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Abstract 
 

The pre-screening process during a doctor’s visit is the 

cornerstone of medical appointments in which body temper-

ature, heartbeat, respiration, and blood pressure are always 

checked. In this study, the authors developed a novel system 

that combines custom-made acoustic sensors, IoT devices, 

and a robotic system to perform heartbeat monitoring auto-

matically. In the hardware design part of this system, an 

electronic stethoscope was designed, implemented, and test-

ed. This piece of hardware allowed the analog signals of a 

heartbeat to be digitized for robotic and networking uses. 

The stethoscope was designed for easy use by both robots 

and humans. The robot used in this study was the Baxter 

(Rethink Robotics). Baxter, as well as many other robotic 

arms or humanoid robots, has an end gripper or “hands.” 

This, the device should also be able to be used by other ge-

neric robot arms or humanoid robots. The prototype web 

server was implemented on a Raspberry Pi 3. The software 

portion of this system contained implementation of database 

design, hardware coding, and network coding. The database 

employed the standard structured query language (SQL) 

with a specialized subsystem called PostgreSQL. The hard-

ware coding was done using C++ on the particle photon 

micro-controller. The network coding used one of the indus-

try standard web programming languages, JavaScript. More 

specifically, node.js was utilized for transferring data from 

one source to another over Wi-Fi. This would allow a web 

interface to display a patient’s heart data on a web page. 

 

Introduction 
 

Taking a person’s vitals during a doctor’s visit in which 

body temperature, pulse rate, respiration (breathing rate), 

and blood pressure are always checked. Hospitals see hun-

dreds of people a day, and humans can only act so fast when 

taking vitals, given the amount of staff support. The devel-

opment of a method to record human vitals (mainly the hu-

man heartbeat) with the help of robotics and the Internet of 

Things (IoT) could help solve this problem. The design ob-

jective of this research study was to allow a humanoid robot 

to take the vitals of a patient/volunteer instead of a doctor or 

nurse. Since humanoid robots are quite useful for many gen-

eral tasks, if the vital recording tool is a good enough fit, the 

robot should be able to use this tool just like a human 

would. However, in some circumstances for this to be possi-

ble, some custom hardware and network coding must be 

implemented. 

 

Related Works 
 

Robots are starting to become more frequent as technolo-

gy evolves; and as they become ubiquitous so, too, does the 

overall price drop. Multiple companies and universities 

have been trying to create robots to solve specific problems. 

Since the medical industry is one of the largest industries 

out there, there have been quite a few attempts to create 

robots to solve these in hospitals. Most of these problems 

are caused by humans having to preform menial tasks that 

divert their attention away from the patients. The company 

Diligent Robotics is trying to alleviate this problem with the 

help of mobile robots. Over the past year, Diligent Robotics 

has been testing their robot, named Poli, in several hospitals 

in Austin, Texas, where it is learning how to help nurses 

with simple fetching tasks [1]. Since hospitals are virtually 

always active with patients, this could help both the doctors 

and nurses save time, which could be used for seeing more 

patients. 

 

Another task that is being tackled with the help of robots 

is drawing blood. The company Veebot has created a robot 

that accurately takes a patient’s blood [2]. It can do this very 

accurately and quickly using image processing. The process 

starts when the patient inserts his/her arm into a sleeve-like 

hole. The device then restricts blood flow to make the veins 

easier to see. This is quite a novel solution for hospitals, 

since blood is taken hundreds of times a day. And, if the 

process works to find a vein, it could also be used for IVs, 

also considered a menial task. Another problem is stress, 

which can take place in and out of hospitals. The company 

behind PARO has created an animatronic robot to help com-

bat this. The robot is modeled after a baby harp seal [3]. The 

robot is designed with an AI to move and make sounds 

when someone interacts with it. The AI tends to learn what 

personality the user likes the best and adapts to it. Many 

users just cannot seem to resist this robot’s charm, which 

seems to do an excellent job of calming down patients, 

which, compared to medical sedation, is an amazing hu-

mane advancement. 

 

The Internet of Things (IoT) technology has been utilized 

in health monitoring such as a smart interior environmental 

analyzer that links the particle firmware to the iOS applica-

——————————————————————————————————————————————–———— 
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tion with Amazon Web Services (AWS) [4]. In this current 

research project, the authors utilized IoT technology for 

monitoring the human heartbeat. The prototype web server 

was implemented on a Raspberry Pi 3, and the network cod-

ing used one of the industry standard web programming 

languages, JavaScript, for transferring data from one source 

to another over Wi-Fi. 

 

Problem Statement 
 

The overall goal of this project is to be able to take pa-

tients’ heartbeats. Each person that goes to a hospital usual-

ly has to have this done and it can take a good amount of 

time, depending on the situation of the facility. So the idea 

is that this project could help take some of the weight off of 

hospitals by eliminating this menial task. Hundreds of peo-

ple go the doctor every day, and virtually all of them need a 

pre-screening before they can see their physician. The pre-

screening process involves taking multiple types of human 

vitals: heartbeat, blood pressure, temperature, etc. If a hos-

pital is under-staffed then this process can take much longer 

than expected; time that the patient will spend waiting, 

which is time that could be better used for both the patient 

and the hospital staff. Another problem is how all of the 

data are shared. While yes, most of the date go into a data-

base, the process still usually involves a human. This is a 

menial task that could be done by implementing an IoT net-

work. 

 

The heartbeat produces a sound, and this sound can be 

broken up into multiple specific frequencies, and a Fourier 

transform can be applied to find these frequencies [5, 6]. 

Once found, a system could be designed to zero in on these 

frequencies. Such a system would take in the analog signal, 

isolate the wanted frequencies, and then digitize them for 

later use. With the heartbeat signal in a digital format, it can 

now be sent over the web, which also allows it be stored for 

later use, displayed on-screen for on-demand viewing, and 

sent to a robot. With this process now being automated, a 

couple of menial tasks are eliminated; for example, entering 

data into the database and the simple pre-screening process. 

I such a scenario, the staff can have more time to interact 

with the patients. And now with an IoT network, the entire 

hospital would be more connected and have easier viewing 

of a specific patient’s vitals [7]. 

 

Methodology 
 

Figure 1 show the structure of this project in the form of a 

flowchart. This chart can be broken up into three main fea-

tures: the heartbeat sensor, the website, and implementation 

of a robot. 

 

Figure 1. System Flowchart 

 

Heartbeat Sensor 
 

In order to retrieve heartbeat data that can be sent over the 

web, a custom sensor was designed. The sensor uses a mi-

crophone pre-amplifier, bandpass filter, and Wi-Fi-

compatible micro-controller. 

 

Microphone Pre-Amplifier 
 

The human heartbeat is an analog signal, which must be 

digitized with a transducer. The choice to use a microphone 

as the transducer is heavily based on the principle of how 

stethoscopes work. A stethoscope is a very sensitive pres-

sure sensor made of several components. The most im-

portant being the bell diaphragm, which, when pressure is 

applied, transfers air through the tube to the ear pieces [8]. 

Since the bell is outputting air, this allows the signal to be 

picked up by a microphone. The type of microphone chosen 

for this project was an electret microphone, due to its accu-

racy in “hearing” the heart. This microphone needed to be 

inserted into the stethoscope tube at the closest possible 

position next to the exit hole of the bell diaphragm, as well 

as be very sensitive, since there would be very little air 

coming out of the bell. Electret microphones fit both of 

these criteria, and the one used had a diameter of 6 mm and 

a sensitivity of -44 dB.  

 

The signal output from this microphone is very small and, 

thus, needs to be amplified. The amplifier designed for this 

study was calculated to 68 db. Since electret microphones 

have an internal JFET, the circuit design must consider how 

to properly bias this JFET, because without this the signal 

output would be null. Figure 2 shows the base circuit dia-

gram for an electret microphone amplifier [9]. 



——————————————————————————————————————————————–———— 

 

Figure 2. Pre-Amp Circuit 

 

Choosing the components for the above circuit was the 

most important part and needed to be calculated for the ex-

act microphone specs (see Table 1). 

 
Table 1. Electret Microphone Specs 

To start this calculation and find out how many millivolts 

would be generated per pascal of pressure, Equation (1) was 

used: 

 

(1) 

 

Next, the current generated by the pressure was calculated 

using Equation (2): 

 

(2) 

 

The maximum current generated by the pressure was cal-

culated using Equation (3): 

 

 

(3) 

 

 

The value of resistor R2 can be found using Equation (4)

—the maximum current. The authors used 1.228V for     

100 dB, or the maximum pressure expected. 

 

(4) 

Assuming f equals 133 KHz, as the desired pole for the 

filter, the value of C2 can now be found using Equation (5). 

This is a feedback resistor that will keep the system stable 

from the parasitic capacitance of the op-amp. 

 

(5) 

 

 

R1 can be found by using node analysis from Equation 

(6), where V mic is the required voltage that the JFET needs 

to be biased, and Is the required current. 

 

(6) 

 

 

C3 can be found using the same method as finding C2 

[see Equation (5)], but substituting R2 for R1, and f for the 

chosen corner frequency [see Equation (7)]: 

 

(7) 

 

 

Applying the same steps to the other components yields 

similar results and helps to choose the correct values. Once 

this has been done, the circuit should have a properly biased 

electret microphone feeding a signal into an op-amp, which 

is then amplified to a useful level. However, since this mi-

crophone is picking up all of the noise and then amplifying 

it, the resultant output is going to be quite noisy. Thus, fil-

tering must be added. 

 

Band-Pass Filter 
 

The filter design is a second-order Butterworth with a 

quality factor of 0.85. The specific type is a multiple-

feedback low-pass filter cascaded with a multiple-feedback 

high-pass filter. This is done in order to create a flat plateau 

in the frequency response from 100 Hz to 1 KHz. Figure 3 

shows a picture of this bandpass filter using PSPice. 

Figure 3. Bandpass Filter Circuit 

——————————————————————————————————————————————————– 
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Voltage Supply and Analog-to-Digital 

Conversion 
 

The supply voltage for this circuit was 5V, and a charge 

pump voltage inverter TPS60403 was used to create a -5V 

supply (see Figure 4). This was needed to properly bias the 

op-amps for the filtering sub-circuit. 

Figure 4. Negative Five-Volt Supply 

 

The analog-to-digital converter (ADC) in the particle pho-

ton micro-controller cannot accommodate negative voltag-

es. This is needed to correctly view a full heartbeat signal. 

In order to alleviate this issue, a voltage divider from VCC 

to GND was created at the output, and capacitor was added 

to filter  and stabilize it. 

 

Particle Photon Code 
 

First, the sensor has to determine if the input signal has 

passed a threshold. This indicates that the sensor has been 

placed in the correct position. This is done in conjunction 

with the robotic system. To start the sensor and have it be 

able to store a reading into a temporary array, a 1-second 

heart reading is needed. Once that array is full, it will iterate 

through it until a global maximum is found. This is then 

stored to a variable, turned into a JSON string, and sent to 

the robot over UDP/TCP to determine if the threshold has 

been reached. If the threshold has been reached, a full         

3-to-5-second reading is taken and stored in the main array. 

The array is iterated through to find the global maximum, 

which then is used to normalize the array. Once this has 

been found, a tolerance level/range will be created. The ar-

ray will then once again be iterated through, but this time 

starting at the global maximum. This continues until a value 

in the tolerance range is found. Both points will then be 

used to take the difference in time, and then divide by a 

minute to find the BPM, as shown in Equation (8): 

 

 

(8) 

 

If this BPM is within a reasonable range then the heart 

data array is turned into a binary string and added into a 

JSON string. This JSON string also includes the calculated 

BPM. Then using UDP/TCP, this string is sent to the IP of 

the Raspberry Pi for it to add into the PostgreSQL database. 

 

Web Programming: Backend 
 

SQL is the main language for databases to insert, select, 

or even delete records. There are many different types of 

frameworks that help implement SQL databases. The one 

used in this current project was called PostgreSQL. Postgres 

is an object relational database management system 

(OBDBMS) and its main focus is helping users create data-

base servers. These database servers are particularly useful 

for web interfacing, as it can handle many users at once, and 

connecting to PostgREST, which is a REST API that can be 

generated from a PostgreSQL database schema. This is 

good for prototyping and designing a structure for web que-

ries. Node.js is a runtime framework of JavaScript. This 

specific framework is used to run JavaScript code on a serv-

er. This framework is becoming one the most used in web 

programming, being used by Microsoft, PayPal, etc. This 

framework allows the creation of web servers, which are 

known as nodes. These nodes are then allowed to run the 

core function of the network, whether that is file reading,    

I/O over the network, or just database queries. However, 

Node.js can only run on a server, thus making it difficult for 

use on the client side (i.e., a web page). So another web 

framework for node.js was created by the name of          

Express.js to solve this particular problem. Express.js is a 

Node.js web application framework. It works by creating 

server-side routes, which are URL handling codes. These 

codes are then declared as a function in another JS file. So 

when these codes are executed client-side, it can access the 

server-side Node.js scripts. 

 

Web Programming: Front End 
 

React.js or React is another JavaScript library. This li-

brary is used for creating user interfaces over the web. The 

framework is component-based, meaning that changing the 

element states of the web page can be done dynamically and 

quickly. The scripts can also be written in a Document ob-

ject Model (DOM), similar to how HTML and XML work. 

This is great for displaying and changing database records 

from a web page. In order to have access to the server-side 

code, specifically being the database, XMLHttpRequests 

needs to be implemented. An XMLHttpRequest (XHR) is 

part of the JavaScript API that allows programmers to send 

data back and forth between the front and back end of the 

web server, similar to how curl works in CLI. 
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Robot Operating System (ROS) 
 

ROS, or robot operating system, is used in robots around 

the world. ROS can only be used on Linux platforms, but 

can be used to simulate or control a real robot. ROS is built 

on the foundation of networking. This works off of the 

premise of publishers and subscribers. Publishers are a way 

to send data out to the public; the public in this case being 

an ROS topic. An ROS topic can be seen as a specific topic 

that is set up in the code or, in a real sense, a post office. 

The next portion is the subscriber; a subscriber can be seen 

as the townspeople. The townspeople will get a message 

that their mail has arrived, and then will go to the post of-

fice. In short, ROS works off of messages being posted to a 

topic by publishers. The subscribers, then, who are looking 

for the messages on that topic, will be “pinged” that there is 

a new message on that topic. The subscriber then takes that 

message and runs its callback function with that data/

message. 

 

OpenCV 
 

OpenCV is currently the best library out there for comput-

er vision. OpenCV is an open source library for implement-

ing computer vision. Computer vision is the method for 

helping a computer “see.” Computers are able to see using 

cameras. Taking the input from these cameras and running 

functions on them allows us to tell the computer/robots what 

is around them and what they should do in that environ-

ment. OpenCV has many functions to help with this, includ-

ing face detection, finding contours, and even face recogni-

tion. It is also fully compatible with ROS. 

 

Point Cloud 
 

A point cloud (PCL) is a method for viewing a set of 3D 

data points. These data points are usually found or are taken 

from a 3D camera. While OpenCV is great at finding re-

quested objects, it can only do this in (X, Y) cords. Howev-

er, if the OpenCV data were used in conjunction with a 

PCL, the full X, Y, Z cords of a desired object could be 

found. For this current project, this full cord was imple-

mented in order to find the position of the human heart. 

 

Results 
 

The sensor should be able to take in a small analog signal 

and amplify it. After amplification, though, there needs to 

be filtering to clean up the signal and remove unwanted 

noises such as breathing. The amplifier needs to amplify the 

small signal to a usable voltage of, at most, 10 volts. 

Though if the voltage is ever too high, the filters should 

have their own de-amplification factor to correct this. The 

website needs to be run on a local server and allow full ac-

cess to the majority of the staff. The website allows the us-

ers to choose and view patient data from a large table. After 

choosing the full record, the viewer will be shown past heart 

data graphs. 

 

Finally the robot must know when a human is in front of 

it, and then pick up and place the sensor onto the patient’s 

heart. The pre-amplifier circuit worked quite well with the 

values of components that were chosen. The JFET was 

properly biased, thus allowing output from the microphone. 

This output was quite small, around 3-5 mV, and was then 

amplified to a maximum of 10V. This value of amplifica-

tion would vary with the input frequency, as indicated by 

the graph of Figure 5, which shows the frequency response 

of the amplifier. 

Figure 5. Frequency Response of Pre-Amplifier 

 

The multiple band-pass filter was created by cascading an 

LPF and an HPF. The first design used a 0.7 quality factor. 

However, since it did not have a steep enough roll off, it 

was changed to 0.85. This design was implemented using a 

Butterworth filter and an order of two. The chosen center 

frequencies were based on the sounds of the heart. Taking 

an FFT of these signals allowed the researchers to accurate-

ly design the filter to fit this range [5, 6]. Figure 6 shows the 

four main sounds of the heart: S1, S2, S3, and S4, which 

occur when both sides of the heart’s muscles open and 

close. S1 is, obviously, the loudest, and takes place when 

the muscles close on the right side of the heart. This part of 

the heartbeat, much like the others, has multiple frequencies 

that must be designed for, rather than creating many BPF 

for each one. Thus, a single wide-bandwidth BPF was creat-

ed. 

 

After the signal is filtered, a step that lowers the voltage 

to around 3-4 volts, it needs to be regulated in order to avoid 

accidentally blowing up a micro-controller analog input. 

——————————————————————————————————————————————————– 
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This regulation was done with a 3V Zener diode in parallel 

with a 1KΩ resistor. The final step was to compensate for 

how the ADC works in the particle photon code. These in-

puts do have an internal ADC, however the inputs do not 

work with negative voltage values. In order to alleviate this, 

the circuit described next was implemented. The particle 

photon code was implemented and able to find a BPM using 

the method discussed earlier. Using Putty, a serial monitor 

was able to print out the sensor data. Figure 7 shows this 

plot, the digital output of the heartbeat sensor, which is a 

more visual way to view the array’s elements. 

Figure 6. Heart Sounds 

Figure 7. Graphed output from the heartbeat Sensor 

 

PostgreSQL was implemented for this project as the SQL 

framework of choice. The database schema was created 

using Knex.JS, which allows us to dynamically change a 

database’s schema as it evolves. This is done using migra-

tions. Migrations are called from the CLI when the schema 

needs to be changed. The prototype web server was imple-

mented on a Raspberry Pi 3. This server has multiple sec-

tions to it. The React JS web page is its own server. Express 

routing is another server. With both of these servers run-

ning, crosstalk between the front end and back end is al-

lowed. Each of these processes needs to be executed in or-

der for the system’s servers to talk to one another. Figure 8 

shows the back end and the front end of the web page run-

ning in a CLI. 

 

Figure 8. Web Server Running in CLI 

 

As can be seen in the figures shown above, the requests 

that the react server makes are shown on the express server. 

If the code before the desired command is 200 or 304, the 

request is valid and will be executed. This allows the ex-

press server to take the URL code from the        

XMLHttpRequest and run the coinciding Node.js script. 

Figure 9 shows the Node.js scripts for accessing the data-

base stored in queries.js, which is also where all of the de-

clared routes are defined. This process starts by creating a 

connection string to the database and a query using that con-

nection. For security purposes, the connection string allows 

the user to login to an existing account. 

Figure 9. Database Query 

 

The robot of choice, Baxter, runs using ROS. Baxter 

needs to be able to find the patient in front of him and then 

that person’s heart position in X,Y,Z cords by using a face-

detection node along with the radius of the face. Then a 

ratio of how far the heart is from the face origin can be 

found. This is done using OpenCV libraries after which the 

cords are published to an ROS topic, “heartxy.” Now that 

the X,Y cords have been found, they can be used to find the 

Z cord. And since the camera that Baxter is using to see is a 

Kinect, this allows the use of 3D camera data and the point 
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cloud library. The X,Y cords were found by subscribing to 

“heartxy” then they were sent to a function that takes in 

X,Y, a point cloud, and returns a Z cord. This is then sent 

out on a new ROS topic, “heartxyz.” 

 

Baxter’s main computer subscribed to this topic and used 

these cords in conjunction with a python library of forward 

kinematics to place the sensor on the patient. Once this sen-

sor was placed, a message was sent to the sensor over UDP/

TCP. This message tells the sensor to run the threshold test. 

The threshold test took a short reading to find a maximum 

value, which was then sent back to the robot, where Baxter 

would decide if the reading had reached a threshold or not. 

If so, Baxter would send another message to the sensor to 

indicate that the full reading could be taken. However, if the 

reading did not reach the threshold, Baxter would move the 

sensor up or down and then repeat the test. This was done 

until a suitable reading was found. Baxter also used previ-

ous test iterations to tune in to the correct direction of the 

heart. 

 

Future Work 
 

In the future, improving the bandpass filter to work on a 

smaller bandwidth would help eliminate the unwanted 

spikes from the sensor output. This system is already varia-

ble and expandable, since a humanoid robot is the robot of 

choice. Meaning, if more sensors were created to find other 

vitals, such as blood pressure, the pre-screening process 

could be shortened even further. 

 

Conclusions 
 

The individual components and the choice in technology 

worked well. The same can be said for having all of the 

individual components talk to one another. Creating a sen-

sor to talk to robots confirms the idea that a robotic doctor/

nurse could be a possible future piece of technology. The 

results are promising as well, since both humans and robots 

can use the custom sensor to take their vitals. The use of IoT 

and robotics allowed the system to work on its own and, on 

the demand of humans, the data could be shown on any de-

vice. 
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Abstract 

 

Cholera has affected millions of people around the world, 

especially those living in underdeveloped/unserved regions. 

Contaminated water and food sources are major causes of 

this highly contagious disease. In this study, an alternative, 

low-cost water chlorination system was designed, tested, 

and implemented in the rural town of El Cercado in the Do-

minican Republic. Data obtained from laboratory testing 

were used as guide points for field implementation. Work-

ing alongside local Dominicans, ten systems were success-

fully installed in El Cercado over a three-year period. Field 

data showed that the chlorination system was reliable, effec-

tive, affordable, and easy to operate and maintain. Commu-

nity partnership played an important role in the success of 

the project. 

 

Introduction 

 

Cholera is a diarrheal illness that has been around for cen-

turies, dating back as far as the fifth century B.C. [1]. The 

causative agent of cholera is the bacterium Vibrio cholerae, 

which can kill within days or even hours if it goes untreated 

[2, 3]. Cholera has affected millions of people around the 

world, especially those living in underdeveloped/unserved 

regions. Based on 2013 data published by the World Health 

Organization (WHO), 1.4 to 4.3 million people have been 

affected by cholera with 28,000 to 142,000 deaths each year 

[4].  

 

People are especially vulnerable to a cholera outbreak 

following a natural disaster event, such as an earthquake or 

hurricane, due to unsanitary living conditions and contami-

nated water and food sources [1, 5]. For example, the 2010 

Haiti earthquake initiated a major cholera outbreak in the 

country and also spread around the world. This incidence 

alone resulted in 712,330 suspected cholera cases with 

8,655 cholera-related deaths, reported by the government of 

Haiti between October 2010 and October 2014 [6]. This 

outbreak spread quickly to the neighboring Dominican Re-

public, with 20,000 reported cases and 371 deaths in 2011 

[7]. 

The Dominican Republic has been affected by cholera for 

many years. The country has a population of approximately 

10.5 million people as of 2015, with over 77% of the popu-

lation living in urban areas [8]. Rural regions are most im-

pacted, due to several factors. According to the U.S. Centers 

for Disease Control and Prevention (CDC), drinking un-

treated river water was considered to be the most likely 

source of cholera infection [9]. Many of the cholera-related 

cases in the Dominican Republic were also connected with 

travel to Haiti and the constant influx of Haitian immigrants 

into the country, particularly in rural areas. The effects 

worsened following the 2010 Haiti earthquakes.  

 

Another factor that influenced the cholera vulnerability of 

the Dominicans is the rapid industrialization of the country 

over the past two decades. Fast economic growth (mainly in 

manufacturing and tourism) has led to rapid migration of 

people from rural to urban areas, leaving their traditional 

agricultural jobs in search of higher-paid manufacturing 

jobs in the cities [10]. The government has also cut back on 

social support, such as health and education, in order to in-

vest more in industrial growth of the country. In addition, 

younger populations, who had opportunities to attend col-

lege in major cities, tended to stay in larger cities rather than 

coming back to help their rural towns. Consequently, the 

number of people living in poverty in rural regions of the 

country has increased with limited access to water and sani-

tation services. The rural population has become more iso-

lated, less educated, and less skilled. 

 

The aim of this study was to design, test, and implement 

an alternative, low-cost water chlorination system for the 

rural villages around El Cercado in the Dominican Repub-

lic. Green engineering principles were incorporated 

throughout the product/system design and implementation 

stages. A cost analysis was also performed to assess system 

affordability and long-term sustainability for local Domini-

cans. El Cercado is a rural town in the southwest region of 

the country, in San Juan province, and located approximate-

ly 22 km to the east of the border with Haiti. It has a popula-

tion of approximately 25,000 people, including the city cen-

ter and surrounding villages [11]. According to the official 

document provided by the Parroquia San Pedro, there were 
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17 water distribution systems for the villages around El Cer-

cado in 2012. There are several others either recently built 

or currently under construction, sponsored by the govern-

ment or the Parroquia San Pedro since 2012. Due to the lack 

of governmental support, these systems only route water 

from its source to a central location in a village, then distrib-

ute the water to local households or other downstream vil-

lages through underground PVC piping without treatment. 

Water from these sources is often found to be contaminated 

with E- coli and other bacteria and classified as unsafe to 

drink [12-14].  

 

Although boiling water before drinking is a frequent rec-

ommendation of health promotion programs in the Domini-

can Republic, a very small percentage of people choose to 

do so, especially when their children become older than 

twelve months [15]. Other household water treatments that 

have been used in El Cercado include chlorination, biosand 

filters, ceramic filters, and activated carbon filters. Most of 

these treatments at point of use were discontinued after 

short trials. The reasons for halting the practices varied from 

unpleasant taste, frequent breakdown of equipment, high 

costs, and lack of knowledge on how to use and maintain 

the equipment, to simply dislike of the product, which is 

consistent with other previously reported survey results    

[12, 13, 16, 17]. Consequently, villagers living in the rural 

areas where governmental support is absent are subjected to 

a higher risk of cholera, due to direct consumption of un-

treated water. 

 

Methodology 
 

This project was implemented in three main stages:        

1) designing the water chlorination system; 2) testing sys-

tem performance within a laboratory environment and de-

fining its limitations; and, 3) field implementation of the 

system. El Cercado was selected for three main reasons. 

First, El Cercado has several rural villages around the town 

center that currently have limited or no social support from 

the government. Second, there have been several cholera 

outbreaks in some of these villages within recent years. 

Third, a majority of the households in these areas do not 

currently use any home water treatment method, and simply 

consume water directly from their taps. 

 

Design of the Water Chlorination System 
 

Chlorination is an effective, chemical disinfection method 

that has been used in many developed and developing coun-

tries for decades [18]. Other commonly available water dis-

infection methods include boiling and ultraviolet (UV) radi-

ation. Boiling of water is recommended by most health pro-

motion programs; however, it is only appropriate as a treat-

ment method at point of use [16]. UV radiation treatment, 

from either the sun or an artificial UV source, requires fa-

vorable climate conditions or a power source. It is often 

expensive and only effective when treating relatively clear 

water [17]. Chlorine treatment at point of use (i.e., house-

holds) often gives an unpleasant taste to the water, especial-

ly when the end users do not apply the correct dosage to 

their water prior to consumption. Because of the unreliabil-

ity at household treatment, the point of chlorination in this 

project was selected to be at the central water storage reser-

voirs (151,416 – 170,344 L capacity). The central reservoirs 

supply water to individual households within the village or 

to villages downstream. These large reservoirs serve as set-

tling tanks for the water, and larger particles inside the wa-

ter are removed through sedimentation. 

 

The location of interception point for chlorine treatment 

was chosen to be before the water entered the settling tanks 

so that chlorine had some time to disinfect the water before 

it reached the end users. The location often depended on 

geography constraints of the implementation site. Also, 

chlorine tablets were selected over liquid chlorine, due to 

their local availability, cost, and ease of handling and 

maintenance. In addition to treatment effectiveness, the wa-

ter chlorination system was designed according to green 

engineering principles developed by Anastas and Zimmer-

man [19]. Cost, ease of operation, and maintenance were 

also important factors influencing system design.  The inno-

vation of this project was the creative incorporation of envi-

ronmental, economic, social, and cultural factors into the 

adaptation of a low-cost, commercially available chlorinator 

unit to disinfect the water at local distribution centers for the 

El Cercado community. 

 

Testing of the Water Chlorination System 

under Laboratory Settings 
 

The current system can employ a variety of automatic 

inline chlorinators. Key selection criteria include cost, ease 

of operation and maintenance, convenient adjustment of 

chlorine dosage, and flexible adaptability to standard PVC 

pipe fittings. For laboratory testing, a WaterWay automatic 

inline chlorinator with clear walls was selected, due to con-

venient availability. More importantly, it is commercially 

available locally in the Dominican Republic. The chlorina-

tor was loaded with 0.076-m chlorine tablets (Pool Time 

Plus, 94.05% trichloro-s-triazinetrione) and fitted to PVC 

pipes, which connected a water source to a collector. The 

water source was a standard faucet located inside the labora-

tory, supplied directly by the city of San Diego. Water char-

acteristics, including temperature, total dissolved solids 

(TDS), pH, total hardness, iron contents, free and total chlo-
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rine, were measured both at the source and after the chlorin-

ator approximately 120 s after active chlorination. The chlo-

rinated water was then stored up to 24h in a plastic contain-

er at room temperature after which water characteristics 

were re-measured to check for any property degradation. 

 

Field Implementation of the Water 

Chlorination System 
 

After fundamental characterizations of the inline water 

chlorinator’s performance and limitations, the system was 

implemented at ten different sites in El Cercado over a three

-year time period. Automatic inline water chlorinators made 

from two different manufacturers were tested in the field 

(WaterWay and Ocean Blue), because of a relatively small 

inventory of supplies carried by local hardware stores and 

parts availability at the time of installation. These two types 

had similar operating principles, with minor differences in 

water inlet and outlet design. One WaterWay unit could 

hold up to eight, 0.076m chlorine tablets, whereas the 

Ocean Blue unit could hold up to twelve tablets. 

 

The implementation sites were selected by El Cercado 

community leaders/organizers based on need, geographical 

feasibility, and level of commitment on the part of commu-

nity members. Moreover, the selected communities already 

had existing water committees with dedicated members, 

who were willing to participate in the training of system 

installation and be responsible for system maintenance and 

repair. El Cercado communities varied in size, ranging from 

50 to 200 household units each. Some were located in 

mountainous terrains. Water sources were mostly under-

ground springs originating from nearby mountains. Water 

was gravity fed to the collection reservoirs without any ad-

ditional pumps. Implementation point and system design 

had to be custom fitted to the geographical limitations at 

each site. Water samples were collected at the source and 

the point of installation. Pre- and post-installation chlorine 

contents were also checked at three households inside the 

village along the water distribution line: at the beginning of 

the line, one near the center, and one towards the end of the 

line. These water samples were retained for 24 hours and 

chlorine levels were re-measured for comparison. 

 

Results and Discussion 
 

Laboratory Testing 
 

In order to characterize the fundamental behaviors and 

performance of the WaterWay chlorinator, a small system 

was designed and tested in the laboratory. Figure 1 shows a 

schematic of the lab-scaled water chlorination system. Two 

1040-liter plastic tanks were used as a water source and a 

collection reservoir, respectively, and set at different eleva-

tions to promote gravity flow of the water. A flowmeter 

(GPI flowmeter, part number TM200-N) was installed along 

the PVC pipeline connecting the two tanks in order to meas-

ure water flow rate coming in to the chlorinator. A chlorina-

tor (WaterWay automatic inline clear, model CLC012) was 

installed vertically along the horizontal PVC pipeline sec-

tion of the system prior to the collection tank. 

Figure 1. Water Chlorination Setup under Laboratory Settings 

 

Initial testing without using chlorine tablets was per-

formed to determine the minimum water flow rate required 

for the chlorinator to work. During these tests, a submersi-

ble pump was placed inside the collection tank to recycle 

the collected water back into the source tank to prevent wa-

ter waste. The minimum required incoming water flow rate 

to the chlorinator was determined to be 3.79 L/s in order for 

the water to enter the body compartment of the chlorinator. 

The lab system was limited to a maximum flow rate of   

4.92 L/s. Under this maximum flow rate, the water rose to 

0.084m above the bottom grate level of the chlorinator, 

which completely covered three chlorine tablets stacked 

directly on one another inside the chlorinator (each tablet 

was 0.0305m thick). It was expected that the water level 

would rise higher for a higher flow rate, but this was not 

tested with the lab system. 

 

Four separate runs of active chlorination were performed, 

with initial operational conditions and results shown in Ta-

ble 1. For each run, three chlorine tablets were stacked in-

side the chlorinator, and water was passed through the sys-

tem at a maximum flow rate of 4.92 L/s for a total of 150s 

to 180s before the source tank was depleted below the 

pump’s minimum operating level. Water temperature, pH, 

TDS, total hardness, and free and total chlorine were meas-

ured at two locations: the source tank before chlorinator and 

the sample port directly after the chlorinator. A water sam-
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ple was only collected at the sample port post chlorinator 

after 120s of active chlorination. Each water sample was 

then stored (with a cover) at room temperature for 24 hours 

after which the same water characteristics were re-

measured. Additionally, nitrate, nitrite, and iron contents 

were checked and found to be zero or negligible and, thus, 

not reported in Table 1. This was expected for the average 

city water supply in the U.S. per Environmental Protection 

Agency requirements. 

 

Laboratory testing in San Diego, California, proved the 

feasibility of the automatic inline chlorination system for an 

incoming water flow rate of at least 4.92 L/s. With only 

120s of active chlorination and three chlorine tablets present 

inside the chlorinator chamber, the chlorinator was able to 

double both free and total chlorine contents in the water (see 

Table 1). It was also noted that the original water source 

already contained a low level of free chlorine (0.10 ppm). 

This was expected, because the U.S. treats its water supply 

with chlorine before supplying it to customers. Additional 

chlorination by the inline chlorinator did not seem to affect 

pH, total dissolved solids, or hardness of the water. The 

U.S. CDC’s Safe Water System project recommends be-

tween 0.2 and 2.0 ppm as the target range for free chlorine 

in the water to ensure safe drinking [20]. Additionally, the 

U.S. Environmental Protection Agency (EPA) states that the 

maximum residual disinfectant level goal (i.e., the level 

below which there is no known or expected health risk) for 

free chlorine is 4.0 ppm [21]. 

 

A two-tail t-test was performed on laboratory data collect-

ed for chlorine levels. Free chlorine levels post treatment 

showed statistically significant improvement compared to 

the free chlorine levels before treatment (t-Stat = -4.49 < -t 

Critical two-tail = -2.57; p-value = 0.006 < 0.05). The total 

post-treatment chlorine levels also showed an increase com-

pared to pre-treatment levels, though were not statistically 

significant (p-value = 0.05). Free chlorine was the most 

critical variable in this case, as it indicated the amount of 

active chlorine available to react and kill any bacteria pre-

sent in the water. These results proved the feasibility of the 

tested chlorination system and provided a basis for advanc-

ing to the next phase of field implementation.  

 

One concern over the laboratory data was that the free 

chlorine content in the water seemed to deteriorate below 

the CDC-recommended minimum level for safe drinking 

(0.2 ppm) after being stored at room temperature for          

24 hours. However, if the system was to be operated longer 

(at least one hour of active chlorination) and more chlorine 

tablets were present inside the chlorinator, the initial active 

chlorine level could be improved. 

 

Field Implementation 
 

Due to geographical limitations, the connections between 

the chlorinator and the existing water line had to be modi-

fied and custom-fit during site implementation. When the 

point of installation had ample open space on level ground, 

the chlorinator installation was less complicated and fol-

lowed a linear configuration, as shown in Figure 2. On the 

other hand, if space is constrained, a more creative configu-

ration with multiple 90º connections may be required for the 

system assembly. Regardless of geographical constraints, a 

reversible, threaded expansion coupling was used between 

Water characteristics 
Measuring tool 

(manufacturer / model) 
Source 

Post chlorinator 

(after 120s of active 

chlorination) 

After 24 hours of storage 

Source Post chlorinator 

Temperature (ºC) 
Multi-Thermometer / 

- 50ºCà+300ºC 
23.5 ± 0.4 23.5 ± 0.5 24.6 ± 0.2 24.6 ± 0.2 

pH 
American Marine Inc. / 

Pinpoint 
7.78 ± 0.24 7.89 ± 0.05 7.81 ± 0.06 7.88 ± 0.02 

TDS (ppm) HM Digital / TDS-EZ 444 ± 10 442 ± 19 446 ± 4 453 ± 7 

Total hardness 

(ppm CaCO3) 
CHEMetrics / K-4585 243 ± 13 235 ± 4 233 ± 5 245 ± 10 

Free chlorine (ppm) Oakton / C301 0.10 ± 0.02 0.21 ± 0.04 0.11 ± 0.06 0.11 ± 0.08 

Total chlorine (ppm) Oakton / C301 0.55 ± 0.30 1.07 ± 0.30 0.16 ± 0.04 0.25 ± 0.17 

Table 1. Water Characteristics from Laboratory Testing 

(reported as average ± one standard deviation, over 4 separate runs) 
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the upstream valve and the chlorinator. A second threaded 

union was also added immediately downstream of the chlo-

rinator (see Figure 2). This threaded coupling and union 

were not needed during laboratory testing, given the small-

scale system, the flexibility and mobility of PVC piping, 

and receiving tank location. For large-scale and fixed-field 

systems, threaded and reversible connections were neces-

sary to allow convenient disassembly of the chlorinator unit 

during maintenance and repair. Depending on which type of 

water chlorinator or pipe size of the existing water line are 

being used, additional pipe adapters may be required to con-

nect the chlorinator unit to the main water line, as illustrated 

in Figure 2. 

 

Incoming water flow rates varied from one site to another, 

depending on the relative elevation of the water reservoir to 

the original water source. For faster water flow rates (at 

least 3.79 L/s), the WaterWay chlorinator had to receive 

incoming water and dispense chlorinated water in the same 

fashion as in prior lab tests. The WaterWay chlorinator was 

made out of PVC schedule 40 high-pressure-rated plastic, 

and was thus able to withstand higher pressure and flow 

rates. On the other hand, the Ocean Blue chlorinator worked 

better at slower flow rates (as low as 1.5 L/s), due to a sim-

pler design of its water inlet mechanism.  At a flow rate of 

1.5 L/s, water readily entered the inner chamber of the 

Ocean Blue chlorinator within ten seconds of active flow. It 

was also noted that the Ocean Blue chlorinator was con-

structed out of low-pressure-rated plastic. As a result, a high 

water flow rate and pressure could physically damage the 

chlorinator. 

Figure 2. Example of Water Chlorinator Installation in the 

Pinal de la Cana, Batista Site 

 

Water characteristics were measured at ten different im-

plementation sites in El Cercado before and after installa-

tion of the chlorination system, using the same measuring 

tools as in laboratory testing. Spring source data was only 

available for one site, due to challenging terrains and weath-

er conditions to access all of the sources in the mountains. 

Household water samples were collected at three locations 

within the serving community: House 1 (closest unit to the 

collection tank); House 2 (center unit); and, House 3 (last 

unit along the distribution line). Results shown in Table 2 

were collected over a three-year period in both winter and 

summer seasons. Due to a high level of geographical varia-

tion from one installation site to another, and its effect on 

chlorine treatment, water-characteristic data are shown as 

ranges of values in Table 2, taking into account both storage 

reservoir and household measurements at all ten sites. Free 

and total chlorine data, post chlorination, are reported for 

households and storage reservoirs (labeled as “Tank”) sepa-

rately to show changes along the water distribution lines. 

 

Water sources in El Cercado showed different characteris-

tics compared to the tap water source in San Diego, Califor-

nia. Specifically, El Cercado water sources had significantly 

less dissolved solids and less CaCO3 contents, meaning that 

the water was much softer (see Table 2). This was most 

likely because the El Cercado water was not treated, where-

as U.S. water often received a series of treatments before 

reaching the end users. Levy et al. [22] noted that some wa-

ter characteristics could significantly influence effectiveness 

of the treatment, so system tuning was expected to be differ-

ent in the field compared to laboratory tests. Similar to test 

results collected in the laboratory in the U.S., iron and ni-

trite were either absent or negligible in El Cercado’s water. 

A low but noticeable amount of chlorine was measured at 

both source and household collections (less than 0.1 ppm of 

free chlorine and less than 0.2 ppm of total chlorine). Chlo-

rine trace could be associated with underground soil and old 

PVC piping from source to end users. A consistently small 

amount of nitrate was also present in all water samples be-

fore and after chlorinator installation (0.4 – 1.0 ppm). This 

was most likely linked to close-by farms and uncontrolled 

animal feces along the water sources/lines. Inline chlorina-

tion of the water slightly increased the pH and TDS levels, 

as expected. However, other water characteristics seemed to 

be unaffected. 

 

Despite the differences in water characteristics, the inline 

chlorinators in the field were still able to increase active 

chlorine contents in the water by at least one order of mag-

nitude, bringing free chlorine level from essentially 0 ppm 

to as high as 2.11 ppm at the central storage tank. Results 

were consistent for systems monitored over the three-year 

period. This level meets the safe limit for drinking water 

recommended by the CDC and EPA. However, in larger 

communities (> 50 households) chlorine content seemed to 

drop below the minimum 0.2 ppm level recommended by 

the CDC (2015) towards the end of the distribution line. 

Raising the chlorine level further would negatively affect 

the water taste for the first households along the water dis-

tribution line. A better solution to this problem would be to 

install additional chlorinators along the line after approxi-

mately every 50 household units. This proposal was com-

municated to local leaders and turned into a future project 

for the community to own and plan accordingly. 
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The effect of water storage on chlorine degradation was 

also tested for six sites. Free chlorine content seemed to 

degrade significantly after 22 hours of storage in closed 

plastic containers at room temperature, as previously report-

ed by Blair et al. [23]. To ensure that free chlorine levels 

would stay above the 0.2 ppm minimum recommendation 

by the CDC after long-term storage, initial chlorine content 

inside the water needed to be approximately 2.0 ppm. One 

negative side effect for this method is the unpleasant chlo-

rine odor present in highly chlorinated water, which could 

turn the villagers away from drinking chlorinated water 

overall. Consequently, local villagers were advised to drink 

only fresh water and to use stored water for purposes other 

than drinking.  

 

Costs 
 

Cost was one of the important considerations for design-

ing and implementing of water chlorination system in this 

study. Total cost for the complete installation of one chlo-

rinator unit was approximately $150, depending on the type 

of inline chlorinator used. This estimate included materials 

used to construct a secured, protective housing unit around 

the chlorinator assembly. Parts were chosen to have suffi-

cient strength and pressure rating to withstand water flow 

inside the chlorinator assembly, and were available for pur-

chase at local hardware stores. Some components were 

threaded to allow convenient disassembly, whereas others 

had slip fits for permanent connections. 

 

Green Engineering Design 
 

Besides performance effectiveness, a green engineering 

design was also an important factor for the water chlorina-

tion system. During laboratory tests, the water was recycled 

as much as possible, thus minimizing process wastes. Field 

systems also produced zero waste during operation. This 

was a demonstration of the “prevention instead of treat-

ment” green engineering principle [24]. “Design for separa-

tion” was another green engineering principle incorporated 

into the system design. The system consisted of several 

components that were assembled using appropriate adaptors 

and connectors. The chlorinator itself was connected to the 

remaining assembly through two reversible, threaded unions 

(see Figure 2). The threaded unions allowed convenient 

disassembly of the chlorinator unit during routine mainte-

nance, repair, and part replacement. All connections and 

piping in the assembly were made out of thermoset poly-

mers, mostly polyvinyl chloride (PVC). Material diversity 

was minimized to facilitate recycling and waste treatment 

processing at the components’ end of life. Although the 

system was expected to have relatively long lifetime, the 

chlorinator unit was not designed to last indefinitely. The 

typical lifetime of automatic inline chlorinators is five to ten 

years, depending on the quality of the water running 

through the system and the chlorinator’s manufacturer. The 

system was designed based on durability rather than immor-

tality, taking into account the possibility of advancing to an 

even more efficient and lower-cost system in the future. 

 

Community Partnership 
 

The success of this project was highly dependent on com-

munity partnerships between the implementation team, local 

government, not-for-profit organizations, and local Domini-

cans. The project utilized a community-owned cost model 

for which community members provided funds to purchase 

parts and materials for system installation, whereas chlorine 

tablets were supplied by local health clinics operated by the 

local government. Work was sometimes subsidized by local 

not-for-profit organizations for remote communities with 

fewer households to share the cost. 

Water characteristics Spring source Prior to chlorinator installation 
After at least 24 hours of active chlorination 

Tank House 1 House 2 House 3 

Temperature (ºC) 22.1 21.9 – 29.7 21.9 – 32.4 

pH 7.13 6.8 – 8.0 7.6 – 8.1 

TDS (ppm) 165 143 – 177 148 – 186 

Total hardness 

(ppm CaCO3) 
180 140 – 180 115 – 180 

Free chlorine (ppm) 0.05 0.00 – 0.12 0.62 – 1.89 0.39 – 1.00 0.32 – 0.70 0.11 – 0.51 

Total chlorine (ppm) 0.09 0.00 – 0.12 0.62 – 2.11 0.61 – 1.10 0.36 – 0.80 0.11 – 0.57 

Table 2. Water Characteristics in El Cercado, Dominican Republic 
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Local communities were actively involved throughout the 

duration of the project. Feedback was solicited from com-

munity leaders with respect to geographical constraints, 

locally available materials, hands-on skills, and system af-

fordability. Dominican villagers were integrated into the 

installation team, assisting with installation site selection, 

excavating the ground, fitting pipes, constructing a housing 

unit for the chlorinator assembly, sourcing information 

about water flow and usage, and mapping water distribution 

lines. Three hands-on training sessions were conducted for 

the locals over three consecutive years and reinforced with 

field installations, maintenance, and repairs. In addition, a 

system manual, with instructions on installation and mainte-

nance, was provided to local community leaders in both 

English and Spanish. By empowering the people with prop-

er knowledge, training, and skills, full system ownership 

and responsibility were transferred to the local community, 

enabling them to expand project implementation across the 

town on their own. 

 

Conclusions 
 

An alternative, low-cost, inline water chlorination system 

was designed, tested, and implemented in ten rural commu-

nities in El Cercado, San Juan, Dominican Republic. The 

design of the water treatment solution in this study was 

based on cultural, social, economic, and sustainability fac-

tors rather than simply technology or modern engineering 

operations. Over a three-year period, the implemented sys-

tem was demonstrated to be effective, reliable, affordable, 

easy to operate and maintain, and meet the needs of local 

communities. It also provided opportunities for the locals to 

gain technical skills and knowledge about water chlorina-

tion, thus promoting sustainable development for the region 

governed by the local people. 
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Abstract 
 

When students are first introduced to the world of auto-

matic control systems, they often have a lot of information 

to deal with at one time. It is common to see concepts such 

as root locus, Routh Hurwitz, Bode design, and state space 

modeling all introduced in a single semester. Bode design, 

as one of many practical methods, is the one that the authors 

of this paper sought to focus primarily on in order to design 

a controller for a ball-and-beam system. In this study, the 

authors looked at the open-loop frequency response of a ball

-and-beam system, more specifically the magnitude and 

phase responses, and applied constraints such as a certain 

gain crossover frequency and phase margin to design a pro-

portional-derivative (PD) compensator. 

 

Introduction 
 

Many studies from around the world focused on the dy-

namics, modeling, and controls of a ball-and-beam balanc-

ing system. A ball-and-beam system is one that tries to bal-

ance a circular object rolling on a dynamic beam, which is 

attached to a motor. For many years, scholars have modeled 

these systems to explore diverse types of controllers. A 

wide range of experiments involve ultrasound distance sen-

sors alongside proportional-derivative (PD) controllers. In 

this paper, the authors evaluate the design and performance 

of a controller acting on a real-time ball-and-beam system. 

The design of Bode PD controllers were implemented via 

simulation in MATLAB. These controllers were applied to a 

real-time ball-and-beam system provided by Quanser Inno-

vate Educate Inc. (see Figure 1) [1]. The authors also com-

pare the results of design and implementation of the system. 

The work of O’Brien and Watkin [2] aided in this project 

and was used as a guide in this project.  

Figure 1. Quanser Ball-and-Beam System 

Problem Statement 
 

Ball-and-Beam System 
 

Control systems are fundamental aspects of life that are 

often taken for granted. These systems automate basic tasks 

by using control loops and mathematical feedback portions 

to perform tasks with more accuracy [3]. Ball-and-beam 

control models are projects that students undertake in order 

to understand control systems in general. Designing a ball-

and-beam model, as opposed to any other model, is expo-

nentially more rewarding for students for a number of rea-

sons. The first reason is that these models are relatively sim-

ple to build, so students, in fact, spend the majority of their 

time designing a feedback control loop. The second reason 

is that there myriad ways that these systems can be created, 

allowing students to explore their creativity. Another reason 

is that, while many controllers may perform well, none are 

perfect and could always be improved upon through experi-

mentation. 

 

United States Coast Guard Applicability 
 

The U.S. Coast Guard uses control systems aboard every 

cutter on a daily basis. Examples of systems aboard ships 

that are automated include, but are not limited to: navigation 

systems, heating ventilation and air conditioning systems, 

wireless communication systems, as well as radar range 

finding systems. One huge problem that the Coast Guard, as 

well as other military services, faces is that of refueling at 

sea. When ships refuel at sea they often must rely on the 

ship-handling abilities of two people to match the speeds of 

their vessels. This makes this task extremely dangerous. A 

controller, much like the one used in a ball-and-beam sys-

tem, could be applied in this case to have one ship match the 

speed of the other or vice versa to eliminate error [4]. 

 

Maritime Industry Applicability 
 

Control systems are also already a large part of the com-

mercial fleet in the maritime industry. The International 

Maritime Organization is currently making a push to reduce 

exhaust stack emissions of greenhouse gases. This problem 

is already being tackled with the design of hybrid ships that 

are battery powered. These ships use controls to engage 
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diesel engines to charge the batteries when they get low. 

Another problem with the maritime industry is that of pi-

rates taking members of different ships hostage. If ships can 

get to the point where they are fully autonomous, then there 

will essentially be no people on board to be taken hostage. 

Rolls Royce has already started the design process for au-

tonomous ships and plans to use many control systems in 

the implementation of autonomous ships. More specifically, 

they plan to use drones to provide maintenance and over-

sight at sea [5]. 

 

Educational Relevance 
 

In this current paper, the authors focus on the use of Bode 

plots and PD mechanics for controller design. There are 

reasons for which this method of design was chosen. Mem-

bers from Soochow University—Zhu Chenghai, Li Jianan, 

Wang Fudong, Yang Xinhao, Zhao Ying, and Shi Xiaoli— 

were able to design a ball-and-beam system based on itera-

tive learning control tactics. The team modeled their system 

using LaGrange equations then used a D-type learning law 

to increase the performance of the system. These team 

members are extremely skilled and talented and were able to 

construct a system that was virtually flawless. While the 

method that they used to create their system was extremely 

complicated, it was obvious that it was constructed based on 

a PD controller [6]. 

 

Another team from the Department of Electrical Engi-

neering at Lahore University—Muhammad Asif Rana, Zub-

ir Usman, and Zeeshan Shareef—was able to create a ball-

and-beam system using particle swarm optimization. This 

team tested its method against others, including Ziegler-

Nichol, ITAE equations, SISO tool, and fuzzy logic. After 

testing, they found that the particle swarm optimization al-

gorithm out-performed each of the others. Their controller 

was made up of two PID controllers contained within the 

same loop. The particle swarm algorithm was applied at the 

end to improve performance. The team members did an 

excellent job in documenting exactly how they implemented 

their algorithm to tune the gain, thus making it easily under-

standable by anyone wishing to do the same [7]. 

 

A group of scholars from Yangon Technological Univer-

sity—Hla Myo Tun, Myat Su New, and Zaw Min Naing—

conducted an experiment in which they designed a compen-

sator for a missile control system using MATLAB Bode 

plots. This team started with a set of constraints that includ-

ed steady-state accuracy and phase margin. In this experi-

ment, open-loop and closed-loop frequency responses were 

compared along with different gain margins, phase margins, 

bandwidths, and angles. Ultimately, different compensator 

gains (K) were calculated to achieve the desired results. 

This project was also conducted using MATLAB, and the 

work of these scholars shows an alternate method for 

achieving similar results [8]. O’Brien and Watkins [2] from 

the Systems Engineering Department at the U.S. Naval 

Academy were engaged in a project to design an approach 

to teaching Bode compensator design. O’Brien and Watkins 

sought to propose a design approach that would work for a 

variety of compensators using both root locus and Bode 

design techniques. They were ultimately able to develop 

Bode procedures for lead, PI, and PID controllers after start-

ing with just a PD design.  

 

The method that was used by these scholars closely re-

sembled the one used in this current study. The focus of the 

project was on the design of PD and PID controllers. Due to 

the fact that root locus compensator design techniques are 

similar to Bode design techniques, it made sense to teach 

root locus before Bode. In Bode design, the magnitude and 

phase of the open-loop frequency response determines how 

a student moves forward in the approach. By focusing on 

Bode, students can design for exactly what they want in the 

beginning and end up with those results. This not only saves 

time, but allows the student to instead focus on other design 

problems. These other design problems are tackled later in 

this paper. The current study is also an extension of the pre-

vious work by the authors [9], which also made use of 

MATLAB simulations. The contribution of this current 

study was to apply the controllers to a real ball-and-beam 

system and validate the results of modeling and MATLAB 

simulation. 

 

Modeling 
 

Quanser is a company that designs and develops learning 

platforms for students wishing to learn about control sys-

tems [1, 10]. One of the platforms is a ball-and-beam sys-

tem. This system is comprised of a rotating servo motor 

along with a ball-and-beam apparatus. The ball-and-beam 

apparatus consists of a linear position sensor, a beam, and a 

lever that connects the servo to the beam. A more complete 

description of the variables can be found in the appendix. 

When modeling this system, the main objective is finding 

the transfer function that includes dynamics for all elements 

in the system. The complete transfer function is equal to the 

transfer function of the servo motor multiplied by the trans-

fer function of the ball-and-beam system, which is showed 

in Equation (1): 

 

  (1) 

 

The transfer function of the servo motor, where Qs(s) is 

the transfer function of the servo motor, is given in Equation 

(2): 

( ) ( ) ( )
s b b

Q s Q s Q s
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(2) 

 

The transfer function from Equation (2) can also be writ-

ten as shown in Equation (3): 

 
 

(3) 
 
 

Qbb(s), the transfer function of the ball-and-beam appa-

ratus, is shown in Equation (4): 

 
 

(4) 
 
 

Newton’s second law describes how the force of an object 

is related to its mass multiplied by acceleration. This allows 

us to come up with Equation (5), which represents the forc-

es acting on the ball. A diagram of the ball-and-beam appa-

ratus is shown in Figure 2. 

 

(5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Block Diagram of the Ball-and-Beam Apparatus 

 

After taking all forces into account, Equation (6) is ob-

tained: 

 

(6) 

 

 

It is also important to obtain the relationship between the 

angle of the beam and the angle of the servo motor. The sine 

of the beam angle is determined using Equation (7): 

 
 

(7) 

 

 

where, h is the height of the beam. 

The sine of the servo angle is given by Equation (8): 

 

(8) 

 

 

The relationship between Equations (7) and (8) is shown 

in Equation (9): 

 

(9) 

 

In order to find the equation that relates the motion of the 

ball to the angle of the servo, the equation must be linear-

ized, as shown in Equation (10): 

 

 

(10) 

 

 

The next step is to figure out the transfer function that 

relates the voltage of the motor to the position of the ball. 

This step is started by taking the Laplace transform of Equa-

tion (10), which yields Equations (11) and (12): 

 

(11) 

 

 

(12) 

 

According to the Quanser manual [1], 

 

Xbeam = 42.55 cm 

rarm = 2.54 cm 

rb = 1.27 cm 

mb = 0.064 kg 

 

Using this information, the unknown variables can ob-

tained using algebra. Equation (13) shows how the gain is 

calculated: 

 

 

  (13) 

 

 

Finally, by multiplying Equations (2) and (4), the open-

loop transfer function, which relates voltage to ball dis-

placement, of Equation (14) is obtained: 

 

 

 

 

  (14) 
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Additional details on the dynamic ball-and-beam system 

can be obtained directly from Quanser Inc. [10]. 

 

Controller Design 
 

The zeta variable is determined based on the desired 

amount of overshoot. Zeta can be determined using Equa-

tion (15): 

 

(15) 

 

 

The next step requires the calculation of the phase margin 

(PM). This calculation is performed using Equation (16): 

 

 

(16) 

 

 

Next is the determination of the gain crossover frequency. 

This is accomplished using Equation (17): 

 

 

(17) 

 

where, Ts is the desired settling time. 

 

Equation (18) can now be used to calculate the system’s 

phase of the transfer function: 

 

(18) 

 

 

And, Equation (19) gives us the compensator zero loca-

tion: 

 

(19) 

 

 

In this experiment, the design point, sd, was continuous in 

time and is shown by Equation (20): 

 

(20) 

 

The final step is to solve for the magnitude of the control 

gain, Kc, determined by Equation (21): 

 

 

(21) 

 

 

Table 1 summarizes all of these steps. 

Table 1. Bode Design Process 

In general, Equation (22) defines the PD compensator: 

 

 

(22) 

 

 

From Equation (22), it is easy to determine the propor-

tional (Kp = KcZ) and proportional derivative (Kd = Kc) co-

efficients for the PD controller. 

 

Results 
 

Figure 3 shows the block diagram of the overall ball-and-

beam system. The goal of this study was to use a Bode PD 

compensator technique to design a controller for the DC 

servo motor and the cascade of the closed loop of this ball-

and-beam system . The closed-loop design specifications for 

the ball and bean and the compensated servo system are 

required to have a settling time of less than 60 seconds and 

a percent overshoot less than twenty-five.  

 

Figure 3. Block Diagram of PD Compensator 

 

Figure 4 shows the compensated servo step response. 

Table 2 shows the results of the PD compensator designed 

for the servo, based on the calculations from Equation (22) 

and its validation by applying it to the real system. Figure 4 

shows that the settling time was 0.246 seconds, which was 

extremely fast. There was also only 0.01 percent overshoot 

for the compensated servo response. Figure 5 shows the 

uncompensated Bode response of the ball-and-beam system 

and the desing point that corresponded to the specifications 

of 2% overshoot and a settling time of 12 seconds. These 

specifications also corresponded to a phase margin of       

PM = 60° and a gain crossover frequency of ωgc = 0.256 
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Steps Description 

1 
Determine the desired settling time (Ts) and percent 

overshoot (%OS)  

2 
Calculate the phase margin (PM) and gain crossover 

frequency (ωgc)  

3 Calculate the compensator angle (θc) 

4 Evaluate the compensator zero location (Z) 

5 Calculate the magnitude of controller gain (Kc) 
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rad/sec, while the uncompensated frequency response of the 

ball-and-beam system had a phase margin of PM = −3.31° 

and a gain crossover frequency of ωgc = 0.647 rad/sec.    

Figure 5 shows that the system was unstable.  

Figure 4. Servo Step Response w/PD Compensator 

 
Table 2. Bode Design PD Gains 

Figure 5. Uncompensated Bode Response of the Ball-and-Beam 

System 

Figure 6 shows the frequency response of a compensated 

ball-and-beam system. This figure shows how the graph of 

the frequency response of the system was shifted toward the 

design point. This tells the reader that the specifications 

were met and that the closed-loop system was stable. 

Figure 6. Compensated Bode Response of the Ball-and-Beam 

System 

 

Figure 7 shows the overall ball-and-beam unit step re-

sponse after the two PD compensators from Table 2 were 

applied. There was an 18 percent overshoot. A settling time 

of 33.9 seconds was able to be achieved. The calculated PD 

compensator coefficients for these responses are summa-

rized in Table 2.  

Figure 7. Step Response w/PD Compensator for the Ball-and-

Seam System 

 

Figure 8 depicts the result of real-time testing on the actu-

al ball-and-beam control system. It is important to note that 

the settling time of the actual system was 6.34 seconds. Al-

Proportional and Derivative (PD) 

Gain Values 
  

Parameter Calculated 
Applied to 

Real System 

Kp (servo) 7.3043 7.0 

Kd (servo) 0.0027 0 

Kp (Ball and Beam) 0.0528 0.1 

Kd (Ball and Beam) 0.5761 0.5 
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so, the real-time response of the system showed that there 

was no overshoot for the ball on the beam. 

Figure 8. Actual Ball-and-Beam System Step Response 

 

Figures 9 and 10 show us that it is important to take note 

of the values of proportional gain and derivative gain. These 

values were determined using the Bode technique. 

Figure 9. Diagram of the Servo PD Controller in Simulink 

Figure 10. Diagram of the Ball-and-Beam PD Controller in 

Simulink 

 

The values presented in Table 2 show that the PD gain 

values were slightly different from the values that were ac-

tually used for the real-world simulink experiment. This was 

due to trial and error. The gain values that were hand calcu-

lated, served mostly as a starting point. From there, they 

were then fine-tuned in order to produce the best response. 

This explains why the settling time was much faster than the 

system was originally designed for. 

Conclusions 
 

Two PD compensators were designed using the Bode 

method for a specific percent overshoot and settling time that 

also can be associated with a specific phase margin and gain 

crossover frequency of a ball on a beam. The open-loop fre-

quency magnitude and phase responses of the ball-and-beam 

system and the overall closed-loop step responses of the sys-

tem were analyzed to fine-tune the compensator gains. The 

closed-loop step response performance of the real system was 

also analyzed. After some fine-tuning, the real-time ball-and-

beam system actually performed better than expected. 

 

Disclaimer 
 

The views expressed in this paper are the personal views 

of the authors and do not necessarily represent the views of 

the United States Department of Homeland Security or the 

United States Coast Guard. 
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Appendix 
 
Table 3. Variables and Definitions 

*Some variables were used in the written MATLAB code.  

Variables Definition 

Q(s) 
Combined transfer function of the servo and the 

ball and beam 

Qs(s) Transfer function of the servo 

Qbb(s) Transfer function of the ball and beam 

θl(s) Load angle of the servo 

V(s) Input voltage of the servo 

K Gain of the servo 

τ Time constant of the servo 

X(s) Linear displacement of the ball 

mb Mass of the ball 

ΣF Sum of the forces acting on the ball 

x(t) Displacement of the ball 

g Gravity 

rb Radius of the ball 

Jb Mass moment inertia of the ball 

fx,t Translational gravity force 

fx,r  Force from the ball’s inertia 

h Height of the beam 

Xbeam Length of the beam 

θ(t) Angle of the beam 

rarm Radius of the arm 

Kbb Gain of the ball and beam 

ζ Damping ratio 

ωgc Gain crossover frequency 

Ts Settling time 

PM Phase margin 

Gc Open-loop transfer function 

Gsys Closed-loop transfer function 

Z Compensator zero location  

sd Design point 

γb Angle of the ball 

PD=Gc(s) Proportional-derivative compensator 
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Abstract 
 

Today, one of the topics playing a major role in image 

processing issues, analyzing images, and visualization of a 

machine is zoning midrange processing. Image zoning plays 

an essential role in various applications, such as pattern 

recognition, geographic imaging, remote sensing, and medi-

cal imaging. In image segmentation, images are split into 

discrete regions with homogeneous features. The most im-

portant feature used in image segmentation is the color 

property. In this study, in an analytic-applied field using 

MATLAB simulations, the author used clustering, fuzzy 

analysis algorithms, and k-means clustering in two pro-

grams on an MRI sample of the human brain and then inte-

grated them into a program. It is worth noting that the imag-

es differed according to the coding instruction for ks. The 

segmentation of an image implies the separation of the im-

age into areas with a specific pixel in each region. 

 

Introduction 
 

Today, one of the topics playing a major role in image 

processing issues, analyzing images, and visualization of a 

machine is zoning midrange processing. Image zoning plays 

an essential role in various applications, such as pattern 

recognition, geographic imaging, remote sensing, and medi-

cal imaging. In image segmentation, images are split into 

discrete regions with homogeneous features [1]. Image seg-

mentation refers to the grouping of pixels of an image so 

that they have similar properties to each other and different 

properties with the pixels of adjacent pieces. The most im-

portant feature used in image segmentation is the color 

property. In single-color images, the gray level is consid-

ered as a feature; but, in color images, different color spaces 

are used as a color property [2]. Color image segmentation 

has received more attention lately, as more computing pow-

er is available for processing color the images [3]. Among 

the various characteristics of an image—color, shape, tex-

ture, etc.—texture is the most distinctive feature both visu-

ally and in terms of image processing. The texture of an 

image depends on the spatial distribution of the gray-matter 

values and includes information on contrast, folding, order-

ing, and the like. Texture analysis offers interesting possi-

bilities for identifying the structural heterogeneity of the 

classes. The heterogeneous texture allows for the calcula-

tion of the value of pixels within a defined region in the 

image [4]. Therefore, the use of image texture has become 

an important aspect in the analysis of high-resolution re-

mote-sensing information.  

 

In medical imaging, zoning is an important stage in medi-

cal research and clinical applications. For example, one can 

imagine and analyze the structures of anatomy, multifocal 

fusion and recording, pathologic discovery, and surgical 

planning. The zoning of medical images is difficult, due to 

tissue heterogeneity, the effects of minor volume, noise, 

artifacts, and the diversity of various diseases in patients. To 

solve these problems, the method of formable models was 

proposed. Extensible models are curves that are defined in 

the image area and move in the direction of minimizing 

internal energy functions (causing curve smoothing) and 

external energy functions (leading the curve toward the de-

sired object’s boundary). Despite the significant advances in 

overclocking models in recent years and the presentation of 

the versions developed for it, it is still not possible to intro-

duce an active model that inherently has the characteristics 

of resistance to noise, high speed, the reconstruction of bor-

der breaks, and the extraction of weak boundaries. In most 

medical applications, for solving these problems, area infor-

mation or previous information has been used in active bor-

derline formulation. But these algorithms are relatively 

timely and their efficiency is dependent on the initial 

curves, and the algorithm can fail when the initial curves are 

chosen inappropriately; user interaction, then, is needed in 

order to determine the initial areas [5].  

 

Imaging organs in the body helps to diagnose a disease 

and helps physicians succeed in determining the type of 

treatment for the patient. The quality of the image taken, the 

number and dimensions of the images, the speed of transfer-

ring images to the doctor, and the type of archiving of imag-

es for immediate and subsequent access are all important 

factors that are considered in medical imaging. With the 

advent of digital and advanced medical equipment, as well 

as the trend of the medical sciences to the software move-

ment, many of these problems are diminished and many 

digital imaging techniques are available, including radiog-

raphy, ultrasound, and CT scans [6]. Imaging systems, such 

as magnetic resonance imaging (MRI) and computed to-
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mography scanning, have a special place in the detection of 

tissue abnormalities. Extracting information from these im-

ages is an important stage in the processing of medical im-

ages, and this stage is the basis for diagnosis and treatment 

[7]. Processing medical images, especially brain MRI imag-

es, often has many complexities, and usually the classic 

image processing methods alone do not have the required 

performance in this regard [8]. The use of physician 

experiences or anatomical information about different tis-

sues of the body can be used as a basis for image processing 

operations and improve the results of these methods [9]. In 

this regard, this current study was conducted to investigate 

the rapid and automatic regionalization of medical images 

using the SKFCM method. 

 

Materials and Methods 
 

The segmentation of the image is a very important task in 

the processing of image and vision. In this current study, a 

fuzzy clustering method (FCM) is presented. The result of 

the clustering process is the total membership function, giv-

en by Equation (1): 

 

(1) 

 

 

where, k is the number of data. 

 

The sum of the values of the membership functions can 

be found using Equation (2): 

 

 

(2) 

 

FCM Methods 
 

The standard fuzzy C method is a non-supervised algo-

rithm initially represented by Equation (3) by the FCM tar-

get function for image partitioning. Then, , with N 

pixels or voxels in cluster c, is represented by Equation (4). 

In this equation, the formula  represents clusters 

, the square of the space between vi, the in-

tensity of the pixel k(xk), and the matrix [uik] = U denotes 

the partition matrix c×N with u∈μ. 
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One can interpret the inputs uik as the probability that the 

xk, pixel is connected to the i cluster. This point is referred 

to as the fuzzy membership. Subscriptions are replicated 

according to the distance Dik and according to Equation (5): 

 
 
 

(5) 

 

 
 

The display of clusters is updated using Equation (6): 

 

 

(6) 

 

 

The m-parameter of the rationale is on every fuzzy mem-

bership and determines the fuzzy volume of the resulting 

classification. The algorithm starts with some vi views for 

each cluster and members are updated to reduce the target 

function of the formula. The modified FCM algorithm was 

proposed and the modified DikK was calculated using Equa-

tion (7): 

 

 

(7) 

 

 

In this equation, α is a constant that fulfills the conditions 

of ≤1 ≤ α. The formula for pixel approximation k measures 

its neighbor pixel j. Here the approximation is measured by 

taking into account the relative positions between the two 

pixels: pkj = ║k−j║2. The change in FCM Uij is considered 

as the pixel resistance X K against clustering with the             

i-handle. Consider uij membership numbers for tolerance 

[see Equation (8)]: 

 

 

(8) 

 

 

The two variables FCMS1 and FCMS2 are intend to sim-

plify the calculation of Jm by replacing the terms 

 

 

 

 

where, the middle term, , for FCMS1 and the mean for 

FCMS2 are the neighboring pixels in the window surround-

ing xk , as indicated by Equation (9): 
 
 

(9) 
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K-Means Method 
 

The k-means method is data clustering in data mining. 

For this algorithm, there are different shapes, but all of them 

have a repetitive process. In the k-means algorithm, the       

k-means (k is the number of clusters) was randomly selected 

from n members as cluster centers. Then, the n-k remainder 

is assigned to the nearest cluster. After assigning all mem-

bers, the cluster centers are recalculated and continuously 

allocated to the clusters according to the new centers until 

the cluster centers remain constant. In order to select the 

best cluster, based on expert opinions and previous studies, 

a suggested range for the number of clusters was initially 

identified. Then, the value of ρ(k) was calculated for each k 

value. The value of k, where ρ(k) is maximized, was selected 

as the optimal number of clusters. In this way, the number 

of clusters was chosen and maximized for the distance be-

tween cluster centers and the similarity of cluster centers, 

when compared to members within each cluster. 

 

Modeling Results 
 

Figures 1-3 show the output of each of the algorithms, 

after executing the commands and processing the image. 

Figure 4 shows the results of the image taken from the out-

put of the k-means algorithm in the FCM algorithm in order 

to evaluate the more precise clustering operation. 

Figure 1. The First Sample of MRI Examined 

Figure 2. MRI after Processing with the K-Means Algorithm 

Figure 3. The Output from Processing the First Instance with 

the FCM Algorithm 

Figure 4. The Sample of the First Image by Both Algorithms 

  

Figure 5 shows the key points of the samples were ex-

tracted using the k-means algorithm. Figure 6 indicates the 

points that can be addressed after processing the probability 

of occurrence of medical problems. 

Figure 5. Sample II MRI 
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Figure 6. Second Sample MRI after Processing with the 

K-Means Algorithm 

 

Figure 7 gives the results of processing the second sample 

with the FCM and shows that this algorithm yielded more 

dispersion than other points of the image that were clearly 

identifiable and detected. Finally, Figure 8 shows how the 

image taken from the output of the k-means algorithm in the 

FCM algorithm was also placed on the second sample to 

evaluate the more precise clustering operations. 

Figure 7. The Output of the Second Sample Resulting from 

Processing with the FCM Algorithm 

 

Discussion and Conclusions 
 

In this study, image processing was used for clustering, 

and fuzzy analysis algorithms and k-means clustering were 

initially studied in two separate programs on a human brain 

MRI sample and then integrated into one program. The 

most important feature in the segmentation of a single im-

age, the brightness of the image, and the segmentation of a 

color image, is its color components. Also, the edges of the 

image and its texture are useful features for segmentation. 

The results showed that the current approach to different 

types of noise and their mixture was stronger and reduced 

the probability of failure in several cases. Therefore, the 

convergence criterion, which is always used by the FCM 

algorithm, does not seem to be sufficient for guaranteeing 

improvement of the final results in comparison with the 

initial or medium results.  

Figure 8. Sample Image Evaluation of the Second Image by 

Both Algorithms 

 

The results of the proposed approach show that even repe-

tition for the first time is enough to make the right decision 

with high probability. Clustering the input data for a classi-

fication algorithm can significantly improve the computa-

tional complexity. In this study, the author tried to provide a 

high-speed, precision clustering algorithm for pre-

processing the input data of a classification algorithm. This 

algorithm also has the ability to deal with uncertainty. In 

this method, using the combination of k-means and FCM 

algorithms, image processing was performed. In this case, 

the k-means algorithm was first implemented on the input 

data and was able to normalize the distance from each data 

point to the obtained centers. The same image was then pro-

cessed as input data were evaluated more precisely by the 

fuzzy algorithm. This structure may seem simple at first 

glance, but because its k-means algorithm is one of the suit-

able algorithms for clustering, it can create a more appropri-

ate membership degree than the random fuzzy algorithm 

method. This improves FCM speed and ultimately makes 

this a high-accuracy algorithm for suitable fuzzy clustering 

algorithms, which increases the speed of the fuzzy cluster-

ing algorithm. The results showed that the algorithms were: 

1) in the form of extraction of the key points and 2) able to 

plot the dispersion of the points, where there may be prob-

lems and illnesses at the outset. The first picture was dis-

played in the same way and, with a closer look, it was 

shown in the second picture that these commands and algo-

rithms yielded the most appropriate output. 
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HYDRATION AND SETTING BEHAVIOR OF CEMENT 

PASTES MODIFIED WITH SWINE-WASTE BIOCHAR 

Abstract  
 

The purpose of this study was to investigate the effect of 

swine-waste biochar (SB) on the hydration and setting be-

havior of cement pastes using real-time Fourier Transform 

Infrared Spectroscopy—Attenuated Total Reflectance 

(FTIR-ATR) and Raman spectroscopic techniques, as well 

as the Vicat needle test. Results indicated that SB is not an 

inert material in cement pastes, as the gradual shifts in the 

frequencies as well as the intensity changes of characteristic 

peaks in the Raman and FTIR spectra indicated accelerated 

polymerization as a result of hydration reactions. In addition 

to typical cement hydration products (calcium-silicate-

hydrate, calcium hydroxide, and calcium-aluminate-sulfate-

hydrate), characteristic peaks for calcium-carboxylate-salts 

(C-C-S) were detected. In all of the SB modified pastes,     

C-C-S was observed before C-S-H in the FTIR spectra; this 

explained the lower setting times obtained for SB-modified 

cement pastes. As early as 15 minutes after water was added 

to the dry binder mix of ordinary Portland cement with a 

20% SB replacement by mass, C-C-S was observed and 

accelerated the setting of the cement pastes. The shorter 

setting times of the modified pastes was a result of chemical 

reactions between the calcium cations from Portland cement 

and carboxylate anions from SB, leading to the development 

of C-C-S. The presence of C-C-S also created additional 

nucleation sites, which accelerated the development of the 

typical calcium-silicate-hydrates (C-S-H). For acceptable 

setting times, the highest SB replacement percentage in this 

research study was 15% at a water/binder ratio of 0.28. 

Shifts to lower Raman wavelengths for C-S-H in SB-

modified pastes provided an indication that C-C-S may have 

interfered with C-S-H polymerization during the setting 

period. 

 

Introduction  

 

The hydration and setting behavior of fresh cement 

pastes, particularly cement pastes modified with partial ce-

ment replacement materials (PCRM), are critical in the de-

velopment of sustainable structural concrete. The hydration 

of cement is a complex phenomenon that occurs when water 

is added to cement. Through dispersion, dissolution, ag-

glomeration, and chemical reactions, the cement pastes tran-

sition from a fluid state to a solid state. During early age 

hydration of ordinary Portland cement (OPC), its four major 

phases (tricalcium silicate, dicalcium silicates, tricalcium 

aluminates, and tetracalcium aluminoferrites) move and 

react with water to form cement paste. Cement paste is a 

multi-phase product of cement and water. Its complex struc-

ture, composition, and morphology vary with time.  

 

Cement pastes consist primarily of calcium hydroxide 

crystals, aluminates, and unreacted cement particles, all of 

which are embedded into a product matrix of amorphous 

nanostructured hydration called calcium-silicate-hydrate   

(C-S-H) gel [1]. The chemical changes that take place dur-

ing cement paste hydration often affect the progressive set-

ting of the paste. Setting is the process that occurs and re-

sults in a change from an initial semifluid mixture to a solid 

composite [2]. With the pursuit of more sustainable 

PCRMs, it is widely accepted that the setting and hydration 

behavior of a PCRM-modified cement paste system should 

be investigated as part of feasibility studies for PCRMs [3]. 

Consequently, the hydration and setting behavior of cement 

pastes with biochar obtained from swine-waste was investi-

gated in this study. 

 

The increasing production of swine (hog or pig) in the 

U.S. has generated environmental concerns, due to disposal 

challenges associated with swine waste [4-6]. As the envi-

ronmental consequences of swine waste rise, the pressure to 

explore methods for processing swine waste for useful ap-

plications in the agricultural and construction industry has 

grown [7]. Bio-binder from swine manure was used in the 

partial replacement of petroleum-asphalt binder [7]. SB was 

used to enhance the flow and aging susceptibility of asphalt 

for more sustainable pavements [8]. Sustainability advo-

cates constantly demand investigations into the use of waste 

materials in cement to reduce the environmental degradation 

commonly associated with the production of cement [9]. 

Considering that raw swine waste has a rather high compo-

sition of water and labile elements, using pyrolysis methods 

to reduce its moisture content and increase its aromatic, 

stable, and fixed carbons is recommended for cement pro-

duction processes [10]. 
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Pyrolysis is a key thermochemical conversion process 

that has been used by several researchers to convert animal 

waste into three product phases: gases, liquids (bio-oils), 

and solids (biochar). Biochar production is maximized at 

temperatures between 350oC and 700oC. Several researchers 

have focused on biochar sources, pyrolysis temperatures, 

particle size, density, pH, surface charge, surface function, 

porosity, water adsorption, cation exchange capacity, and 

aromatic properties of biochars [11-20]. While biochar has 

been investigated significantly for soil modification and 

contamination removal applications, few studies have inves-

tigated the use of biochar in cement or concrete applica-

tions. Hardwood biochar had water retention benefits, but 

reduced the compressive strengths of mortars [21]. Swine-

waste biochar influenced the flow and setting characteristics 

of cement pastes with up to 10% SB [20]. No other research 

studies were found to have conducted investigations on    

SB-modified cement pastes. 

 

The dominant presence of reactive carboxylic acids, es-

ters, and ethers in biochars present opportunities for chemi-

cal interactions to occur between SB and cement [18-20]. 

Cement research, such as for glass-ionomer cement (GIC), a 

water-based dental restorative, revealed acid-base reactions 

between calcium and/or aluminum cations released from 

reactive glass and carboxyl anions [22-24]. The hypothesis 

of this research study is that when water is added to a dry 

blended mix of SB and cement, chemical reactions between 

the functional surface groups of SB and Portland cement 

would influence the hydration and setting behavior of ce-

ment pastes. Hydration reactions that take place during the 

early age setting and hardening of cement pastes influence 

the performance and durability of concrete. As such, the 

effect of SB on the hydration and setting processes of ce-

ment pastes is the focus of this research study as part of the 

overall assessment of SB’s potential as a partial cement 

replacement material. 

 

The goal of this present study was to monitor, in real-

time, the hydration and setting behavior of cement pastes 

that have been modified with SB as a PCRM. FTIR-ATR, 

Raman spectroscopy (RS), and Vicat needle tests were used 

to gain an understanding of the molecular interactions that 

occur during the early age hydration and setting of cement 

pastes modified with SB. FTIR and Raman have a history of 

being used for examining the changes in chemical structures 

during setting, and the changes to setting chemistry due to 

the use of additives [24]. Unlike scanning electron micros-

copy (SEM) and X-ray diffraction (XRD) methods, FTIR-

ATR and Raman do not require sophisticated sample prepa-

ration, such as drying, vacuuming, and grinding, which de-

stroys the microstructure of the cement paste in the process 

[2, 24]. In addition, these methods allow continuous and in-

situ observation of the hydration of wet, fresh cement paste 

[2, 24]. 

 

Experimental Materials and Methods  
 

Type 1/1A Portland cement was obtained from a Home 

Depot store located in the southeast region of the U.S. Fol-

lowing American Society for Testing Materials (ASTM) 

guidelines, the cement met the standard composition re-

quirements specified in ASTM-C150. Potable water was 

from the sink in the Soils Laboratory located on the campus 

of North Carolina Agriculture and Technical State Universi-

ty (NCA & TSU). SB was produced at the Sustainable In-

frastructure Materials (SIM) laboratory located on the cam-

pus of NCA & TSU. SB is a black, carbonaceous residue 

from a thermochemical process (340oC for 80 minutes with 

nitrogen gas) used to extract bio-oil from raw swine waste 

through a pyrolysis process [7, 8]. SB was the residue ob-

tained after filter paper was used to separate SB from bio-

oil. Table 1 presents the elemental composition of SB ]20]. 

Zetasizer Nano-S (Malvern instrument) dynamic light scat-

tering (DLS) showed that SB’s mean particle size was   

509.6 nm and SB had negatively charged surfaces. 

 
Table 1. Elemental Composition of SB 

Following the mix proportions for the SB-modified ce-

ment pastes listed in Table 2, cement and SB were manually 

dry mixed for about five minutes to obtain a uniform binder 

mix. Potable water was placed in the mixing bowl of a    

4.73 liter ELE mechanical mortar mixer (ASTM C305 com-

pliant). The dry cement/SB binder mix was then added and 

allowed to sit for 30 seconds for water absorption. The me-

chanical mixer was started at a slow speed (139 rpm) and 

then mixed for 30 seconds. The mixer was then stopped for 

15 seconds and the sides of the mixing bowl were scrapped. 

The mixer was re-started and the paste was mixed at medi-

um speed (285 rpm) for 60 seconds. The specimens were 

then immediately extracted for the Vicat setting tests. 

 

For the FTIR and Raman spectroscopic analysis, cement 

and SB were manually dry mixed in a small plastic dish 

using the mix proportions listed in Table 2. Mixing water 

was then added to the dry ordinary Portland cement / SB 

binder mix and allowed to soak for 30 seconds for water 

Element  Percent  Element Percent 

Carbon 54.02 Phosphorus 4.87 

Oxygen 30.60 Silicon 0.95 

Calcium  5.00 Iron 0.90 

Magnesium  1.95 Aluminum 0.34 
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absorption. It was then manually mixed for another 60 sec-

onds. The specimens were then extracted for FTIR and Ra-

man tests. Shifts in characteristic peaks in the FTIR and 

Raman spectra were used to gain insight into ongoing hy-

dration reactions that were in progress during the setting of 

cement pastes. 

 
Table 2. Mix Proportions for SB-Modified Cement Pastes 

FTIR was used to obtain useful information regarding the 

development of key hydration products in SB-modified ce-

ment pastes. FTIR has been used extensively as a semi-

quantitative method to investigate cement, biochar, and 

composites [1, 25-36]. FTIR analysis was conducted with a 

Varian 670 FTIR spectrometer using a Pike “miracle” At-

tenuated Total Reflectance (ATR) accessory for an attenuat-

ed total internal reflection FTIR. In an ambient atmosphere, 

the background spectrum was collected before sample anal-

ysis. Sixteen scans were recorded over the measurement 

range between 400 cm-1 and 4000 cm-1, with a spectral reso-

lution of 4 cm-1. The obtained spectra were corrected with a 

linear baseline. 

 

Raman spectroscopy (RS) has been used to obtain useful 

information regarding SB, cement, and the development of 

hydration products in SB-modified cement pastes [2, 37-

50]. The Horiba XploRA One Raman Confocal microscope 

system allowed the generation of Raman spectra for cement, 

SB, and all cement pastes. The instrument used a laser, 

which interacted with sample molecules and resulted in en-

ergy of laser photons being shifted up or down. This Raman 

shift was measured in wavelengths and unique energy shifts 

of each molecule enhanced its detection. During each test, 

scanning was carried out from 150 cm-1 to 3500 cm-1. Sam-

ples were illuminated with a 532-nm laser. The exposure 

time for each scan was 10 seconds, and about one minute 

was used to acquire each spectrum.  

 

The spectra were corrected using a linear baseline. Given 

the continual shifts in frequencies and change in intensity of 

characteristic peaks in the FTIR and Raman spectra, the 

cement pastes were used to track and gain insight into ongo-

ing hydration reactions that occurred during the setting of 

the cement pastes. American Society for Testing and Mate-

rials (ASTM C191) guidelines for the time of setting of hy-

draulic cement by the Vicat needle were followed to deter-

mine the initial setting times as well as the final setting 

times of all cement pastes. The initial time of setting was 

recorded when a needle penetration of 25 mm was attained. 

Final setting was achieved when there was no complete 

circular penetration on the cement paste.  

 

Early Hydration Products Detected by the 

FTIR-ATR 

 

In agreement with previous studies, research results 

showed FTIR characteristics peaks (see Figure 1), which 

confirmed the presence of O-H (3200-3600), C-H          

(2915   cm-1, 2850 cm-1), C=C and C=O (1500-1750 cm-1), 

and C-O (1000-1300 cm-1) surface functional groups for 

reactive carboxylic acids, esters, and ethers in SB-modified 

cement pastes [18-20]. NMR studies yielded similar results 

and found similar functional groups in SB [11]. Also, the 

characteristic peaks for silicates (916 cm-1, 875 cm-1), sul-

fates (1124 cm-1), and carbonates (1405 cm-1) from Portland 

cement were observed [1, 20, 26-28]. 

Figure 1. FTIR Spectra for CP-SB20 at Varying Ages 

 

Capillary water: While the dry cement and SB had limited 

water bands at 3360 cm-1, the 15-minute spectra in Figure 1 

showed that the most dominant feature in the FTIR spectra 

for CP-SB20 was the strong O-H stretch (3360 cm-1). This 

corresponded to capillary water as the mixing water had 

been added only 15 minutes previously to the binder mix 

and had not fully participated in the hydration process. The 

negligible differences in the stretches during the first hour 

of hydration of CP-SB20 were a result of –OH groups par-

ticipating in hydrogen bonding, indicating the incorporation 

of more water molecules in the system [1]. The capillary 
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Design  

Mix 
Cement (%)   SB (%) 

Water /Binder 

Ratio 

CP-SB00  100.00    0.00    0.28 

CP-SB10  90.00   10.00    0.28 

CP-SB15  85.00   15.00    0.28 

CP-SB20  80.00   20.00    0.28 
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water facilitates the hydration process by dissolving the 

cement minerals and contributing hydroxyl ions for the for-

mation of hydroxyl groups. With the addition of water, the 

cement dissolves and calcium ions from calcium silicates 

leach quickly from the cement into the mixing water. 

Deprotonation of carboxylic acid groups also occurred. As 

hydration proceeded, the water was consumed in various 

hydration reactions, as observed in a reduction in the inten-

sity of the O-H stretch in the 270-minute spectra for         

CP-SB20. The stretch maximizing at 1633 cm-1 for           

CP-SB20 was also assigned to the stretching and bending 

modes of water in sulfates, particularly gypsum [27, 30]. As 

hydration progressed, this broad feature was caused by the 

bending vibration of irregularly bound water [25]. Also, the 

1633 cm-1 stretch in the SB modified pastes was associated 

with C=O and C=C bonds for carboxylic acids and aromatic 

alkenes from SB [20, 30-33]. 

 

Calcium-aluminate-sulfate-hydrate: Prior to the addition of 

water, the bend at 1124 cm-1 in the spectra for dry cement 

was assigned to S-O stretching for sulfates in cement [25, 

47]. In Figure 1, the 15-minute spectra for CP-SB20 shows 

that, with the addition of water, there was a shift to a lower 

peak (1105 cm-1). This was assigned to S-O stretching of 

SO4
2- in the development of calcium-aluminate-sulfate-

hydrate (ettringite), which is known to form early in the 

cement hydration process [1, 27, 47]. With the addition of 

water, the rapid dissolution of sulfates was followed by 

crystallization [25]. Changes occurring within this sulfate 

area are not uncommon, as intermediate phases are formed 

and ettringite subsequently changes to monosulfate as the 

hydration progresses [1, 25]. 

 

Calcium-carboxylate-salts (C-C-S): The earliest appearance 

of C-C-S was observed as weak bends on the FTIR spectra 

(1459 cm-1 and 1538 cm-1) as early as 15 minutes after wa-

ter was added to CP-SB20. The weak bends became more 

distinct and strengthened with time as hydration progressed. 

Therefore, the more developed bends, as shown in the       

60-minute spectra for CP-SB20, are typically for the salts of 

carboxylic acids [34, 35]. The weak peaks observed at    

1538 cm-1 and 1575 cm-1 in the 60-minute spectra were as-

signed to carboxylate groups at multi-layer coverage in pre-

cipitated C-C-S. [51]. Figure 1 shows how this doublet be-

came more distinct with time, as hydration progressed and 

the stretches for capillary water (3360 cm-1) and carboxyl 

groups (1633 cm-1) appeared to decrease in intensity. 

 

This is because, with the addition of mixing water to the 

dry cement/SB mix, the carboxylic acids (-COOH) found in 

SB readily dissociated into carboxylate anions with the re-

lease of hydrogen ions (deprotonation). This resulted in the 

increased dominance of carboxylate anions (COO-) in the 

pastes. Concurrently, there was a release of calcium cations 

from cement, and these made capillary water become an 

aqueous mix with a variety of ions. Calcium cations from 

cement replaced the hydrogen deprotonated from the car-

boxylic acids and resulted in the development of calcium-

carboxylate-salts (C-C-S). The emergence of more distinc-

tive peaks at 1459 cm-1, 1538 cm-1, and 1575 cm-1 in the 270

-minute spectra for CP-SB20 confirmed that these acid-base 

reactions continued to make significant progress within the 

SB-modified cement pastes. The small changes in the shape 

of these bands are associated with the structural and confor-

mation changes that occur as the calcium cations replace 

hydrogen ions in the polymer chain. The FTIR doublet at 

1540 cm-1 and 1575 cm-1 are correlated to the coordinated 

structure of carboxylate groups with calcium ions [51]. The 

presence of C-C-S was further validated with the emergence 

of weak stretches at 1031 cm-1 in the 60-minute spectra for 

CP-SB20 and this was assigned to C-O bonds in C-C-S.  

 

This bend for C-O bonds in C-C-S intensified as hydra-

tion progressed, as shown in the 270-minute spectra. Fur-

thermore, the stretches for C-H bonds (2915 cm-1 and    

2850 cm-1) for alkyl groups in CP-SB20 became more dom-

inant as hydration progressed, being most dominant in the 

270-minute spectra for CP-SB20. This was attributed to the 

fact that the mixing water was continuously consumed dur-

ing the cement paste hydration reactions, and so the de-

crease in capillary water permitted easier detection of the   

C-H bonds by the FTIR equipment. Notably, Figure 2 

shows that the stretches (2915 cm-1, 2850 cm-1, 1575 cm-1, 

1538 cm-1, 1454 cm-1, and 1031 cm-1) for C-C-S in           

CP-SB20 were absent in the control cement paste            

(CP-SB00), because it had no SB and, as such, no functional 

organic surface groups. C-C-S bands were most intense in 

CP-SB20 because it had the highest SB content. 

Figure 2. FTIR Spectra for 270-Minute Aged Pastes 
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Calcium-silicate-hydrate: The typical key hydrate responsi-

ble for strength development, C-S-H, was not detected early 

but emerged later in the 270-minute spectra for CP-SB20 

(see Figure 1). The appearance of a slight shoulder (995 cm-

1) as a result of the shift from the undissolved cement peak 

(916 cm-1) was attributed to the polymerization of silicate 

units (SiO4
4-) with formation of the C-S-H phase [1]. It is 

not uncommon for C-S-H to be detected three hours after 

hydration when the outer product of the C-S-H gel has sur-

rounded the cement grains [52]. Figure 2 shows that even 

after 270 minutes of hydration, the shift for C-S-H polymer-

ization had not yet occurred in the control paste (CP-SB00), 

nor in the paste with the least amount of SB (CP-SB10). 

 

Rather, the Si-O asymmetric stretching vibration of undis-

solved calcium silicates (910 cm-1) in Portland cement were 

still present in CP-SB00 and CP-SB10 [1]. Clinker 

(undissolved calcium silicates in cement) dissolution has 

been correlated with C-S-H formation [25]. Notably, these 

clinker bands almost completely disappeared in the          

270-minute spectra for CP-SB15 and CP-SB20, suggesting 

that perhaps clinker consumption progressed at a much 

higher rate in SB-modified cement pastes. This observation 

suggests that SB may also have created additional nuclea-

tion sites for the development of C-S-H, thus accelerating 

the polymerization of C-S-H in SB-modified cement pastes. 

Predictably, C-S-H developed and matured on the calcium 

silicate particles, while calcium hydroxide crystals grew in 

the pore space [53]. With the presence of SB in the pore 

space, C-S-H is likely to also grow and SB and further ac-

celerate the polymerization of C-S-H. 

 

Calcium hydroxide: FTIR stretches for calcium hydroxide 

(CH) were not observed in any of the 270-minute spectra in 

this study. However, CH was observed at 3637 cm-1 in all of 

the 7-day pastes (see Figure 3). During the dissolution of the 

calcium silicate phases in cement, chemical reactions be-

tween OH- and calcium cations from cement resulted in the 

precipitation of CH. [27, 28]. 
 

Early Hydration Products Detected by 

Raman 

 

In agreement with the FTIR results, Figure 4 for the Ra-

man spectra indicates the presence of C-C (955 cm-1,       

770 cm-1), C-COO (1574 cm-1, 875 cm-1), and C-H       

(1474 cm-1, 1353 cm-1) functional surface groups [44-46]. 

Peaks for aluminates (761 cm-1, 525 cm-1), calcium silicates 

(849 cm-1), gypsum (1016 cm-1), and carbonates (1098 cm-1) 

were observed in the Raman spectra for ordinary Portland 

cement [2, 37, 38, 42, 43].  

 

 

Figure 3. FTIR Spectra for 7-Day Aged Pastes 

Figure. 4. RAMAN Spectra for Cement, SB, and Pastes 
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In agreement with the results from the FTIR, the Raman 

spectra (see Figure 4) confirmed that SB is not inert, and 

that chemical reactions occur when water is added to SB-

modified cement. The spectra obtained support the fact that 

four key hydration products are formed with the addition of 

water: calcium-carboxylate salts, calcium-silicate-hydrate, 

calcium-aluminate-sulfate-hydrate, and calcium hydroxide. 

 

Calcium-carboxylate-salts (C-C-S): After 60 minutes, the 

most dominant peaks during the setting of cement pastes 

modified with SB were for C-H (1469 cm-1, 1357 cm-1 and 

1089 cm-1) and COO- (1598 cm-1 and 880 cm-1) in C-C-S in 

CP-SB15 and CP-SB20 (see Figure 4). An increase in the 

intensities of the CP-SB20 peaks (1338 cm-1, 1455 cm-1, and 

1582 cm-1) corresponding to progressive increments in       

C-C-S was noted when the 90-minute spectra for CP-SB20 

were compared with the 270-minute spectra. Furthermore, 

on the 270-minute spectra, a peak emerged at 1629 cm-1. 

This peak was possibly due to aluminum-carboxylate-salts 

(A-C-S) [45]. Aluminum cations from the dissolution of 

tricalcium aluminates in cement may have reacted with the 

carboxylate anions from SB to form A-C-S. 

 

Calcium-silicate-hydrate (C-S-H): The peaks observed at 

460 cm-1 and 625 cm-1 in CP-SB00 were assigned to pol-

ymerized C-S-H from the hydration of calcium silicates in 

cement; while in CP-SB15 and CP-SB20, the peaks at     

430 cm-1 and 600 cm-1 were assigned to polymerized C-S-H 

[2, 39, 41, 43]. This shift to a lower Raman frequency for   

C-S-H was consistently observed in all of the other           

SB-modified cement pastes. The lower C-S-H peaks in the 

SB-modified pastes may be attributed to changes in the 

bond length and strength of C-S-H, as a result of the earlier 

development of C-C-S in the SB-modified cement pastes 

[50]. These findings provided strong evidence that indicated 

that C-C-S from SB had intruded in the growth and matura-

tion of C-S-H, and perhaps weakened the linkages and mi-

crostructural development of C-S-H in the cement pastes 

modified with SB. Additional research should be conducted 

to assess the extent to which such interference in the devel-

opment of C-S-H would hinder strength development in 

concrete. Furthermore, the C-S-H peaks in the SB-modified 

pastes appear to be more intense, suggesting that perhaps   

C-S-H had developed much faster in the SB-modified pastes 

compared to the control paste. This may be explained by the 

additional nucleation sites created by SC that allowed         

C-S-H to develop much faster in the SB-modified cement 

pastes [54]. 

 

Calcium-aluminate-sulfate-hydrate: The peaks at 987 cm-1 

in SB-modified pastes and 995 cm-1 in CP-SB00 were as-

signed to ettringite [47]. Once again, the lower Raman shifts 

for the hydrates in the SB-modified cement pastes was at-

tributed to the interference from C-C-S. Unhydrated calci-

um silicates were also observed by the peaks at 519 cm-1 and 

854 cm-1 in both pastes. 

 

Calcium hydroxide: Two peaks (1483 cm-1 and 1613 cm-1) 

were assigned to calcium hydroxide in the control pastes 

[2]. These Raman peaks were masked by the C-C-S peaks in 

the cement pastes modified with SB. 

 

Setting Times of Cement Pastes by the 

Vicat Needle Test 

 

Concurrent with results from the spectroscopic tech-

niques, results from the Vicat needle time-of-setting test 

(see Figure 5) showed that the replacement of 20% of ordi-

nary Portland cement with SB in CP-SB20 resulted in an 

88% reduction in the initial setting time. Considering that 

the ASTM standard requires initial setting times to be at 

least 45 minutes, the results obtained for CP-SB20 do not 

satisfactorily meet performance prescriptions, as the         

SB-modified cement paste set too quickly [55]. It is im-

portant that chemical reactions occur sufficiently slowly 

initially to allow adequate mixing and working time for the 

pouring, working and finishing of concrete. Consequently, 

at a 0.28 water/binder ratio, SB replacement percentage 

should not exceed 15%. 

Figure. 5. Initial Setting Time for Cement Pastes 

 

Compared to CP-SB00, an 80% reduction in the final 

time of setting was obtained when 20% of ordinary Portland 

cement was replaced with SB in CP-SB20 (see Figure 6). 

Drawing from the FTIR and Raman results, the rapid setting 

of SB-modified cement pastes was primarily attributed to 

the early and rapid precipitation of C-C-S.  
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 Figure. 6. Final Setting Time for Cement Pastes 

 

These results indicate that, during the typical inactive 

induction period of the control cement pastes (CP-SB00),    

C-C-S in cement pastes modified with SB continues to de-

velop and mature. Furthermore, the presence of SB in pastes 

provides additional nucleation sites in the pore spaces, and 

this advances the accelerated development and setting of the 

hydration products. [49]. These additional nucleation sites 

resulted in faster interactions and linkages among the differ-

ent hydrated products, thus accelerating the setting of       

SB-modified cement pastes.  

 

The influence of SB on the hydration and setting of ce-

ment pastes cannot be overlooked. SB first disperses non-

uniformly in the cement paste. After that, reactive carbox-

ylic acid functional surface groups from the swine diets 

present in SB react with calcium ions from cement through 

acid-base reactions to form   C-C-S [20, 56-59]. Concurrent-

ly, other key Portland cement hydration products were de-

veloped. As hydration proceeds and the capillary water is 

consumed, C-C-S and these other key Portland cement hy-

drated products coalesce to form a solid paste. 

 

Conclusions 
 

In this research study, real-time spectroscopic techniques 

and ASTM Vicat needle setting-time tests were used to in-

vestigate the effect of swine-waste biochar on the hydration 

and setting behavior of cement pastes. The following con-

clusions can be drawn from this study: 

1. Swine-waste biochar is not a passive material, as 

reactive negatively charged carboxylic acid function-

al surface groups are present in SB. When mixing 

water was added to the dry cement/SB binder mix, 

chemical reactions occurred between the calcium 

silicates of ordinary Portland cement and the carbox-

ylic functional surface groups of SB. Consequently, 

in addition to the typical cement hydration products 

(calcium-silicate-hydrate, calcium-aluminate-sulfate-

hydrate, calcium hydroxide), calcium-carboxylate-

salts (C-C-S) were observed in SB-modified pastes. 

2. Compared to the much later detection of calcium-

silicate-hydrate (C-S-H) and calcium hydroxide 

(CH), C-C-S was observed as early as 15 minutes in 

SB-modified paste with 20% SB. The spectroscopic 

shift for polymerizing silica for C-S-H was 270 

minutes after the addition of water to the dry cement/

SB binder mix for cement pastes with 20% SB. 

3. The shorter initial and final times of setting obtained 

for SB-modified cement pastes corroborated the ear-

ly observation of C-C-S in the FTIR spectra. This 

provided strong logical evidence to confirm that      

C-C-S had accelerated the setting and development 

of cement pastes modified with SB. Furthermore, it 

is suspected that SB also contributed additional seed-

ing sites within the cement pastes to support the 

growth of hydrated products, and this also contribut-

ed to the accelerated setting of the SB pastes.  

4. SB interfered in C-S-H development in SB-modified 

cement pastes, as was indicated by the lower Raman 

shifts that were obtained for C-S-H in all               

SB-modified cement pastes. Considering that C-C-S 

precipitated and polymerized much earlier than       

C-S-H in SB-modified pastes, it is plausible that      

C-C-S structures may have been formed prior to the 

delayed emergence of C-S-H, and this could have 

negatively impacted the microstructural develop-

ment and polymerization of C-S-H.  

5. Under the experimental conditions in this study, the 

cement pastes that had been modified with 20% SB 

had unacceptably short initial setting times. Conse-

quently, the maximum SB replacement percentage 

with acceptable setting times was 15%. 
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Abstract 
 

In this study, the authors designed and fabricated a coated 

graphite ion-selective electrode sensitive to samarium cation 

based on the neutral ion of Kryptofix 22DD in a membrane 

made of polyvinyl chloride (PVC) in tetrahydrofuran 

(THF). The best function was achieved with a membrane 

containing 0.05 mg of Kryptofix 22DD, 0.2 mg sodium 

tetraphenyl borate (NaTPB), 0.63 mg nitrobenzene (NB), 

and 30.0 mg PVC. This electrode, with a high selectivity 

compared to Sm3+ cation, had a Nernst slope of         

91.7±0.1 mV/decade in the linear range of 1.0×10-1M to 

1.0×10-7M, and a detection limit of 9.3×10-8M. The pro-

posed sensor had a fast response time of 10 seconds and 

good repeatability, and was used for a 50-day period with-

out significant potential changes. The electrode was used 

within the pH range of 2-10 and the effect of possible inter-

action ions on it was investigated. This electrode was used 

as a detector electrode for potentiometric titration of samari-

um using NaI and EDTA solutions, and a sharp defect was 

observed in the titration curves around the equivalence 

point. This sensor was successfully used to determine Sm3+ 

in samples of double-distilled water with different concen-

trations of samarium. The sensor was also used to determine 

the samarium in real samples of water. 

 

Introduction 
 

The focus on crown ether compounds since 1967 was 

begun by Pedersen with the synthesis of the first crown 

ether (Dibenzo-18-crown-6). Crown ethers are the large 

cyclic compounds in which there are heteroatoms such as 

oxygen, nitrogen, or sulfur. These ligands are also some-

times called multidentate macrocyclic or macroheterocycles 

[1]. Crown compounds are neutral; heteroatoms in the ring 

play the role of electron donor and create strong crown-

cation and crown-anion complexes. One of the most promi-

nent features of the crown compounds is their complexity 

with metal cations, especially alkali metal cations and alka-

line earth metals, which gives particular importance to these 

compounds [2]. Crown ethers are the unladen molecules 

that are often separated from the oxygen donor atoms in the 

ring by methylene groups, usually two methylene groups    

(-CH2 -CH2-). The ability to form a stable complex, espe-

cially alkaline and alkaline earth metals cations, is one of 

the most important characteristics of the crown compounds, 

especially the crown ethers [3]. Generally, the formation of 

the complex between the crown ether and cation is due to 

dipolar ionic electrostatic interactions of the C-O bond and 

the cation. The stronger the interactions, the more sustained 

complexes naturally occur. Figure 1 shows the complex 

formation reaction between cations K+ and 21-crown-7. 

Figure 1. Complex Formation Reaction between Cations K+ 

and 21-crown-7 

 

In the structure of the crowns, the pair of free electrons of 

the oxygen atoms orientates to the interior, so strong inter-

actions between the cation and the ligand are established, 

which results in the creation of a coordination space, either 

partially or completely in the ring. On the other hand, Meth-

ylene is directed to the outside of the ring; this behavior 

gives the lipophilicity property to the complex and solves 

the complex in non-polar solvents (see Figure 2) [4]. 

Figure 2. Strong Interactions between Cations and Ligands 

 

The relative size of the cation and ligand cavity, the effect 

of the solvent, the effect of anion, the number of donor at-

oms and the spatial arrangement of crown ether, the type of 

donor atoms in the crown ring, the cation load, the effect of 

fraction groups in the crown ring, and the strength of the 

ligand play, are factors that affect the stability of crown 
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ether complexes [5]. Selection and detection of ions, in-

creasing the dissolution capacity of mineral salts in organic 

solvents as a stationary phase in HPLC, preparation of ion-

selective electrodes, and transfer of ions from biological 

membranes and as phase transfer catalysts are the most im-

portant applications of crown ether; therefore, it is necessary 

to study each of them. Samarium was discovered in 1879 in 

France by Paul Emil. The name of this element was taken 

from the word samarskite (a mineral material). Its applica-

tions include [6]: 

• Concentration of CaF2 crystals for use in Excimer 

lasers 

• Use as a neutron absorber in nuclear reactors 

• Used in alloys and headphones 

• Samarium-cobalt alloys for permanent high-strength 

magnets 

• Samarium oxide in optical glass for absorbing infra-

red radiation 

• Certain compounds of samarium as phosphorus sen-

sitizer 

• Samarium oxide as a catalyst for reducing water and 

dehydrogenation of ethanol 

 

The presence of samarium in the workplace is dangerous, 

because when its gas is inhaled with air causes lung block-

age, especially if it is inhaled over an extended time period. 

In addition, samarium causes cancer in humans and inhaling 

it increases the risk of cancer [7]. Of course, it should be 

noted that polymer membrane-based sensors are used as an 

efficient analytical tool with many advantages to measure 

various ions in biological and environmental samples [8]. 

Contamination with heavy metals is one of the major envi-

ronmental problems in human societies that endanger the 

health of people in the community. Manufacturing sensors 

using a simple process, and creating sensors that have a high 

lifecycle, low cost, and high sensitivity and selectivity is 

important for measuring the small amounts of analyte. In 

this project, the large ligand of the Kryptofix 22DD (1, 10-

didecyl-1, 10-diaza-18-crown-6) was used in the production 

of graphite-coated electrodes, which are sensitive to samari-

um, in order to measure this metal in aqueous solutions. 

 

Methodology 
 

Method for Preparing the Solutions  
 

The solutions used in this study were prepared from solu-

tions in the range of 1.0×10-8 to 1.0×10-1 molar from samari-

um nitrate. In order to prepare 0.1 molar of nitrate samarium 

solution, 2223.2g of six high-purity samarium nitrate salt 

was poured into a 50-ml volumetric flask with distilled wa-

ter. To prepare a 0.01-molar solution of samarium nitrate,   

5 ml of the 0.1 molar nitrate samarium solution was poured 

into a 50-ml volumetric flask with distilled water. In the 

way, other solutions were prepared from the initial solution. 

For preparation of a 0.13-molar EDTA solution, according 

to the calculations, 0.930g of high-purity EDTA-NA2 salt 

were weighed and placed in a 25 ml volumetric flask and 

with distilled water. To prepare a 0.01M NaI solution, ac-

cording to the calculations, 0.750g of sodium iodide salt 

with high purity was poured into a 50 ml volumetric flask 

and with distilled water. Prior to the preparation of 4 ppm 

and 8 ppm mixtures of samarium, a solution of 1000 ppm 

samarium was prepared. For this purpose, 29.556g of high-

purity samarium nitrate was poured into a 100 ml volumet-

ric flask and with distilled water. A 100 ppm solution was 

prepared from this 1000 ppm solution. To prepare 4 ppm 

solutions and 2 ppm solutions, 2 and 4 ml of solution of   

100 ppm samarium were poured into a 50 ml volumetric 

flask and with distilled water, respectively. 

 

The preparation method of an ion-selective electrode for 

measuring samarium began with graphite rods having a di-

ameter of 4 mm. The rods were first placed in a concentrat-

ed nitric acid solution for 24 hours to remove their impuri-

ties. Next, the bars were washed with THF and water. Then 

they were washed with soft sandpaper to form a perfectly 

uniform surface, and then washed again with distilled water 

and acetone and dried at room temperature. To prepare the 

membrane, proper amounts of polyvinyl chloride (PVC), 

ion-selective Kryptofix 22DD, softener (DBP, DOP, DOS 

and NB), and additive (NaTPB) were placed in dried Bécher 

10 ml, then about 2 ml of THF was added to this mixture 

and quickly mixed with a manual whisk until a completely 

uniform solution was obtained. This solution was then 

mixed with a magnetic stirrer to create a viscous solution 

(thick and oily) suitable for coating on a graphite rod. The 

next step was to use dip the tip of the graphite rod into the 

above solution for several seconds and up to a certain height 

to form a uniform membrane on the rod. The prepared elec-

trode was placed at room temperature for 24 hours to evapo-

rate the solvent and dry the membrane.  

 

After the construction of the electrode, and in order to 

condition and use it in the potentiometric measurements, the 

electrode was first placed in a solution of 0.02 molar meas-

ured ions for a specific time to place the cation in the ion-

selective pores and the membrane in the coating layer. The 

ion-selective pores were then gradually saturated with the 

ions in the solution. Next, the electrode was washed with 

distilled water and used for dissolution measuring. After 

connecting the ion-selective electrodes by copper wire along 

with the silver chloride reference electrode to the potenti-

ometer in the Bécher containing the measured solution, the 

potential difference between the two electrodes was meas-
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were used to study the effect of the softener on the response 

of the coated samarium-selective electrode.  

 

The results show that the electrodes, using NB as a sof-

tener in membranes, had a wider range of linear concentra-

tions. Lipophilic additives have numerous effects on the 

membrane of ion-selective electrodes, which reduces the 

membrane’s resistance and improves the Nernst response 

and selectivity of the electrode [10, 11]. Sodium tetra phe-

nyl borate (NaTPB) was used to study the effect of the addi-

tive on the response of the coated electrode sensitivity to 

samarium. The results showed that, in the absence of 

NaTPB, the slope of the electrode differed from the Nernst 

slope; but, as NaTPB increased, the electrode response got 

nearer to the Nernst response. The amount of ion selectivity 

in the membrane also played a key role in the performance 

of the electrode, because the amount of these particles af-

fects the amount of available space for the formation of the 

complex between the cation of samarium and ion selectivi-

ty. Table 1 shows that the absence of ion selectivity causes 

an undesirable response in the electrode; but, with its in-

crease, the electrode response is desirable. 

ured. To measure the potential, a series of solutions contain-

ing the desired ion was prepared for a concentration range 

of 1.0×10-8 to 1.0×10-1 molar. To measure the potential of 

each solution, they were given a certain period of time to 

allow the membrane covering the surface of the electrode to 

be balanced with the measured solution and then the poten-

tial was read. Finally, the E (mV) diagram was drawn in 

accordance with –Log [Sm3+] of the electrodes and their 

response (slope and domain of linear concentration) were 

investigated. 

 

Results and Discussion 
 

Table 1 shows the results of the investigation into the 

composition of membrane components on the response of 

ion-selective electrode sensitivity to samarium cation. Sen-

sitivity, selectivity, linear concentration range, and stability 

of an ion-selective electrode depend not only on the nature 

of the ion-selective electrode used, but also on the nature 

and amount of softener and lipophilic material [9]. Four 

different types of softeners (DOP, DBP, DOS, and NB) 

No. 

Composition of the membrane components (mg) 

Linear concentration 

range (M) 
PVC 

Ion selective 

(Kryptofix22DD) 

Additive 
(NaTPB) 

Softener 
Slope 

(mV / decade) 

1 30 7.0 - (NB) 0.63 61.2±7.0 10-7 to 10-2 

2 30 - 7.0 (NB) 0.63 1.2±0.3 10-7 to 10-2 

3 30 5.0 2.0 (DOP)0.63 32.6±0.5 10-5 to 10-1 

4 30 6.0 3.0 (DOP) 0.61 81.8±0.3 10-5 to 10-1 

5 30 5.0 2.0 (NB)0.63 91.7±0.1 10-7 to 10-1 

6 30 4.0 4.0 (DOP) 0.62 62.4±0.6 10-4 to 10-1 

7 30 5.0 2.0 (DBP)0.63 71.2±0.1 10-6 to 10-2 

8 30 4.0 4.0 (DBP) 0.61 61.8±0.8 10-5 to 10-1 

9 30 3.5 2.5 (DBP) 0.64 51.8±0.5 10-4 to 10-2 

10 30 5.5 2.5 (DBP)0.62 71.5±0.2 10-8 to 10-5 

11 30 6.0 2.0 (DOS) 0.62 11.8±0.5 10-7 to 10-4 

12 30 5.0 2.0 (DOS) 0.63 41.9±0.6 10-5 to 10-2 

13 30 5.0 4.0 (DOS) 0.61 71.6±0.4 10-5 to 10-2 

14 30 3.0 2.0 (NB)0.65 12.2±0.7 10-6 to 10-1 

15 30 5.0 3.0 (NB) 0.62 31.9±0.2 10-6 to 10-2 

16 30 6.0 4.0 (DBP) 0.60 51.9±0.5 10-4 to 10-1 

Table 1. Optimization of Membrane Components in Creation of a Samarium-Selective Electrode 
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Response Curve of the Samarium-

Selective Electrode Combined with the 

Optimal Components of the Membrane 
 

The results of the study showed that the linear concentra-

tion range was equal to 1.0×10-7 to 1.0×10-1M. Figure 3 

shows that the slope of the calibration curve in this concen-

tration region was 19.7 mV/decade (the equation of line 

R2=0.926, y=19.714x+240.71). The slope of the curve was 

closer to the Nernst slope, indicating better response and 

sensitivity of electrode. The detection limit in the ion-

selective electrons (see Figure 4), according to IUPAC rec-

ommendations, was obtained from the intersection of the 

two extrapolated lines from the calibration curve [12]. Ac-

cording to this method, the detection limit of the coated 

graphite samarium-selective electrodes was obtained at 

9.3×10-8M. 

Figure 3. Optimal Response Curve of the Samarium-Selective 

Electrode 

Figure 4. Calculation of the Detection Limit of the Two 

Extrapolated Lines from the Calibration Curve of the  

Optimum Samarium-Selective Electrode 

The static response time of the optimized electrode for 

solutions of samarium nitrate with concentrations of   

1.0×10-2M, 1.0×10-3M, and 1.0×10-4M was investigated. 

Figure 5 shows that the response time of the electrode was 

in equilibrium in a short period of time, 10 seconds, and that 

it remained constant for 145 seconds. Evaluating the dy-

namic response of the optimal sensor was done by rapidly 

changing the concentration of samarium from diluted to 

concentrated concentrations in the range of 1.0×10-7M to       

1.0×10-1M and then measuring time and potential; the re-

sults were obtained by changing the concentration of ana-

lyte such that the response time of the electrode reached 

equilibrium after only a short time. Figure 6 shows that the 

reason for this result can be related to the rapid exchange of 

complexation-decomplexation of the samarium ions with 

the ion selectivity of the membrane-solution boundary. 

Figure 5. Static Response Time of the Optimized Electrode 

(1.0×10-3M  , -1.0×10-2M ) 

Figure 6. Dynamic Response Time of the Optimized Electrode 

(G: 1.0×10-1
M, F: 1.0×10-2, E: 1.0×10-3, D: 1.0×10-4,  

C: 1.0×10-5, B: 1.0×10-6, A: 1.0×10-7) 
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In order to verify the repeatability or reversibility of the 

optimal samarium-selective electrode’s response, similar 

sequential measurements were made for solutions with con-

centrations of 1.0×10-2M and 1.0×10-3M from samarium 

nitrate. The results showed that for 10 consecutive measure-

ments, solutions with these two concentrations were found 

to have an optimal samarium-selective electrode with no 

significant changes observed in electrode potential (see Fig-

ure 7). This indicates that the potentiometric response of the 

desired electrode is reversible [5]. According to the results 

given in Table 2, the proposed electrode had a good Nernst 

slope until 50 days, after which there was no change in its 

response. 

Figure 7. Reversibility Curve of Optimum Samarium-Selective 

Electrode Response for Concentrations of 1.0×10-2M and 

1.0×10-3M from Samarium Nitrate 

 

Effect of pH 
 

One of the most effective factors for determining elec-

trode response is the pH of the solution. To investigate the 

effect of the pH of solution on electrode response, the po-

tential of solutions with concentrations of 1.0×10-2M, 

1.0×10-3M, and 1.0×10-4M from samarium nitrate in the pH 

range between 1 and 12 were measured. Based on the re-

sults obtained, the electrode’s potential was constant in a pH 

range of 2 to 10, and the electrode’s response in this region 

was independent on pH. As a result, this electrode can be 

used to measure samarium in a wide range of actual samples 

without pH adjustment. At a pH below 2, due to the compe-

tition between H3O
+ and Sm3+ ions, electrode response was 

dependent on pH and the ion selectivity used can be partial-

ly protonated, which reduces the tendency of ion selectivity 

to form a complex with the samarium ions, resulting in in-

adequate function of the electrode. Figure 8 shows that, at 

pH values greater than 10, the potential becomes more neg-

ative, because of the formation of a samarium hydroxide 

deposit, and that the response of the electrode depends on 

pH. 

Figure 8. Potential Changes in Terms of pH of Solution for an 

Optimal Samarium-Selective Electrode 

(1.0×10-2M , 1.0×10-3M , 1.0×10-4M ) 

 

Selectivity of the Optimal Electrode and a 

Study of its Disturbances 
 

In this study, the separate solution method (SSM) was 

used to investigate the effect of intrusive ions. In this meth-

od, the potential of a solute containing the ion-selective 

electrode and a reference electrode was measured for two 

separate solutions with identical concentrations (0.01M)—

one containing the original ion (i) without an interfering ion, 

and the other containing an interferent ion (j) without the 

presence of the original ion. Table 3 provides the calculated 

selectivity coefficients of the samarium-selective electrode. 

Time 1 day 7 days 14 days 21 days 28 days 35 days 43 days 50 days 57 days 60 days 71 days 

Slope  

(mV/decade) 
19.7 19.8 20.0 20.5 19.5 21.0 20.3 20.6 21.7 22.1 22.6 

Table 2. Slope of the Optimal Samarium-Selective Electrode over Time 
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According to the results, cations do not disturb the measure-

ment of the samarium, and it can be said that the proposed 

sensor has a high sensitivity to the Sm3+ cation among other 

cations. 

 
Table 3. Selectivity Coefficients of the Samarium-Selective 

Electrode 

In order to evaluate the efficiency of the electrode under 

laboratory conditions, a series of potentiometric titrations 

with the electrode was performed. The results showed that 

high deflection near the equivalence point indicates the 

efficiency of the electrode in the potentiometric titration 

measurements (see Figures 9 and 10). 

Figure 9. Potentiometric Titration Curve of the Samarium 

Nitrate Solution (10-3M) with the EDTA Solution (10-2M) 

 

This samarium-selective electrode was used to determine 

the amount of Sm3+ cation in samples of twice-distilled wa-

ter, which was added to 4 ppm and 8 ppm ion samarium. 

The results showed that this sensor was able to measure 

very low concentrations of samarium with highly accuracy 

and can replace expensive methods such as atomic absorp-

tion spectrometers for measuring these cations in solutions. 

In evaluation of the efficiency of the sensor, it was used to 

measure the Sm3+ ion in water samples from the Ahvaz, 

Karun, and Dez rivers, as well as the water of the Persian 

Gulf. First, a specific concentration of samarium cation was 

injected into these specimens and then the amount of samar-

ium was determined using the method of standard addition. 

The results shown in Table 4 indicate that the proposed sen-

sor was able to measure the samarium in real samples with 

very high efficiency. Table 5 shows the comparison be-

tween behaviors of the electrode in this project with some 

samarium-selective electrodes previously reported. As can 

be seen, the designed electrode had very good performance 

compared to other electrodes. 

Figure 10. Potentiometric Titration Curve of the Samarium 

Nitrate Solution (10-3M) with the NaI Solution (10-2M) 

 
Table 4. Samarium Measurements in Real Water Samples 

Using the Optimal Samarium-Selective Electrode 

Mn+ Kij 

Ce3+ <10-6 

Ag+ <10-6 

Sr2+ <10-6 

K+ <10-6 

Cu2+ <10-6 

Cr3+ <10-6 

Pb2+ <10-6 

Co2+ 1.5×10-5 

Fe3+ <10-6 

Cd2+ <10-6 

Ni2+ <10-6 
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Samples 

Injected 

Concentration 

of Sm3+ 

Measured 

Concentration 

of Sm3+ 

Efficiency 

(%) 

Water of 

Ahvaz 
3.0×10-4M 2.9×10-4M 96.6 

Water of 

Karun 
3.0×10-4M 2.7×10-4M 90.0 

Water of 

Dez 
3.0×10-4M 2.8×10-4M 93.3 

Waters of the 

Persian Gulf 
3.0×10-4M 2.8×10-4M 93.3 
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Conclusions 
 

In this study, the optimization of membrane components 

and an analysis of the effects of how different softeners and 

lipophilic ion additives can play a significant role in the 

sensitivity and selectivity of an electrode were evaluated. 

The electrode was a samarium-selective electrode with the 

domain of linear concentration of between 1.0×10-7M and 

1.0×10-1M, a Nernst slope of 19.7±0.1 mV/decade, and a 

detection limit of 9.3×10-8M. The membrane of this elec-

trode contained 63% NB, 30% PVC, 5% ion-selective 

Kryptofix 22DD, and 2% NaTPB. The effect of time on the 

electrode’s response showed that the response was fast, 

about 10 seconds, and remained constant for 145 seconds 

without its potential changing. The electrode also showed 

excellent reversibility for two consecutive concentrations of 

samarium nitrate solutions. In addition, the lifetime of the 

electrode was determined using a working electrode for 50 

days during the project. 

 

The study of the effect of pH on the coating of the elec-

trode showed that the potential in the pH range of 2-10 was 

constant and that the electrode was able to measure samari-

um in solutions within this pH range. Investigating the ef-

fect of intrusive ions with this electrode, it was concluded 

that the proposed electrode had very high selectivity com-

pared to the cation of Sm3+ in solution and in the presence of 

other ions. Also, the presence of these ions in aqueous sam-

ples with samarium did not disturb the measurement. This 

electrode was used as a detector electrode for a potentiom-

etric titration of a solution of samarium with solutions of 

EDTA and NaI. The deflection of the curves near the equiv-

alence point indicated the efficiency of the electrode in the 

parametric measurements. Also, this optimal electrode was 

used to measure solutions of samarium with concentrations 

of 4 ppm and 8 ppm. The results showed that this electrode 

could be a suitable replacement for expensive methods, such 

as atomic absorption spectrometers, in order to measure low 

concentrations of samarium in solutions. Finally, the elec-

trode was used to measure the concentration of samarium in 

real water samples from the Ahvaz, Dez, and Karun rivers 

as well as the water of Persian Gulf. Again, the electrode 

was found to have a very high efficiency for measuring sa-

marium in real samples. The results showed that Kryptofix 

22DD is an ideal device for designing and manufacturing 

samarium-selective electrodes. The prepared electrode had 

high sensitivity when used to look for samarium cations, 

high linear concentration ranges, low detection limits, rapid 

response times, good reversibility, a wide range of pH, and 

high selectivity.  
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