𝜋𝜋
4
∙ 𝐷𝐷3 

𝐷𝐷 = �4𝑉𝑉
3𝜋𝜋

3
 

𝐷𝐷 = �4 ∙ 38.1𝑓𝑓𝑄𝑄3

3𝜋𝜋
3

= 2.53 𝑓𝑓𝑄𝑄 = 0.77 𝑚𝑚 

𝐿𝐿 = 3 ∗ 𝐷𝐷 
𝐿𝐿 = 3 ∗ 0.77𝑚𝑚 = 2.3 𝑚𝑚 

 In addition to sizing of these reactors, the amount of sulfuric acid that must be 
added to R-102 to decrease the water to pH 6 also needed to be calculated. The water 
initially is entering the facility at a pH of 7.4 with a total alkalinity of 6.3*10-3 M. It will be 
assumed that this alkalinity can be approximated as an equivalent concentration of 
bicarbonate ion. From this total equivalent carbonate concentration can be calculated 
from the following equation: 

𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑇𝑇3 =
[𝐻𝐻𝑇𝑇𝑇𝑇3−]

𝐾𝐾𝑑𝑑
[𝐻𝐻+] + 𝐾𝐾𝑑𝑑

 

𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑇𝑇3 =
6.3 ∗ 10−3 𝑀𝑀 𝑇𝑇𝑇𝑇3

10−6.35

10−7.4 + 10−6.35

= 6.86 ∗ 10−3𝑀𝑀 𝑇𝑇𝑇𝑇3 

 Next, the pH change that will occur due to the chlorine being fed to R-101 must 
be calculated. The chlorine will be fed at a rate so that the chlorite ion is present at three 
times the stoichiometric requirement to oxidize all of the arsenic. 

[𝐴𝐴𝐴𝐴] = 0.147 
𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴
𝐿𝐿

∙
1 𝑚𝑚𝑇𝑇𝑚𝑚

74.92 𝑚𝑚 𝐴𝐴𝐴𝐴
∙

1 𝑚𝑚
1000 𝑚𝑚𝑚𝑚

= 1.96 ∗ 10−6𝑀𝑀 𝐴𝐴𝐴𝐴 

[𝑇𝑇𝑚𝑚𝑇𝑇−] = 3 ∙ [𝐴𝐴𝐴𝐴] = 3 ∙ 1.96 ∗ 10−6𝑀𝑀 𝐴𝐴𝐴𝐴 = 5.88 ∗ 10−6𝑀𝑀 𝑇𝑇𝑚𝑚𝑇𝑇− 
 From this concentration of chlorite, the total feed of chlorine to the reactor can be 
calculated in the same manner as the total concentration of carbonate: 

𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑚𝑚𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑚𝑚2 =
[𝑇𝑇𝑚𝑚𝑇𝑇−]
𝐾𝐾𝑑𝑑

[𝐻𝐻+] + 𝐾𝐾𝑑𝑑
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𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑚𝑚2 =
5.88 ∗ 10−6 𝑀𝑀 𝑇𝑇𝑚𝑚𝑇𝑇−

10−7.53

10−7.4 + 10−7.53

= 2.05 ∗ 10−4𝑀𝑀 𝑇𝑇𝑚𝑚2 ∙
70.90 𝑚𝑚 𝑇𝑇𝑚𝑚2

1 𝑚𝑚𝑇𝑇𝑚𝑚
= 14.54 

𝑚𝑚𝑚𝑚 𝑇𝑇𝑚𝑚2
𝐿𝐿

 

 This concentration of chlorine can then be used to calculate the pH change that 
occurs in R-101 using the following equation 

[𝑇𝑇𝑚𝑚2 𝐴𝐴𝑑𝑑𝑑𝑑𝐴𝐴𝑑𝑑] = ([𝐻𝐻+]𝑓𝑓 − [𝐻𝐻+]𝑤𝑤) + ([𝑇𝑇𝐻𝐻−]𝑤𝑤 − [𝑇𝑇𝐻𝐻−]𝑓𝑓) + ([𝐻𝐻𝑇𝑇𝑇𝑇3−]𝑤𝑤 −
𝐾𝐾𝑑𝑑

[𝐻𝐻+] + 𝐾𝐾𝑑𝑑
∙ 𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑇𝑇3) 

2.05 ∗ 10−4𝑀𝑀 = (10−𝑝𝑝𝑝𝑝𝑀𝑀 − 10−7.4𝑀𝑀) + (10−6.6𝑀𝑀 − 1014−𝑝𝑝𝑝𝑝𝑀𝑀) + (6.3 ∗ 10−3 𝑀𝑀   

−
10−6.35

10−𝑝𝑝𝑝𝑝 + 10−6.35 ∙ 6.86 ∗ 10−3𝑀𝑀) 
 The Goalseek function within excel was used to solve for the value of pH that 
satisfies the above equation: 

𝑝𝑝𝐻𝐻𝑅𝑅−101 = 7.25 
 
 This pH of the water exiting R-101 can now be use to estimate the alkalinity of 
this water by recalculating the effective bicarbonate concentration: 

[𝐻𝐻𝑇𝑇𝑇𝑇3−] =
𝐾𝐾𝑑𝑑

[𝐻𝐻+] + 𝐾𝐾𝑑𝑑
∙ 𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑇𝑇3 

[𝐻𝐻𝑇𝑇𝑇𝑇3−] =
10−6.35

10−7.25 + 10−6.35 ∙ 6.86 ∗ 10−3𝑀𝑀 = 6.09 ∗ 10−3𝑀𝑀 𝐻𝐻𝑇𝑇𝑇𝑇3− 
 Using this new alkalinity and the calculated pH of the water entering R-102 it is 
possible to calculate the required concentration of sulfuric acid needed to decrease the 
pH to 6 for optimal adsorption: 
[𝐻𝐻2𝑆𝑆𝑇𝑇4 𝐴𝐴𝑑𝑑𝑑𝑑𝐴𝐴𝑑𝑑]

= ([𝐻𝐻+]𝑓𝑓 − [𝐻𝐻+]𝑤𝑤) + ([𝑇𝑇𝐻𝐻−]𝑤𝑤 − [𝑇𝑇𝐻𝐻−]𝑓𝑓) + ([𝐻𝐻𝑇𝑇𝑇𝑇3−]𝑤𝑤 −
𝐾𝐾𝑑𝑑

[𝐻𝐻+] + 𝐾𝐾𝑑𝑑
∙ 𝑇𝑇𝑇𝑇𝑄𝑄𝑇𝑇𝑇𝑇3) 

 
[𝐻𝐻2𝑆𝑆𝑇𝑇4 𝐴𝐴𝑑𝑑𝑑𝑑𝐴𝐴𝑑𝑑]

= (10−6𝑀𝑀 − 10−7.25𝑀𝑀) + (10−6.75𝑀𝑀 − 10−8𝑀𝑀) + (6.09 ∗ 10−3𝑀𝑀   

−
10−6.35

10−6 + 10−6.35 ∙ 6.86 ∗ 10−3𝑀𝑀) 
[𝐻𝐻2𝑆𝑆𝑇𝑇4 𝐴𝐴𝑑𝑑𝑑𝑑𝐴𝐴𝑑𝑑] = 3.97 ∗ 10−3𝑀𝑀 

 
 
 

R-103 – Arsenic Precipitation Reactor 
The volume for R-103 was calculated from the residence time required from the reactor. 
In this reaction ferric chloride is mixing with the wastewater stream which contains water 

and arsenic. The residence time for this reaction to occur is typically 4 hours (Dash). 
From the residence time the volume can be calculated using the following equation:  

𝑉𝑉𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 = 𝑄𝑄 ∙ 𝜏𝜏 

𝑉𝑉𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 = 1.78 
𝑚𝑚
ℎ𝑟𝑟

∙ 4 ℎ𝑟𝑟 = 2.25 𝑚𝑚 
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This calculated volume was then increased by a factor of 10% to provide room 
for the impeller blade of the reactors.  

𝑉𝑉𝑤𝑤𝑐𝑐𝑟𝑟𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤 = 1.1 ∙ 𝑉𝑉𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐 
𝑉𝑉𝑤𝑤𝑐𝑐𝑟𝑟𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤 = 1.1 ∙ 2.25 𝑚𝑚 = 2.47 𝑚𝑚 = 0.00247 𝑚𝑚3 = 0.0874𝑓𝑓𝑄𝑄3 

From this working volume, the dimensions of the reactors need to be calculated. 
This design will assume a cylindrical shape for the reactors with the heuristic that the 
length of a vessel is three times the diameter:  

𝐿𝐿 = 3 ∗ 𝐷𝐷 
 

𝑉𝑉 =
𝜋𝜋
4
∙ 𝐷𝐷2 ∙ 𝐿𝐿 =

𝜋𝜋
4
∙ 𝐷𝐷2 ∙ 3𝐷𝐷 =

3𝜋𝜋
4
∙ 𝐷𝐷3 

 

𝐷𝐷 = �4𝑉𝑉
3𝜋𝜋

3
 

 

𝐷𝐷 = �4 ∙ 0.0874𝑓𝑓𝑄𝑄3

3𝜋𝜋
3

= .35𝑓𝑓𝑄𝑄 = 0.11𝑚𝑚 

 
𝐿𝐿 = 3 ∗ 𝐷𝐷 

 
𝐿𝐿 = 3 ∗ 0.11𝑚𝑚 = .33 𝑚𝑚 

 
 
P-101-110 – Centrifugal Pumps 
All centrifugal pump calculations were completed using equations from Dr. Saez. The 
calculation that is described below is for pump P-104 (Excel Sheet “P-104”), and all 
other centrifugal pumps were calculated using the exact same method. 
In order to determine what size of pump is required, a system curve must be generated 
using the equation: 

                                            (1) 
Where hw is the head, zB is the height that the pump must move the liquid up to, zA is 
the height at which the liquid starts at, and hf is the equivalent head lost due to friction 
and pipes. For these pump calculations, it was assumed that the starting height of the 
liquid (zA) was at ground level and the height to which the fluid was being pumped (zB) 
was the top of the piece of equipment. This resulted in: 

ZA = 0 ft (Cell D5) 
ZB = 12 ft (Cell D6) 

The head loss due to friction, hf, was calculated using the equations: 

                                               (2) 
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                                                   (3) 
Where hai is the head loss due to valves, elbows, and fittings, and hp is the head loss 
due to pipes, L is the length of pipe, D is the diameter of the pipe, v is the velocity of the 
fluid through the pipe, g is the acceleration due to gravity, and f is the friction factor.  
For this calculation, a heuristic was used from Turton et al. that ignores hai and instead 
uses an equivalent length of pipe of 100 ft between pieces of equipment that accounts 
for any losses due to valves, fittings, or elbows. 

L = 100 ft (Cell D7) 
To find the diameter of the pipe needed, an equation to calculate pipe diameter for non-
viscous flow was used (Whiteside, 2012). 

                   𝑑𝑑 = ( 𝑄𝑄
1.2

)1/3 − 2                                                 (4) 
Where Q is the flow rate of the fluid through the pipe. For this pump, the fluid being 
pumped was water. 

Q = 129.52 gal/min (Cell D4) 
Thus, using Equation (4), the necessary pipe diameter required was calculated. 

D = (129.52
1.2

)1/3 − 2 = 2.76 in (Cell D8) 
Pipe manufacturers only sell pipes at certain ranges of diameters, so the diameter that 
was used in further calculations was rounded up from the calculated diameter to the 
next highest diameter pipe available from the manufacturer.  

D = 3 in (Cell D9) 
The velocity (v) of the fluid was calculated using the equation 

v = 
4𝑄𝑄
𝜋𝜋𝐷𝐷2

 = 4(17.32)
𝜋𝜋( 312)2

 = 5.88 ft/sec (Cell D12)                                  (5) 

To friction factor (f) is determined by using the Moody diagram, which requires the 
Reynolds number (Re) and relative pipe roughness. The Reynolds number was 
calculated using the density and viscosity of water at STP. 

                                                      (6) 
μ = 2.092 x 10-5 (lb·s)/ft2 (Cell D11) 

ρ = 62.428 lb/ft3 (Cell D10) 
Re = 4.39 x 106 (Cell D13) 

It was assumed that the material used for the pipes was steel, with a roughness factor 
of: 

e = 0.0012 (Cell D14) 
The equivalent pipe roughness was then calculated to be: 

e/D = 0.0004 (Cell D15) 
The friction factor was then determined using the Moody diagram. 
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From this, the friction factor was determined to be: 

f = 0.017 (Cell D16) 
Once all of the parameters for the system curve have been defined, a range of flow rate 
values was created in excel (Column H). The velocity is then calculated for each flow 
rate value (Column J) using equation (5). Finally, the system curve is generated by 
calculating hw for each velocity value (Column K) using equations (1) and (3). This 
system curve is plotted as feet of head vs flow rate. To determine what size pump is 
required, pump performance curves were obtained from a manufacturer. The pump 
system curve was then superimposed onto the pump performance curves. 
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The system curve is the orange curve on the graph, and the blue curves are pump 
performance curves from the manufacturer. To determine which pump was required, the 
desired flow rate of the system was marked on the graph as a black line. The ideal 
pump would be a pump that had a performance curve that intersects with the system 
curve at the desired flow rate. When this is not the case, the next performance curve 
that intersects the system curve above the desired flow rate is chosen. For this case, 
pump 3521 is the closest to the desired flow rate, however, this pump was not chosen 
because it did not satisfy the NPSH requirement, so pump 3531 was chosen. 
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Next, the pump that is chosen must satisfy the NPSH requirement, which determines 
whether there will be cavitation that occurs within the pump at the operating flow rate. 
The NPSH curve was also obtained from the manufacturer. 

 
The desired flow rate and the NPSHa were both marked on the graph. The NPSHa 
value was calculated as the vapor pressure of the liquid at the operating temperature. 
The NPSHa value and the desired flow rate intersect at a point above the NPSH curve, 
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which means that there will be no cavitation and there will be safe operation of the 
pump. 
Pump FPR-3531 (Fristam Pumps©) was determined to satisfy both the performance 
and NPSH requirements and was chosen as a satisfactory pump for this process. The 
manufacturer only sells this pump model in stainless steel, and the impeller blade size is 
6 7/8 in. 
Pump efficiency was determined based off of a heuristic from Turton et al. that assumes 
the efficiency of centrifugal pumps at a flow rate around 100 gpm is 45%. 
 
 
P-111 – Arsenic Slurry Pump 
A peristaltic pump will be used to pump the ferric arsenate sludge from the clarifier to a 
tanker truck to be disposed of as hazardous waste. For high capacity water clarifiers, 
the underflow density is typically 40% by mass (“High Capacity Water Clarifiers”, 2018).  
 
Ferric arsenate in sludge: 
 

𝑄𝑄𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹4 =  0.3 
𝑘𝑘𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑

 ×
1 𝐿𝐿

3.18 𝑘𝑘𝑚𝑚
= 0.1 

𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑

 𝑇𝑇𝑓𝑓 𝑓𝑓𝐴𝐴𝑟𝑟𝑟𝑟𝑚𝑚𝑓𝑓 𝑑𝑑𝑟𝑟𝐴𝐴𝐴𝐴𝑚𝑚𝑑𝑑𝑄𝑄𝐴𝐴 

 
Water loss in sludge: 
 

�̇�𝑚𝑤𝑤𝑑𝑑𝑤𝑤𝐹𝐹𝑟𝑟 =  
0.3 𝑘𝑘𝑚𝑚 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇4

𝑑𝑑𝑑𝑑𝑑𝑑
. 4

−  0.3 = 0.5 
𝑘𝑘𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑

 𝑇𝑇𝑓𝑓 𝑤𝑤𝑑𝑑𝑄𝑄𝐴𝐴𝑟𝑟 

 

𝑄𝑄𝑤𝑤𝑑𝑑𝑤𝑤𝐹𝐹𝑟𝑟 =  0.5 
𝑘𝑘𝑚𝑚
𝑑𝑑𝑑𝑑𝑑𝑑

 ×  
1 𝐿𝐿

1 𝑘𝑘𝑚𝑚
= 0.5 

𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑

 𝑇𝑇𝑓𝑓 𝑤𝑤𝑑𝑑𝑄𝑄𝐴𝐴𝑟𝑟 

 
Total sludge flow rate: 
 

𝑄𝑄𝐹𝐹𝑐𝑐𝑐𝑐𝑑𝑑𝑤𝑤𝐹𝐹 =  0.1 + 0.5 = 0.6 
𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑

 

 
The amount ferric arsenate sludge generated per day is too small to warrant pumping 
the ferric arsenate sludge out of the clarifier every day. Instead the sludge will be 
removed from the clarifier once every six months. 
 

𝑄𝑄𝐹𝐹𝑐𝑐𝑐𝑐𝑑𝑑𝑤𝑤𝐹𝐹 =  6 𝑚𝑚𝑇𝑇𝑚𝑚𝑄𝑄ℎ𝐴𝐴 ×
30.5 𝑑𝑑𝑑𝑑𝑑𝑑𝐴𝐴
1 𝑚𝑚𝑇𝑇𝑚𝑚𝑄𝑄ℎ

× 0.6 
𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑

= 109.8 
𝐿𝐿
𝑑𝑑𝑑𝑑𝑑𝑑

 

 
At a flow rate of 10 LPM, the sludge can be removed in approximately 11 minutes. The 
process for developing the system curve for the peristaltic pump is the same as the 
process outlined for pumps 1-10. After developing the system curve, the system curve 
was compared to the pump performance curves for the Masterflex peristaltic pumps 
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(“Masterflex Pumps”, 2011). The I/P 82 model was the only pump suitable to achieve 
the 10 LPM flow rate for the ferric arsenate sludge.  
 
 

 
 
Power for the pump was calculated using an equation for heuristics for pump power. 
The fractional efficiency (ε) was based on the heuristic for rotary pumps (Turton et. al., 
2012). 
 

𝑃𝑃 =
𝐹𝐹𝑚𝑚𝑇𝑇𝑤𝑤 (𝑚𝑚𝑝𝑝𝑚𝑚) × ∆𝑃𝑃(𝑝𝑝𝐴𝐴𝑚𝑚)

1714 × 𝜀𝜀
 

 

𝑃𝑃 =  
2.64 × (6603 − 2116)

(1714 × .7)
= 9.9 ℎ𝑝𝑝 
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