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Abstract
At present, the produced water in the state of Kansas is mostly disposed in designated wells as defined by the state com-
mission to reduce environmental issues and reduce groundwater contamination. However, disposal of produced water into 
wells has long been reported to cause pollution of aquifers and water tables. In this research, we developed a water treat-
ment system for produced water which focuses on integrating state-of-the-art model and sustainable technologies—named 
the sedimentation-media, adsorption, ceramic (S-MAC) system. The research goal is to pursue an innovative solution to 
existing practices by processing and reusing produced water for irrigation and generating new sources of revenue from 15.7 
million acres of abandoned Kansas property owned by oil and gas corporations. Produced water samples from Lario Oil and 
Gas Company (Kansas Mid-Continent Region) were analyzed by inductively coupled plasma optical emission spectroscopy 
(ICP-OES) to identify the produced water elements. Results show up to 80% water recovery and 95–99% oil removal, and 
that the standard water parameters of pH, total dissolved solids (TDS), conductivity, hardness, and dissolved oxygen (DO) 
are within the limits of palatable water requirements for Kansas. The total dissolved solids, turbidity, and pH of the treated 
water are within the range of 1300–1400 ppm, 10–15 NTU, and 6.5–7.0, respectively, which are acceptable water parameters 
for crop cultivation in farmlands. Calcium and magnesium ions which are responsible for water hardness were significantly 
reduced to an acceptable level at 76,351 ppb and 87,362 ppb, respectively.

Keywords Produced water · Filtration · Oil well · Agricultural use

Introduction

Produced water (PW) is a term used to characterize waste-
water generated when water from underground reservoirs is 
brought to the surface during oil or gas extraction. Owing 
to the use of steam injection, water flooding, and other pro-
cesses for enhanced oil recovery (EOR) to improve output 
flow and operations, the amount of produced water is sig-
nificantly increased based on the reservoir’s age (Scanlon 
et al. 2020). The biggest environmental challenge faced by 
the Kansas oil and gas industry is produced water as a by-
product of oil and gas. However, this PW could be used for 
the cultivation of some cash crops such as cotton, where the 
sales of these cash crops could be a viable source of revenue 
(Miller et al. 2020).

Kansas is recognized nationwide for its proactive prac-
tices of conserving water for future generations in a major 
way. There has been a depletion of underground water 
sources every passing year, and this depletion is primarily 
because eight states take their share from the Ogallala aqui-
fer. As a result, farmers are primarily forced into growing 
cotton on land that has limited water capacity (Little 2009). 
Compared to corn, alfalfa, and soybeans, profitable cotton 
yields can be cultivated using irrigation that is roughly one-
half to one-third of the water requirement of these crops 
(Cotton 2019). Over the past 18 years, according to the Kan-
sas Department of Agriculture (KDA), the cotton enterprise 
in Kansas has a direct output of more than $24.8 million. 
Through indirect impacts, the industry contributes approxi-
mately $43.6 million per year (Kansas Department of Agri-
culture 2019). In 2020, farmers grew almost 12.2 million 
acres of cotton, which is 11% below that of 2019, accord-
ing to the United States Department of Agriculture (USDA 
2020). One of the reasons for this shortfall is decreased 
water availability which impacted planting decisions. While 
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Kansas is part of a larger trend toward cotton acreage, it is 
expected to grow 7% per year (Kansas Department of Agri-
culture 2019). Therefore, it would be worthy to treat the pro-
duced water and then create an irrigation system to use this 
treated produced water for cotton cultivation (Chauhan and 
Kumar 2020; Akinbile et al. 2019). However, there is more 
to reusing produced water than just installing a treatment 
system at a well site, because the chemistry of this water is 
complex and technical expertise is required to treat produced 
water successfully while to protect the integrity of the res-
ervoir and wellbore (Whalen 2012; Ahammed 2017). Thor-
ough analysis is required to decide which constituents must 
be removed or/and which additives are needed. Produced 
water usually has a pH value far below 7.0 (i.e., acidic) and 
contains major pollutants such as (BTEX): benzene, toluene, 
ethylene benzene, xylene and organic acids, oil, grease, and 
several heavy metals and ions. The commonly found metals 
in produced water are iron, chromium, cadmium, selenium, 
molybdenum, vanadium, nickel, and zinc (Al-Ghouti et al. 
2019; Devold 2013; Ijaola et al. 2020). The characteristics 
of produced water differ widely based on the chemical com-
position and age of the reservoirs, geographical features, and 
extraction techniques (Al-Ghouti et al. 2019; Uddin et al. 
2020). Thus, complete characterization will be needed for 
the source of produced water for a better examination, and 
cheap and then eco-friendly methods should be conducted 
for the specific produced water to assess their efficiencies.

In recent years, researchers have developed several treat-
ment strategies for produced water. Based on the available 
literature, these treatment strategies involve three main pro-
cesses in the treatment of produced water. First, primary 
removal of solids and the great amount of crude oil in pro-
duced water through physical techniques, this includes: 
reverse osmosis (Zhao and Ho 2014), filtration (Suresh et al. 
2016; Castañeda et al. 2012; Zhang et al. 2012), electroco-
agulation (Ezechi et al. 2020; Ibrahim et al. 2020; Islam 
2019), floatation (Ghaffari and Karimi 2012), and electro-
flotation (Pahlevani et al. 2020), with an efficiency of 80% 
(Marafi et al. 1994; da Silva et al. 2020; Amarasekara et al. 
2017). Then, the next stage (secondary) removes residual 
hydrocarbons that have not been eliminated in the first stage 
to about 99% using biological and chemical catalysis. Filters 
are further used, so that the treated water may be re-injected 
in wells and/or supplied to users; though, this approach is 
not in accordance with the rules of disposal (Ahmadun et al. 
2009; Monckton 2019). Despite remarkable advantages and 
satisfactory results, high maintenance, and operational costs, 
secondary contamination of effluents, sludge production, and 
intensive labor requirements are the pitfalls of these pro-
cesses (Arthur et al. 2005). Therefore, there is a need to 
develop a new water treatment technology for the proper 
removal of contaminants in produced water to overcome 
these drawbacks.

In this paper, we developed a novel and multifunctional 
water treatment system for produced water, which was 
obtained from the Lario Oil and Gas Company, Kansas 
Mid-Continent Region, USA. The novelty of this water 
treatment system comes from the materials used for ceramic 
filters and activated carbons, which have been specifically 
selected, designed, and produced to increase the efficiency 
of the produced water treatment. This newly developed water 
treatment system consists of a three-phase separator, sedi-
mentation tank, three integrated filters, and sludge extractor. 
The research objectives of this study are: (i) to characterize 
the produced water from the Hugoton Gas field in Kansas, 
in terms of chemical and physical parameters, (ii) to treat 
produced water using the proposed sedimentation-media, 
adsorption, ceramic (S-MAC) water treatment technologies, 
and (iii) to compare the treated water samples with samples 
obtained from natural water resources in Kansas.

Experimental

Materials

Water samples from groundwater, industrial wastewater, 
local lakes, and the Arkansas River were obtained from 
January 2018 to February 2020 at different locations. Pro-
duced water samples were obtained from Lario Oil and Gas 
Co. (Kansas Mid-Continent Region). These water samples 
include the wellhead (> 5% oil concentration), storage tank 
( ≤ 2% oil concentration), and after the three-stage separators 
(0.1–1.0% oil concentration). Materials used for the ceramic 
filters were purchased from Paul Brown Studio Arts and 
Supplies, Ohio, USA. In addition,  ZnCl2 powder (analytical 
grade) was bought from Himeda, while date seeds were used 
as raw materials to prepare activated carbon particles in the 
structure of the ceramic filter, which has sufficient porosity 
for the water filtration.

Method

Figure  1 shows a schematic diagram of the developed 
S-MAC treatment system for produced water and its pro-
cess flow. Briefly, the produced water is fed into a three-
phase separator where the oil concentration is required to be 
between 0.1 and 1.0%. Then, the output of the three-phase 
separator is further fed into a sedimentation tank consisting 
of an impeller to agitate the produced water continuously. 
After few hours of agitation, the impeller is shut down to 
allow the solid content of the produced water to settle. Sub-
sequently, the water is then fed into three-stage filters. The 
treatment process is extensively discussed as follows:
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Sedimentation stage

The framework for the system consists of a sedimentation 
tank, and three-phase filtration rings joined around the out-
side of the tank. Produced water was released from sprinkler 
valves, located within 1 m of the first-stage filtration ring, to 
expose the water droplets to more oxygen. The stages were 
set 1 m apart on top of each other. The tank was used for the 
purpose of having the sediment sink to the bottom as sludge, 
whereas oil droplets rose to the surface and were mechani-
cally skimmed off. Settling velocity was based on the gravi-
tational forces on the solid particles and fluid viscosity. As 
a result, oil droplets flowed upwards to the surface, while 
the stirring and aeration operation continued for 4–6 h. The 

method was implemented to speed up the process of oil/
water separation by colliding oil droplets to create a larger 
size and rise to the surface faster. Sedimentation is a primary 
stage in wastewater treatment, and sediments are collected 
for further sludge treatment.

Sedimentation is a physical separation based on gravity, 
and in this research, it was enhanced with the mechanical 
stirring and dissolved air flotation (DAF). It is comprised of 
a cylindrical tank configuration with a cone-shaped bottom 
to contain the sediment known as sludge (De 2017).

Figure 2 illustrates the key elements of the sedimentation 
and DAF tank. Water enters from the top and accumulates 
around the sedimentation tank in a reservoir after complet-
ing the three levels of filtration.

Fig. 1  The schematic diagram 
for S-MAC water treatment 
system and its process flow

Fig. 2  Sedimentation and DAF 
tank
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Water samples currently used for irrigation in the state 
of Kansas were analyzed to compare with the filtered pro-
duced water and the standard state parameters. The sedimen-
tation or clarifying stage was accomplished by lowering the 
velocity of the water to a point at which suspended particles 
are no longer supported to be in suspension, and gravity 
removed the solid particles, forcing them to sink to the bot-
tom. After going through a three-phase separator, produced 
water collected in the primary sedimentation tank has an oil 
contamination percentage, on average, of 0.5–1.5%.

Three stages of filtration

The three-stage treatment system was designed to remove 
dissolved gas, and filter suspended solids, bacteria, pollu-
tion, and concentrations of salt derived from water. In the 
first stage, media filtration mainly uses sand and gravel lay-
ers to treat the produced water to eliminate the remaining 
small droplets of oil, grease, and total organic carbon. Next, 
water is released into the sand/gravel filter through the sprin-
kler valve to remove ferric (hydro) oxide particles with a 
high flow rate of 3–4 ml per centimeter squared per hour.

Some wastewater treatment facilities use a three-stage 
treatment system as a first step in treating sewage (bio.
libretexts.org. 2021). First, a spinning sprinkler sprays 
water on the sand and gravel media surface, then gathers 
it from the bottom, and transfers it for further application, 
depending on the method. This research applied the same 
three-stage filtration process, with the advantages of area 
management and improved outcome.

The second stage of the filter system consists of activated 
layers of carbon and zeolite, which remove volatile organic 
compounds, minerals, salt, and inorganic dissolved sub-
stances. Particle sizes between 0.5 and 10 microns escape 
from the sand media filter and are removed by the zeolite 
layers. The micro-sized pore ceramic filters in the third stage 
contain 20% aluminum hydrate that acts as an acid neutral-
izer as well as reduces phosphate levels and eliminates bac-
teria or any particles that passed through the previous filters. 
As Fig. 3 reveals, the sludge deposited on the bottom of the 
sedimentation tank is collected in a separate container for 
further treatment during the water treatment process.

First stage of filtration In stage one, the media filtration is 
highly efficient in removing oil; up to 95% of the grease 
is eliminated during this phase. If coagulants are added to 
the feed before the filtration, then efficiency can be fur-
ther enhanced. In addition, there are layers of gradually 
decreasing sizes of gravel and sand. The filter thickness is 
about 100–150 mm. Droplets of water discharge from the 
0.5-m-high sprinklers and then pass through the media at an 
average flow rate of 0.5 L per minute.

The Centers for Disease Control and Prevention (CDC) 
has published recommendations for safe water systems, 
in which the water level is required to be at the height of 
5–6 cm above the sand filter by placing a diffuser plate over 
the sand. This shallow layer of water gives way to the for-
mation of another layer called the bioactive layer that grows 
on top of the filter, which contributes to the reduction of 
organisms that cause disease (Centers for Disease Control 
and Prevention 2020).

Fig. 3  S-MAC system design
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Studies of the effectiveness of the low-speed sand filter 
with a mature biolayer found 99.98% protozoan, 90–99% 
bacterial, and variable viral elimination (Centers for Dis-
ease Control and Prevention 2020). Studies on the produc-
tivity of fields have recorded elimination in the range of 
80–98% (Centers for Disease Control and Prevention 2020). 
The national standard related to water treatment, NSF/
ANSI Standard 61, and American Water Works Associa-
tion (AWWA) Standard B100-01 recommend the following: 
effective particle sizes of 2.0–2.5 mm, Moh’s hardness of 7, 
uniform coefficient of 1.3–1.7, the specific gravity of 2.67, 
and density of 1680–1850 kg/m3. Figure 4 shows the sand 
gravel media filter in stage one.

Second stage of  filtration Adsorption is typically used 
as a polishing step in the treatment process rather than a 
stand-alone method, because organics can quickly dominate 
adsorbents. Adsorption is widely used in processed water to 
remove manganese, copper, Total Organic Carbon (TOC), 
oil, and more than 80% of heavy metals. Adsorbents, made 
of two layers of activated carbon and another two layers of 
zeolite, interact and are held by retaining fabric in stage two 
of the system. The method of adsorption is applicable to 
water treatment, regardless of salinity. The retaining mate-
rial is designed to contain media for extracting particles 
captured in media voids. Media replacement or regeneration 
may be needed, depending on the nature of the supply of 
water and the media lifespan. The media usage rate is one 
of the critical operating costs of adsorption technology, as 
blocked layers often lead to liquid waste disposal and mate-
rial restoration outcomes in waste disposal management.

The adsorption method is based on the idea of excess 
current surface forces, whereby a rigid surface in contact 
with a liquid appears to produce a surface layer of solute 
molecules. It is closely related to the surface tension of 
solutions, and its strength depends on the temperature, 
type, and concentration of the adsorbed material and the 
physical state of the adsorbent. Zeolite was selected due to 

its unique properties relative to cation exchange capacity, 
surface adsorption, and structural water storage (Xiubin 
and Zhanbin 2001). Activated carbon is an efficient adsor-
bent, because it is a highly porous substance with a sig-
nificant surface area for adsorption by chemicals. Granular 
activated carbon (GAC) and powdered activated carbon 
(PAC) are the two primary forms of activated carbon used 
in water treatment applications.

Here, activated carbon was prepared from the date seeds. 
The seeds were washed and dried for 24 h at room tem-
perature, then crushed and sieved to particles 3–4 mm in 
diameter. The zinc chloride (ZnCl2) was used as activation 
reagents.  ZnCl2-impregnated seed particles were used for 
activation. The 25%  ZnCl2 solution was prepared using 15 g 
of deionized (DI) water and 5 g of  ZnCl2. Once the mixture 
was packed, 20 g of date seeds were impregnated with 20 g 
of the  ZnCl2 solution and stirred on a magnetic hotplate stir-
rer at 85 °C for 2 h. Then, the saturated solution was dehy-
drated in an oven for 24 h at 110 °C, followed by 60 min at 
800 °C after activation. After refrigerating the activated car-
bon, the seeds were washed and filtered at 90 °C for 30 min 
with a 3 M HCl solution. Then, the carbon was rinsed with 
DI water until the solution’s pH was nearly 7. A rinsing cycle 
with 1 M NaOH was used to neutralize the influence of the 
concentrated HCl, taking the solution of carbon to a pH of 
6.7–7. The activated carbon was then filtered out and dried 
in an oven at 120 °C for 12 h (Mustafa and Asmatulu 2020).

The GAC was made from date seeds, an organic mate-
rial with high carbon content. Particle-size diameter ranges 
between 1.0 and 1.7 mm, and has an apparent density range 
between 320 and 400 kg/m3. The bed density is about 10% 
less than the apparent density and is used to determine the 
amount of GAC required to fill a given size filter. The GAC 
has a high uniformity coefficient, usually roughly 19, to 
facilitate post-backwashing stratification and mitigate des-
orption and premature breakthrough that may occur from 
combining activated carbon particles with zeolite particles 
with smaller quantities of adsorbed compounds. Iodine num-
bers and molasses usually describe the GAC. These numbers 
define the sum of small-to-large amounts of pores in a GAC 
sample. The American Water Works Association (AWWA) 
guidelines require a minimum iodine amount of 500 for the 
activated carbon (Speth 2019). The setup of stage 2 is shown 
in Fig. 5.

Third stage of  filtration Microporous ceramic filters are 
used in the third stage because of their ability to extract sus-
pended solids and almost all non-dissolved organic mate-
rial. In addition, ceramic filters have an estimated lifetime of 
10 years, with low maintenance costs. Regarding the thick-
ness of the ceramic filter and the amount of sawdust, the 
flow rate was a key issue on the experiment scale. The depth 
of 10–12 mm and 55% sawdust (30 µm size) were found to Fig. 4  Stage one setup
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produce the best results based on efficiency and a flow rate 
of 1.78 ml/cm2 h.

Ceramic filters were fabricated using the procedure 
described in (Ekpunobi et al. 2019), with modifications 
and additional materials (Fig. 6a). The dry clay mixed with 
sawdust and other materials was developed using an aver-
age percentage and average particle size to test their effects 
on the filtration of water quality and flow rate. More than 
20 additives and formulations were tested during months 
of preparation to determine the most appropriate class of 
ceramic filters for the treatment process. In addition, this 
study investigated the following.

The ceramic mixing ratio was as follows:

• Sawdust is essential for forming ceramic pores, with an 
ideal configuration of 55% [55% of #30 (sawdust grade)]. 
The two main factors related to sawdust percentage in 
the ceramic process are the plasticity of the filter, and 
the material strength during firing, and the solidification 
process. Changes in the filtration rate were based on the 
amount of sawdust, which showed a large effect on the 
quality of the filtered water.

• Aluminum hydrate, 5%, added as an acid neutralizer and 
to reduce phosphate levels in the filtered water. 

• Flint/silica 325 mesh, 2% to help the ceramic material to 
fuse.

• Dolomite (calcium magnesium carbonate), 2% added as 
an acid neutralizer and source of magnesia.

• Petalite, 1%, to help to make this a high-temperature 
resistance filter.

• Dry clay, 35%.

Wedging the clay after mixing removes the air bubbles, 
which may reduce the water filtration efficiency to a mini-
mum. Thickness started at 20 mm and went down to an aver-
age of 10 mm. Air drying occurred for 24–48 h, and then, 
the clay was placed in an electric kiln/furnace programmed 
to increase the temperature slowly by about 100 °C per hour 
(to allow the remaining moisture to evaporate) until reach-
ing about 1200 °C, start to finish in about 8–9 h. Figure 6b 
shows samples that were subjected to a temperature range 
of 850–1200 °C. The ceramic filter must be soaked in water 
after 2–3 h of air cooling before use.

The firing process affects the porous ceramics, because 
water evaporates and no longer keeps the clay molecules 
together. The process of sintering at 700–890 °C starts to 
form the ceramic substance that produces hard ceramics as 
the crystals start bonding. At this stage, the ceramic becomes 
highly porous, leaving burnt carbon particles stuck in the 

Fig. 5  Stage two of system

Fig. 6  a Ceramic samples 
(Wichita State University 
(WSU) Ceramics Laboratory). 
b Ceramic samples subjected 
to a temperature range of 
850–1200 °C
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pores between the ceramic molecules, as shown previously 
in Fig. 6b.

Samples preparation for ICP‑OES testing

Produced water samples were prepared for testing using the 
Varian 710-ES optical emission spectrometer. A standard 
surface-water solution was used as a reference. 1 L of each 
sample was acidified with 4 mL of  HNO3, and then, 1 mL 
of concentrated HCl was further added into 50 mL of the 
acidified sample. Subsequently, the samples were shaken 
to ensure homogeneity and then cured in an oven at 65 °C 
for 8 h, in compliance with ASTM Standards D1976 and 
D3919. Samples were later cooled and then filtered to avoid 
degradation of the particulate or colloidal content that may 
be present in the sample. Upon filtration, the samples were 
ready for evaluation by flammable atomic absorption spec-
troscopy, graphite furnace atomic absorption spectroscopy, 
plasma emission spectroscopy, or plasma mass spectrometry 
(ASTM Standards 1970-16).

Results and discussion

Inductively coupled plasma optical emissions 
spectroscopy test (ICP‑OES)

Produced water samples obtained from the Lario Oil and Gas 
Company, Kansas, were tested using ICP-OES. The results 
are valid with the specific area mentioned, since produced 
water is a complex blend of organic and inorganic materials 
(Nasiri et al. 2017). Produced water’s physical as well as 
chemical characteristics vary from one region to another, 
depending upon the geographical location of the oil and gas 
field, the characteristics of the reservoir, and the type of oil 
production (Neff et al. 2011). Other varying factors include 
the season, well temperature, and depth in the same region. 
As a result, the produced water’s configuration and element 
percentage highly fluctuate.

Testing of the Arkansas River samples, and groundwater 
samples obtained from a variety of different locations over 
the period between July 2018 and February 2020 was per-
formed with ICP-OES. The provided produced water sam-
ples before and after treatment were also tested. The latest 
results of ICP-OES testing on water samples were carried 
out on February 24, 2020. The mean concentrations of the 
elements in groundwater, surface water, and produced water 
before and after treatment were used to assess the efficacy 
of the system with respect to the state requirements, taking 
the standard deviation (SD) to confirm the outcome. Table 1 
displays 23 elements and their typical wavelengths and con-
centrations (in µg/L) recorded over the span of the last 2 

years, relative to the average groundwater and surface-water 
parameters (S/G) and Kansas state standards (limits).

The elements of treated produced water were found to 
be equal to or to have surpassed the consistency of an aver-
age standard element concentration found in water currently 
used for agriculture, and they surpassed the surface and 
groundwater consistency of Kansas.

Table 1  Selected Kansas water elements and produced water before 
and after treatment

Element PW
(µg/L)

Kansas 
S/G
(µg/L)

Treated 
PW
(µg/L)

PW SD Limits

Ca 
396.847

5346,676 1891,316 1001,137 54,400  < 1000,000

Mg 
279.553

324,526 149,669 153,126 13,450  < 150,000

Na 
589.592

310,610 239,464 186,010 24,765  < 200,000

K 766.491 36,920 32,204 17,678 1874  < 25,000
B 249.772 801 222.3 195.4 12.33 100–200
Fe 

238.204
130.25 121.41 86.03 8.27 10–100

Mo 
202.032

23.32 19.73 4.43 1.54 10–100

Sr 
407.771

40,872 28,676 36,726 3,036  < 200,000

As 
188.980

2.49 2.26 1.16 0.45  < 5

Ba 
455.403

9552 3849 5146 528  < 6000

Ni 
231.604

7.22 4.57 4.12 0.90  < 2

V 292.401 37.15 15.74 10.12 1.54  < 100
Zn 

213.857
17.31 11.95 9.02 1.04  < 10

Mn 
257.610

398 185.8 209 12.7 1–200

Co 
238.892

19.37 7.68 6.95 1.26  < 5

Pb 
220.353

15.38 4.70 4.49 0.55  < 15

Be 
313.042

239.69 1296 257.1 13.41 100–300

Cd 
214.439

3.07 1.69 2.80 0.67  < 10

Cu 
327.395

108.78 72.58 78.8 4.28 20–75

Cr 
267.716

15.54 6.79 6.28 0.86 100–200

Bi 
223.061

1.29 0.05 0.12 0.67  < 1

Se 
196.026

2.04 0.47 1.75 0.30  < 10

Tl 
190.794

33.83 22.23 21.76 2.39 20–24
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Toxic substances

Concentrations of elements such as aluminum, sulfur, cad-
mium, chromium, mercury, cobalt, copper, iron, lead, man-
ganese, nickel, and zinc are typically found in produced 
water. One study suggested that the toxicity of these ele-
ments increases over time, after discharging the produced 
water (Strømgren et al. 1995). Experiments conducted by a 
group of researchers using the Microtox test showed a sus-
tained toxic response for more than a week after the oxida-
tion of the newly discharged produced water, which initially 
showed little or no toxic response (Azetsu-Scott et al. 2007).

The results of the ICP-OES test indicate that the con-
centration of toxic elements in the provided treated water is 
within acceptable limits, and that after the treatment process, 
no further oxidation was observed, and the parameter of the 
filtered water was stable even after one week of filtration. 
Table 2 show zinc concentrations decreasing after treat-
ment. The concentration of zinc was 15.5–18.65 µg/L prior 
to treatment and 8.97–9.15 µg/L after treatment, which is 
below the average groundwater level of Kansas and within 
the state limits. Lead averages were 4.5 µg/L, and the appro-
priate state limit is up to 15 µg/L. Sulfur was not found at a 
detectable level in the water samples.

Organic elements

In general, the amounts of organic compounds in pro-
duced water are significantly higher than in other natural 
waters, exceeding the acetate content of ~ 10,000 mg/l. The 
maximum concentrations are present at temperatures of 
80–120 °C in produced water. At lower temperatures, con-
centrations usually decrease predominantly due to bacte-
rial degradation and at higher temperatures decrease due to 
thermal decarboxylation (Kharaka et al. 1996). However, 
even if all oil droplets are eliminated in the oilfield-pro-
duced water, a significant amount of organic compounds, 
such as acetic acid, propionic acid, and valeric acid, are 
dissolved in the oilfield-produced water. These organic 
compounds produce bad smells and environmental harm, 
so step two of the current filtration method is allocated 
for extracting organic compounds. Direct contact of the 
solid adsorbent with the produced water will adsorb and 

extract the dissolved organic content in this treatment sys-
tem, thus eliminating dissolved organic compounds from 
the produced water.

Characterization

Sedimentation process analysis

Physical, biological, and chemical water quality param-
eters can be divided into three classes. The first class is 
physical properties such as turbidity, color, taste, odor, 
total dissolved solids, total suspended solids, and electri-
cal conductivity. The second class is chemical properties, 
such as pH, acidity, alkalinity, residual chlorine, DO for 
chemical oxygen demand, and radioactive and organic/
inorganic toxic substances. The third class is biological 
properties like bacteria, algae, viruses, protozoa, and so 
on (Omer 2019).

Through this study, the aim was to optimize certain 
properties that can boost the quality of water at each treat-
ment stage. Aeration and stirring accelerate the process 
throughout the sedimentation and DAF, which introduces 
oxygen into water that has been stored for thousands of 
years underground. Aeration increases the amount of oxy-
gen in the water and speeds up the process of separating 
the oil, by allowing oil droplets to rise at a faster rate to the 
surface of the tank. On the other hand, it is important to 
stir, while the air bubbles rise, so that smaller oil droplets 
can collide with each other or with smaller diameter par-
ticles, and then float to the top to be skimmed. After 8 h in 
the sedimentation tank, as shown in Fig. 7a, water param-
eters such as turbidity improved up to 70%, from nearly 
100 NTU to 28–35 NTU, and oil percentages decreased by 
70–80%. The electrical conductivity dropped by 10–15%, 
and total solids were suspended by 25–30%.

The settling velocity observed was 5–8 h relying on 
the model, but the settling period was shortened by up to 
40% with the DAF and stirring system. Figure 7b displays 
variations in the oil content at the time of water being 
discharged from the wellhead to the separation tank and 
after 8 h of sedimentation.

Table 2  Composition of toxic 
elements in the treated water

Tube Sample labels Pb 
220.353
µg/L

Se 
196.026
µg/L

Sr 
407.771
µg/L

Ti 
190.794
µg/L

V 
292.401
µg/L

Zn 
213.857
µg/L

1 Blank 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
2 Standard 1 25.0000 10.0000 100.000 10.0000 50.0000
3 Sample 1 32.5693x Uncal 14,265.7x 27.1862x 271,225 Uncal
4 Sample 2 33.7182x Uncal 12,818.6x 4.93351 7.62111 Uncal
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Activated carbon surface analysis

Brunauer–Emmett–Teller (BET) analysis technique is used 
to determine the physical adsorption of gas molecules on a 
solid surface, and it provides a solid foundation for measur-
ing the specific surface area of materials—it employs prob-
ing gases (adsorbates) which are non-reactive to material 
surfaces to calculate specific surface area (Brunauer et al. 
1938). Barret, Joyner, and Halenda Method (BJH) is used 
to estimate the pore size distribution, depending on the phy-
sisorption equilibrium isotherms (Bardestani et al. 2019). 
Following a study of the physical and chemical adsorption 
of the activated carbon surface, it was discovered that the 
particle accumulation was due to chemical forces (van der 
Waals forces) as the result of electron exchange. For each 
gram of date seed-based carbon activated with zinc chloride 
 (ZnCl2), the pore volume per  cm3 was greater than the date 
seed-based carbon activated with calcium chloride  (CaCl2), 
as shown in Fig. 8.

From Fig.  8a, the surface areas determined by BET 
for  ZnCl2 activation,  CaCl2 activation, and date seed char 
(without activation) were 591.4278  m2/g, 76.9446  m2/g and 
18.1671  m2/g, respectively (Mustafa and Asmatulu 2020). 
Zinc chloride activation produced 32 times the surface area 
of a char without activation and nearly 7.5 times the surface 
area of calcium chloride with activation. Figure 8b shows the 
BJH cumulative pore volumes for  ZnCl2 activation,  CaCl2 

activation and date seed char as 0.102766  cm3/g, 0.059418 
 cm3/g, and 0.00007  cm3/g, respectively. The zinc chloride-
activated carbon produced 1468 times more cumulative 
pore volume than the date seeds char without activation and 
nearly 1.8 times more cumulative pore volumes than calcium 
chloride-activated carbon. The surface area decreased as the 
number of pores decreased. Zinc chloride-activated carbon 
has the largest pore depth, measuring 0.1  cm3/g, and diam-
eter of 30–60 µM. Scanning electron microscopy (SEM) 
images of the activated carbon surface area are shown in 
Fig. 9.

Ceramic filter analysis

Ceramic filter analysis was used to analyze the surface prop-
erty and porosity using scanning electron microscopy, as 
shown in Fig. 10a. The sum of pores per unit of the surface 
was obtained, as shown in the illustration of each side. Pre-
vious studies have analyzed the perimeters and shape of the 
pore together with its diameter. Pore size and density tests 
were used to measure the water flow rate of the ceramic filter 
according to the thickness and carbon percentage.

The percentage of sawdust was studied to determine its 
effect on the properties of the filter such as pressure, poros-
ity, permeability, and plasticity. Key factors related to the 
percentage of sawdust during this process are the plasticity 
of the clay and the strength of the filter after firing during 

Fig. 7  a Gravity sedimenta-
tion (4–10 h); b variations in 
oil content: (1) produced water 
samples, (2) wellhead separa-
tion tank, and (3) sedimentation 
tank

Fig. 8  a BET surface area, and 
b BJH cumulative pore volume 
of date seeds activated by  ZnCl2 
vs.  CaCl2
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the solidification process. Changes in the filtration rate are 
based on the percentage of sawdust. Figure 10a shows three 
samples with thicknesses of 10, 15, and 20 mm and 55% 
sawdust (Klarman 2009).

About 5% of a chemical agent (Aluminum hydrate) was 
applied to neutralize the acid and to reduce the levels of 
phosphate in the filtered water. Two percent of dolomite 
(calcium magnesium carbonate) was used for acid neutrali-
zation and as a magnesium source. The ceramic’s physical 
properties were analyzed at 50%, 55%, and 60% of sawdust 
composite material. After being fired in a kiln, the sawdust 
transforms into the pores and deposits carbon at 25%, 30%, 

and 35%, respectively, in the ceramic filter. The carbon con-
tent of this filter was determined based on the permeabil-
ity and consistency of the water. The 50% sawdust ceramic 
composite contained porosities > 25% with a small number 
of pores filled with carbon deposits. Figure 10b shows the 
relation between the percentage of sawdust in the ceramic 
filter and its impact on the rate of flow. The research found 
that 55–60% sawdust provided an average of 0.85–0.95 L 
per hour, a stable ceramic structure, and a total coliform 
reduction of 98%.

Given the carbon deposition, composite material porosi-
ties were much lower than that of the 55% sawdust content. 

Fig. 9  SEM images: a No activation, b  ZnCl2 activated, and c  CaCl2 activated (Mustafa and Asmatulu 2020)

Fig. 10  a Ceramic filter surface with 55% sawdust, b flow rate vs. percent of sawdust, and c SEM image of ceramic with 55% sawdust
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This experiment showed that the best outcome is with a 55% 
presence of sawdust, indicating a high percentage of pores 
filled with carbon deposits of a 50-µm diameter, high spe-
cific surface area, and high flow rate (Mustafa and Asmatulu 
2020), as shown in Fig. 10c.

Water standard parameters

This research began by evaluating the initial produced water 
quality generated and the elements after it was discharged 
from a three-phase separator. This was done to determine the 
feasibility of introducing a treatment system and to improve 
the quality to suit other Kansas water supplies. Based on 
the results of the ICP-OES study, the research found a small 
percentage of toxic elements at a manageable level, as shown 
in Fig. 11. Surface water samples collected from different 
locations around Sedgwick County, Kansas (2018–2020) 
showed high concentrations of salt elements and iron. The 
intensities of Na, Mg, K, Ca, and Fe in parts per billion 
(ppb), in comparison to standard solutions of six different 
concentrations, were selected for finding the mean of all 
samples, as shown in Table 3.

This study examined the standard elements that exist in 
the irrigation sources used in the state of Kansas for cotton 
farming. Concentration variability is due to the time of year, 
temperature difference, and areas where the samples were 
collected. Figure 12 shows the concentrations of Na, Mg, K, 
Ca, and Fe in surface-water samples.

Testing for standard water parameters (pH, conductivity, 
TDS, hardness, and turbidity) pre- and post-treatment was 
carried out at the Meridian Water Testing Laboratory, a rep-
utable test facility in the state of Kansas that is used by the 
Wichita Water Department. Results are shown in Table 4.

Water samples were obtained from the Arkansas River in 
Wichita, KS. Well water used for cotton irrigation in Derby 
and Hutchinson fields in January 2019, August 2019, and 
January 2020 was also used for testing shows testing data. 
The averages of the testing parameters are shown in Table 5 
and they are compared for produced water before and after 

treatment. From Table 5, it is clearly seen that the pH, con-
ductivity, total dissolved solids, hardness, and turbidity of 
the treated produced water samples fall within the range rec-
ommended level for irrigation. The conductivity and total 
dissolved solids for the untreated produced water fall within 
the recommended range, while the turbidity is completely 
out of the recommended range. Table 6 shows the results 
of testing done for standard water parameters (pH, TDS, 
turbidity, conductivity, hardness, and DO) over a range of 2 
years from the Arkansas River, Derby groundwater (GW), 
Hutchinson surface water (SW), and Wichita lakes (SW). 
From Table 6, the parameters vary across the different test-
ing dates and the water source and location.

pH level

The pH is a measure of the acidic nature of a solution. The 
amount of hydrogen ions  [H+], i.e., percentage in a solution, 
determines the pH level in water. Mathematically, this is 
expressed as (Kumar and Puri 2012)

The pH of surface water in Kansas is typically within the 
range 6.0–9.0. The potassium concentration of surface water 
is typically within the range 5–12 mg/L in southwest Kansas. 
The linear regression of potassium and precise conductance 
is important (at the 99% level), and thus indicates a relation-
ship between potassium content and salinity. The determi-
nation coefficient is small; however, it suggests that other 
elements have a more powerful impact in the manipulation 
of variation in potassium concentration than those regulating 
the salinity of the river water.

The concentrations of nitrates in low Arkansas River 
flows in southwestern Kansas are typically in the range of 
1–3 mg/L as nitrate-nitrogen. High flows consist of lower 
concentrations. The content of nitrate-nitrogen is usually 
2 mg/L and frequently 1 mg/L. For example, all samples 
collected during the height flow period along the river at 
Wichita yielded 0.5 mg/L of nitrate-nitrogen. The content 
of nitrate is indeed linked with the salinity of river water, 
as demonstrated with the aid of the special conductance 
relationship. The concentration of nitrates would usually 
be measured accurately to around ± 0.6 mg/L based on the 
linear regression equation

where N O3 is nitrate, and ( SP× C) is the specific 
conductivity.

Certain contaminants have increased concentrations in 
the Arkansas River water in southwestern Kansas; how-
ever, they still meet the Kansas Department of Health and 
Environment’s high surface-water levels for specified uses. 

(1)pH = −log
[

H+
]

.

(2)NO3 = 0.000926
(

SP × C − 1.35
)

,
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Fig. 11  Kansas water resources vs. produced water before and after 
treatment
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Table 3  Elements of water salinity intensities in parts per billion (µg/L)

Element Blank Standard 1 Standard 2 Standard 3 Standard 4 Standard 5

Na 2398 32,977 128,360 303,930 411,057 584,053
Mg 47 54,388 146,082 241,312 306,645 216,741
K 247 9059 35,086 57,887 92,545 129,756
Ca 1891,316 1133,914 1201,680 120,0475 1276,006 1909,775
Fe 3.42 85.53 256.96 570.37 878.55 1201.9

Element Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Na 239,464 133,467 207,246 292,855 134,547 125,034
Mg 149,669 155,596 165,747 127,530 150,453 164,240
K 32,204 45,741 10,404 18,004 40,095 49,550
Ca 2,840,413 3133,914 3201,680 3200,475 3276,006 2909,775
Fe 121.41 115.22 93.92 64.77 202.33 124.15

Element Sample 7 Sample 8 Sample 9 Sample 10 Sample 11 Sample 12

Na 124,224 180,185 139,412 145,915 141,346 149,048
Mg 120,103 146,601 162,398 166,738 161,984 157,096
K 32,082 38,445 31,478 30,355 36,661 33,814
Ca 2058,302 3440,390 2984,428 3178,786 3126,725 3811,776
Fe 94.71 135.76 93.28 104.63 146.73 148.33

Element Sample 13 Sample 14 Sample 15 Sample 16 Sample 17 Sample 18

Na 204,173 165,917 211,015 352,783 154,468 153,919
Mg 900,690 187,350 102,540 937,324 988,499 116,967
K 31,303 30,801 18,589 10,154 11,499 17,922
Ca 1841,066 1842,569 1955,244 1746,459 1935,969 1837,408
Fe 112.00 138.00 127.36 111.40 124.80 97.86

Element Sample 19 Sample 20 Sample 21 Sample 22 Sample 23 Sample 24

Na 164,563 193,037 178,854 174,212 176,364 161,015
Mg 147,223 153,081 141,905 114,463 951,037 132,541
K 36,323 35,413 40,628 51,005 35,161 32,110
Ca 2128,952 2129,730 1498,159 1527,839 250,297 1550,480
Fe 105.10 127.50 115.90 125.90 127.20 107.34

Fig. 12  Surface water samples
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These include fluoride, boron, and selenium. Of these 
components, in irrigation water, both fluoride and boron 
in low-flow saline water may surpass the required maxi-
mum degree of 1.0 mg/L and 0.75 mg/L, respectively. All 
materials are correlated with the river water's salinity as 
demonstrated using the full-size correlations of specific 
conductivity. While the river water’s boron concentration 
is usually much lower than the fluoride content, it differs 

Table 4  Produced water parameters before and after treatment

Parameter Treated PW Untreated PW

pH (S.U) 6.67 6.02
Conductivity (µS/cm) 2090 2140
TDS (mg/l) 1350 1370
Hardness (mg/l) 31,500 47,500
Turbidity (NTU) 20 90

Table 5  Kansas surface and 
groundwater parameters

Parameter Treated PW Untreated PW Kansas irrigation water Recommended 
level for irriga-
tion

pH 6.5–6.7 4.4–6.02 6.5–8.72 5–7
Conductivity (µS/cm) 2050–2100 2100–2400 1540–6010 1500–3000
Total dissolved solids (ppm) 1340– 1380 1370–1460 1160–4460 500–2000
Hardness (ppm) 31.5–39.5 47.5–80 26–76 30–60
Turbidity (NTU) 15–25 80–90 1.21–18.96 2–20

Table 6  Parameters of water samples collected from 2018 to 2020

Date Arkansas river pH TDS (ppm) Turbidity 
(NTU)

Conductivity (µS/
cm)

Hardness (ppm) DO (mg/L)

11/18/18 8.7 1860 12 2500 34 6.3
1/7/19 8.7 2200 18 3090 42 6.4
8/18/19 8.6 3890 19 4000 59 6.2
10/2/19 8.5 2700 16 3100 40 6.5
1/18/20 8.1 1950 10 3050 36 6.5

Date Derby, KS (GW) pH TDS (ppm) Turbidity 
(NTU)

Conductivity (µS/
cm)

Hardness (ppm) DO (mg/L)

12/5/19 4.6 3950 10 1850 72 5.3
3/24/19 5.3 3100 9.4 1860 64 4.8
7/26/19 4.5 4400 10 2200 70 5.3
10/23/19 5.9 3800 9.8 2150 58 6.4
1/11/20 5.5 3200 9.6 1970 60 6.3

Date Hutchinson (SW) pH TDS (ppm) Turbidity 
(NTU)

Conductivity (µS/
cm)

Hardness (ppm) DO (mg/L)

12/26/18 7 2500 8.7 1340 27 6.5
2/3/19 7.2 2200 8.9 1420 28 6.5
6/15/19 6.8 2600 8 1390 27 6.4
9/22/19 7.5 2100 8.7 1400 23 6.5
1/4/20 7 2200 8.7 1410 26 6.4

Date Wichita Lakes (SW) pH TDS (ppm) Turbidity 
(NTU)

Conductivity (µS/
cm)

Hardness (ppm) DO (mg/L)

11/18/18 7.4 2350 11 1290 24 5.9
1/7/19 7.9 2340 11 1288 24 5.7
8/18/19 6.8 2780 12 1367 25 5.5
10/2/19 7.2 2430 11 1255 23 5.6
2/20/20 7.9 2170 10 1195 22 5.7
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from that of fluoride. The boron concentration is also 
expressed in the significantly greater association between 
boron content material and specific conductivity, rather 
than for the concentration and conductivity of fluorides. 
Fluoride (F) and boron (B) concentrations can be esti-
mated from these linear regression equations

The river water flowing into Kansas carries a concentra-
tion of selenium that is almost constantly greater than the 
requirement for aquatic life and the considered maximum 
for irrigation water. Pesticide concentrations are almost 
continually below detection (Stone et al. 2019). The sen-
sitivity to sulfate exceeds around 2.600 mg/L when the 
discharge is small. The concentration of chloride, on the 
other hand, no longer meets the maximum restriction, as 
sulfate and dissolved solid content tend to increase with 
reduced discharge.

Electrical conductivity

Electrical conductivity of water is related to the chemi-
cal elements that are proportional to the concentration 
of TDS. Conductivity is the most important considera-
tion for crop irrigation water and also one of the easi-
est field measurements. Consequently, water’s electrical 
conductivity is often calculated and used as an indicator 
of salinity. In Kansas waters, the electrical conductance 
has been reported as 1540–6010 µS/cm, and the variance 
in dissolved solids has been reported as 1160–4460 mg/L 
(sum-of-constituent’s values), as shown in Fig. 13.

(3)F = 0.0000589
(

Sp × C
)

+ 0.81,

(4)B = 0.000216
(

Sp × C
)

− 0.121.

Total dissolved solids (TDS)

The proportion of TDS is dependent on the water salin-
ity. TDS concentrations can be determined by evaporating 
a specified volume of water sample to dryness, using an 
increased drying temperature, then boiling (usually 190 °C, 
while other methods use temperatures of 105–115 °C), and 
residual weighing. The residue left to dry following the 
evaporation of Arkansas River water consists of sodium, 
calcium, magnesium sulfates, and particularly carbonates. 
Gypsum  (CaSO4·  H2O) precipitates during the drying pro-
cess and then partly dehydrates at higher drying tempera-
tures by the termination of the process. However, Hem has 
indicated that “even though dehydration of gypsum is sup-
posed to be complete at 180 °C, it is now not possible for 
water high in calcium and sulfate concentrations to yield a 
residue after drying for an hour at 180 °C that exceeds the 
computed dissolved solids via various hundred milligrams 
per liter” (Hem 1985).

The comparison of TDS concentration against specific 
conductance for Arkansas River water in southwest Kansas 
can be used for estimating dissolved solids content given a 
unique conductance measurement. Figure 14 shows TDS 
concentration levels of produced water before and after treat-
ment, and the averages of Kansas surface water based on the 
samples collected. Also, it shows that the total dissolved sol-
ids in the treated water is lower than those found in the other 
water samples—untreated produced water, Kansas irrigation 
water, and recommended level of irrigation. Kansas irriga-
tion water samples have the highest amount of dissolved 
solids and it is noticeable that the total dissolved solids in the 
final treated water samples fall in the range recommended 
for irrigation.

Hardness

Hardness is generally a problem in the state of Kansas, 
primarily due to its geology. The water retrieved from 
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oil-produced limestone, for all intents and purposes, is even 
harder, due to the higher concentrations of calcium and 
magnesium. Hardness can result in developing some very 
toxic metals when calcium ions  (Ca2+) interact with other 
water elements, and is the main source of water alkalinity 
and scale formation in a subtle way (Ribeiro et al. 2016).

Calcium concentration in Kansas water samples ranges 
from 456,598 to 896,878 ppb, and the produced water was 
found to be almost double the amount of concentration at 
1891,928 ppb. Magnesium concentration was in the range 
of 104,915 to 139,791 ppb, while the concentration in pro-
duced water was 149,422 ppb. After filtration, the levels of 
calcium and magnesium are seen to significantly decrease to 
the acceptable level at 76,351 ppb and 87,362 ppb, respec-
tively. For example, Table7 shows the intensity of calcium as 
detected in the ICP-OES, based on its wavelength and other 
factors related to hardness and water alkalinity.

In produced water, both calcium and magnesium nor-
mally exist bonded either to bicarbonate, to sulfate, or to 
chloride. When produced water is subjected to heat above 
61 °C/141°F, bicarbonate converts to carbonate to form cal-
cium carbonate  (CaCO3) scale (Diggs and Parker 2009).

Conclusions

In this research, multiple samples were collected from loca-
tions such as the Arkansas River and other water bodies in 
Kansas. The samples of produced water that were under-
taken for the purpose of this study were gathered from 
the Lario Oil and Gas Company, which produces an aver-
age of 3618 barrels of oil, 4278 MCF (MCF-1000 cubic 
feet) of gas, and 1151 barrels of produced water per day 
from 249 wells in the state of Kansas. Treatment of pro-
duced water is a better option than disposing of it, since it 
will only cost 10% of the current expenditure. The saved 
money can be used to obtain a minimum of $1000 per acre 
of newly sourced revenue from cotton crops. The turbid-
ity of treated water was recorded to have lowered from an 
average value of 80 NTU to the range of 10–15 NTU. The 
main components of water hardness are calcium and mag-
nesium, which significantly decrease to an acceptable level 
at 76,351 ppb and 87,362 ppb, respectively. TDS in the 
range of 1300–1400 ppm and pH at 6.5–7.0 are considered 

appropriate for mildly acceptable and highly acceptable for 
irrigation purpose for crop cultivation in farmlands. Harmful 
salts such as sodium and potassium in high concentrations 
were removed, along with a recovery percentage of 70%, and 
total oil removal was > 95%. The water quality for sodium 
and potassium levels was maintained below the irrigation 
standards of 1.7 ppm and 160 ppm, respectively. Sulfate was 
reduced by more than 95%, from 310,00 to 150 ppm. Zinc 
was reduced to below 0.1 mg/L, and copper at 0.04 mg/L. 
Using current techniques for desalination, de-oiling, and 
elimination of suspended solids from produced water comes 
with several drawbacks such as high disposal costs, second-
ary waste output, and release, high energy costs, and some 
situations use of chemicals. Thus, this research indicates that 
this new system might be an influential development for the 
future of produced water and its effective treatment and use 
in farming in dry regions.
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