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Abstract 

The goal of this Master’s thesis project is to develop a method for boron precipitation in 
produced waters from the Arroyo Grande oil field outside San Luis Obispo in central 
California. The current oil recovery is a closed system that pumps up to 1,500 barrels 
oil/day. A new system is proposed to increase oil production three times and 
simultaneously dewater half of the water in the oil formation during the time span of ten 
years, which amounts to 55,000 barrels/day. The water will be treated and used for 
irrigation or discharged into a stream. The water contains high levels of boron (7-8 
mg/L), which will be removed with chemical precipitation/adsorption. The full treatment 
system will include, besides precipitation, lime softening, walnut shell filter, strong-acid 
cation exchange, microfiltration, and reverse osmosis. 
 
All experiments were conducted at site-similar conditions, i.e. at water temperatures of 
70 ºC. Titrations were conducted with NaOH-solution and slaked lime (Ca(OH)2) to 
establish the amount needed to increase the pH to levels needed in the precipitation 
experiments. 
 
Softening to remove divalent ions (Ca2+ and Mg2+) and silica will be needed to protect 
coming steps in the treatment, with the possible removal of some boron. The amount of 
lime, added as slaked lime, needed was determined experimentally to 500 mg/L. Lime 
softening calculations were in good agreement with experimental results. Up to 20 % 
boron was removed by adding large amounts of lime, up to 2700 mg/L.  
 
The experiments were conducted varying the amount of magnesia (0-30 g/L), pH (9.7-
11), and reaction temperature (50-90 °C), showing that 90 % boron can be removed when 
adding 30 g/L magnesia, on the other hand, little or no boron was removed for additions 
lower than 5 g/L MgO. Increase in temperature and lowering pH was advantageous to the 
boron removal. The silica removal was strongly promoted by an increase in temperature. 
Magnesia was added to synthetic water, at low and high temperatures (50 and 80 °C), at 
low and high pH, with sodium hydroxide and lime, confirming previous results. 
Magnesium chloride was added to the produced water, and compared to samples of 
magnesia with the same molar concentrations; magnesium chloride was more efficient at 
low concentrations and less efficient at high concentrations, removing 31 % when adding 
5 g/L, and 11 % when adding 25 g/L. 
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When studying the adsorption onto alumina, the amount was varied between 0 and 35 g/L 
and the pH was varied between 7 and 10.4. The boron removal increased, with the 
increasing alumina, removing 38 % when adding 35 mg/L. Changing the pH did not 
improve or worsen the removal. 
 
These results are important for determining a suitable boron removal process in the 
wastewater treatment plant at the Arroyo Grande oil field, though more studies must be 
conducted to reach optimum and realistic results. 
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1 Introduction 
PXP, Plains Exploration and Production Company, is a small oil and gas company with 
one of their oil fields in Prince Canyon called the Arroyo Grande oil field, outside San 
Luis Obispo in the Central Coast of California. The current oil recovery is a closed 
system that pumps up to 1,500 barrels oil/day. The oil is pumped up as a 50 % oil and 50 
% water mixture. The current water treatment system performs some basic treatment 
steps to separate the oil from the water and clean the water to not foul the boiler. The 
water passes through a boiler, and is converted into steam and put back into the oil 
formation. A new system is proposed to increase oil production three times and 
simultaneously dewater half of the water in the oil formation during the time span of ten 
years, which amounts to 55,000 barrels/day. The system cannot remain closed during the 
dewatering process, since the amount of water in the formation would accumulate, 
leading to a decreased efficiency when excavating the oil, but also an accumulation of 
compounds, such as boron, which may create problems in the future. 
 
Produced water is essentially ancient seawater, captured in the oil formation millions of 
years ago. According to the Produced Water Society (Produced Water Society 2008), of 
all the produced water formed in the US, 65 % is reinjected into the formation, 30 % is 
injected into deep saline formations, and 5 % is released into surface water. Produced 
water exists under high pressure, and high temperature, is high in salinity, contains metals 
and other compounds such as hydrocarbons, dissolved gases as well as bacteria and other 
living organisms, therefore produced water must be treated and tested for toxicity before 
it is released into surface water. The cost of treating produced water is one of the major 
costs in producing oil. Produced water must either be reused or disposed, which is a 
responsibility for each company to comply with current regulations. 
 
The produced water has a boron concentration of 7 to 8 mg/L boron, as well as other 
compounds associated produced waters from oil fields. The water is high in dissolved 
solids, high hardness, and high in silica. It also contains some residual hydrocarbons, 
metals, and sulfates; as a consequence, the water smells strongly of sulfate and has a 
yellowish color. 
 
The planned wastewater treatment system will have a series of unit operations, including 
lime softening, filtration, microfiltration, strong-acid cation exchange, and reverse 
osmosis (Figure 1.1). Boron will be effectively removed in reverse osmosis, and may be 
able to meet the discharge regulations, but the concentrate is expected to have a very high 
concentration of boron, up to 25 mg/L, and the discharge of this may be problematic. The 
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planned wastewater treatment plant does in the following figure (Figure 1.1) not include a 
boron removal step.  
 
 

Figure 1.1. A simplified schematic of the planned wastewater treatment plant without the 
boron treatment steps added (Source Lundquist 2007). 
 
Boron is expected to be removed from one of the two alternatives shown in Figures 1.2 
and 1.3 below. Firstly, boron can be removed in the lime softening stage through 
chemical adsorption/precipitation with magnesium and/or aluminum compounds (Figure 
1.2). The temperature at this stage is expected to be high, starting at 60 °C and increasing 
to 80 °C within the next ten years. The advantage of removing boron at this stage is the 
high solids content of the lime softening, which is considered advantageous for boron 
adsorption. At this point it is also possible to consider recycling the sludge formed in the 
reactor, to keep the solids content high. Several aspects would need to be considered, 
such as an optimum sludge age and solids content and if boron desorption occurs. 
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Figure 1.2. Potential boron removal stage; boron removal during lime softening (Source 
Lundquist 2007). 
 
Boron can be removed from the reverse osmosis concentrate (Figure 1.3). The 
concentrate would also be treated by chemical adsorption/precipitation with magnesium 
or aluminum compounds. The temperature would on the other hand not be as high as in 
the first possibility of removing boron in the lime softening stage; the temperature is 
expected to be 20 to 25 °C. The advantage of performing the boron removal at this stage 
is the higher boron concentration. The disadvantage is that a new unit operation is 
needed. 
 
 

FEED 
WATER 

 

Filtration/microfiltration/etc

. 

  Lime  
  Softening 

Reverse- 
Osmosis 

 

PERMEATE 

CONCENTRATE 

 

 
Adsorption on 

Mg/Al 

Solids with  
Boron 

Mg/Al 
addition 



 4 

 
Figure 1.3. Potential boron removal stage; boron removal on the reverse osmosis 
concentrate (Source Lundquist 2007). 
 
1.1 Aims and Objectives 
The aim of this research paper is to successfully remove boron from the water produced 
at the PXP Arroyo Grande oil field. This paper will be limited to the research and results 
of the first alternative of boron removal shown in Figure 1.2. The second alternative for 
boron removal shown in Figure 1.3 will be researched simultaneously by another M. Sc. 
student.  
 
The main objective is to find a method that successfully removes boron, ideally to levels 
low enough to be released into the nearby stream or used for irrigation, which is by WHO 
0.5 mg/L B. Other objectives are to successfully soften the water and remove silica. The 
hardness after lime softening has been set to a requirement of at least 50 mg/L residual 
hardness before the water continues to further steps in the water treatment. The hardness 
left in the water will be removed in the ion exchange later in the process. The majority of 
all silica should be removed; the requirement has been set to 90 % of the initial silica 
removed, which is 10 mg/L Si left after removal. Different promising compounds will be 
tested on the water from the AG oil field under specific site conditions to achieve these 
aims and objectives. 
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2 Background 
2.1 Boron in the Environment 
Boron is an element that can be found naturally in the environment, and can be released 
into the environment by natural and anthropological sources. It is found in seawater, 
sediments, sedimentary rocks, and soils. Boron is considered a very useful compound, 
used in many applications, it is even applied directly to soil as plant fertilizes, but 
unmanageably high boron concentrations and contamination is becoming a more and 
more serious problem, especially for agriculture in dry and arid areas with high salinity 
and poor drainage (Ferreira et al 2006) 
 
Boron exists primarily as undissociated boric acid in natural waters, significantly 
occurring in seawater at concentrations up to 4.5 mg/L (WHO 2003a). Its presence in 
surface waters is a consequence of treated sewage effluent disposal where rests of 
detergents are still present (WHO 2003b). 
 
Boron in its elemental form exists as a solid at room temperature, but is never naturally 
occurring, varying from yellow to black in color. Boron also exists in sodium perborates, 
borex pentahydrate, borax, boric acid, and other borates. Boric acid is a weak acid that is 
undissociated in aqueous solutions at pH < 7. At pH > 10 boron is mainly found as 
metaborate, B(OH)4

-. From pH = 6 to pH = 10 and at concentrations higher than 270 
mg/L boron can be found as polyborate ions, B3O3(OH)4

-, B4O5(OH)4
-, and B5O6(OH)4

- 

(WHO 2003a). 
 
2.2 Uses of Boron 
Boron is widely used in many applications, in steel and alloys, glass, fiberglass, 
borosilicate glass, enamel, glaze, soaps, detergents, flame retardants, neutron absorbers, 
mild antiseptics, cosmetics, pharmaceuticals as pH buffers, nuclear reaction materials as a 
thermalizing agent, boron neutron capture therapy for cancer treatment, pesticides, and 
agricultural fertilizers (WHO 2003a, Sah and Brown 1997). 
 
2.3 Guidelines and Regulations 
Historically, boron has been stated difficult to remove from aqueous solutions and 
wastewater. WHO did not refer to boron until 1984, when it was stated that no action was 
needed for removing boron. In 1993 the guideline value for boron in drinking water was 
0.3 mg/l. The guideline value was increased in 1998 to the current level of 0.5 mg/l, but 
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remains provisional since there is no efficient method for treatment of wastewaters to 
meet the requirement where the boron level is high  (WHO 2003b). 
 
Conventional water treatment does not significantly remove boron from aqueous 
solutions, and special technology needs to be in place to remove high concentrations. 
According to Guidelines for Drinking-water Quality by WHO (2003b), ion exchange and 
reverse osmosis reduce boron levels but are considered too expensive to be used for 
conventional wastewater treatment. The only affordable and feasible method given was 
dilution with low-boron concentration water. 
 
2.4 Environmental and Health Effects 
Boron is essential to plant growth at low concentrations. The greatest intake of boron is 
normally via food intake, mainly through vegetables, fruits, and berries (WHO 2003b). 
The boron concentration in animal tissue is 1 mg/L B. Boron deficiency in plants can 
result in reduced growth, and even death, while excess boron is toxic to both animals and 
plants. Boron accumulation in animals and plants that have a high intake of boron may 
have potential health hazards (Sah and Brown 1997). 
 
Different plants, crops, and fruits have different tolerance against the boron concentration 
in irrigation waters. The most sensitive crops are blackberries, which can only tolerate a 
boron concentration up to 0.5 mg/L B; the crop that can handle the highest boron 
concentration in irrigation water is asparagus, which can tolerate 6-15 mg/L B. Generally, 
fruits, beans and berries tolerate less boron, while vegetables and roots tolerate more (Xu 
and Jiang 2008). 
 
During long- and short term laboratory experiments it has been shown that a high intake 
of boric acid and borax, from food or drinking-water, negatively affects male 
reproductive systems, while it is not genotoxic or carcinogenic  (WHO 2003b). The 
tolerable daily intake of boron for an adult is 0.16 mg B/kg of weight. Over-intake of 
boron can cause acute boron toxicity with nausea, headache, diarrhea, kidney damage, 
and circulatory collapse with deadly outcome (Xu and Jiang 2008). 
 
2.5 Field Site Price Canyon – The PXP Arroyo Grande Oil Field 
The PXP Arroyo Grande oil field is located in Price Canyon, on Price Canyon Road, 
outside San Luis Obispo. Price Canyon is an environmentally sensitive area, for its flora 
and fauna, which is under a lot of restriction. The picture below shows the oil field and 
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the existing water treatment plant. The planned water treatment plant will be built in the 
open area in the top, left corner of the picture, to the left of the top of the existing plant. 
The creek, Pismo creek, which is a possible recipient to the treated water, is to the right 
of the road, in this picture. 
 

 
Figure 2.1. The Arroyo Grande oil field and the existing water treatment plant, the Pismo 
Creek to the right in the picture. The planned water treatment plant will be built in the 
open field in the top, left corner. 
 
2.6 Boron Analysis Methods 
There are many technologies used to analyze boron. The accuracy, detection limit, price, 
and difficulty are different for each method. The choice of method is important for this 
project since the boron concentration will be measured often, and the equipment needed 
must be at hand very often. In this chapter, some of the boron analysis methods will be 
shown, including some that are amongst the first methods of boron detection to the 
newest technology available. 
 
2.6.1 Colorimetric 

Carmine has been used as a spectrophotometric agent since 1950 and since then been 
developed and refined into an excellent and precise method of boron determination 
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(Gupta and Boltz 1974). This method has been used to determine the boron concentration 
in many media, such as glass, ceramics, soil, metals, and water (Sámsoni and Szeleczky 
1980). 
 
The procedure used in this project is according to Standard Methods for the Examination 
of water and wastewater by the American Public Health Association, APHA (1995) and 
Hatcher and Wilcox (1950). 
 
A solution of carmine and concentrated sulfuric acid is prepared, and added to the 
strongly acidic sample that will be analyzed. Color is developed by the boron-carminic 
acid complex, which has a deep red color. Color development takes 40-45 minutes, 
remains constant for 1.5 hours (Gupta and Boltz 1974) or 4 hours (Hatcher and Wilcox 
1950) to then fade. The absorbance is measured at 585 nm. 
 
The absorptivity of the boron-carminic acid complex is most pronounced in the 
ultraviolet region at 300 nm, and in the visible region at 600-615 nm according to Gupta 
and Boltz (1974), while Hatcher and Wilcox (1950) determined the boron-carminic acid 
complex absorbance to a maximum between 560-620 nm. Sámsoni and Szeleczky 
(1980). 
 
The carminic acid method has many references and many ways to be prepared and used. 
The carminic acid method according to Gupta and Boltz (1974) includes keeping the 
carminic acid/sulfuric acid solution refridgerated, adding acetic acid to the sample, and 
developing color for six hours. Sámsoni and Szeleczky (1980) showed that heating of the 
samples leads to the decomposition of the boron-carminic acid complex: the longer the 
sample was heated, the lower was the measured absorbance. The preparation method 
used in this paper does not include any of these mentioned methods. 
 
Gupta and Boltz (1974) conducted a study analyzing ion interferences and tolerance of 
carminic acid method. There are 39 ions that interfere with the analysis method, 
including Br-, Co2+, F-, Sn4+, Ni2+, and Zn4+. None of these elements occur above the 
tolerance level in the specific raw water from the Arroyo Grande oil field. According to 
Hatcher and Wilcox (1950), temperatures around the range of 20 °C to 35 °C do not 
affect the precision of the method. 
 
Sources of error for the carminic acid method include the evaporating temperature when 
concentrated sulfuric acid is added to the water sample. The water content of the sample 
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influences the sensitivity of the method; the optimum water content is between 0-10 % of 
the total volume of the water sample (Sámsoni and Szeleczky 1980). According to APHA 
(1995), the method requires a water content of 10 %. 
 
Other colorimetric methods for boron determination are the curcumin method, methylene 
blue, azomethine-H, quinalizarine, arsenazo, and crystal violet (Sah and Brown 1997). 
 
2.6.2 Plasma-Source Methods 

Plasma-Source Methods uses plasma to ionize samples . The different types of plasma 
include direct current (DCP), inductively coupled plasma (ICP), microwave induced 
plasma (MIP), and glow discharge plasma (GDP). The most common of these are ICP 
generated from argon. Plasma as analytical tools includes plasma-source emission 
spectrometry (OES) and plasma-source mass spectrometry (MS). The detection limit for 
ICP-OES is low for several kinds of samples, such as animal tissue and plant leaves. The 
detection limit for soil samples are as low as 10 to 15 µg B/L. Other elements may 
interfere with the accuracy of ICP-OES, such as high concentrations of iron and silicon, 
since their characteristic wavelengths are too close. ICP-MS is often chosen over ICP-
OES, since it is considered to have higher sensitivity, the possibility to measure both 
boron isotopes and have a lower detection limit. ICP-MS is considered the most precise 
method for quantitative analysis and probably has the lowest detection limit of all 
analysis methods suitable for boron determination: 1-3 ppb in biological sample and 0.15 
ppb in aqueous solutions (Sah and Brown 1997). 
 
2.6.3 Other boron analysis methods 

Other methods for analyzing boron include mass spectrometric methods, which 
determine the isotopic composition (B11 and B10), nuclear reaction analytical methods, 
which use neutrons to detect boron, and atomic emission spectrometry (AES) and atomic 
absorption spectrometry (AAS), which are methods where the sample is passed through a 
flame and the characteristic wavelength is measured  (Sah and Brown 1997). 
 
2.7 Boron Removal Methods 
There is no simple, easy and feasible way to remove boron from water and wastewater. 
There are very many reported technologies in literature, that all hold their positive and 
negative qualities. Most of the boron removal methods involve high consumption of 
chemicals or include expensive regeneration. The largest group of boron removal 
technologies is using chemical precipitation or adsorption, where a very large amount of 
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chemicals and compounds have been tested and analyzed for their potential and 
limitations. Some other more costly technologies follow, such as liquid-liquid extraction, 
ion exchange, and reverse osmosis. After that electrocoagulation and electrodialysis. 
 
2.7.1 Magnesia 

Magnesia is strongly considered as a useful compound for the future wastewater 
treatment plant at the AG oil field. Magnesia has proven to remove boron from both 
artificial waters and produced waters. 
  
del Mar de la Fuente García-Soto et al (2006) conducted experiments using a high boron 
concentration, 500 mg/L, and a lower boron concentration, 50 mg/L. The same article 
stated that adsorption with magnesium oxide was chosen as removal technology, since 
there was little need for process monitoring and the method was simple. The influence of 
the quantity of the reagent, contact time, temperature, and pH were examined variables in 
the study. The magnesium oxide concentration was varied from 0 to 60 as Mg/B mol 
ratio, which was from between 0 and 67.5 g/L for the boron concentration 500 mg/L and 
6.8 g/L magnesium oxide for 50 mg/L B. The experiment was conducted at room 
temperature, at pH 9.5 to 10.5, the stirring time was 2 h and settling time 48 h. For the 
higher boron concentration samples, 90 % boron removal was quickly reached when 
adding more than 10 g/L magnesium oxide, and reached near 100 % at 20 g/L 
magnesium oxide. For the lower boron concentration, 50 mg/L, the maximum boron 
removal recorded was when adding 6.8 g/L, reaching 80 % boron removal. The contact 
time was in the article defined stirring and settling combined. When using Mg/B ratio of 
20, 30 min stirring, room temperature, pH between 9.5-10.5, and varying the settling time 
between 0 and 24h, the high boron concentration sample reached above 95 % boron 
removal after 6h settling time, while the low boron concentration sample reached 70 % 
boron removal when settling for 24h. When studying the effect of temperature (20 °C-70 
°C), it was studied together with the contact time (0-180 min), showing that the 
adsorption is strongly dependent on these two variables, adsorption increasing as the 
temperature and the contact time increasing. When increasing the temperature to 70 °C, 
using the same experimental conditions as above, only 20 min settling was needed for the 
sample with higher boron concentration. When studying the influence of the pH, the 
same experimental conditions were used as above, using a settling time of 48h at room 
temperature. A maximum in adsorption could be seen at pH 10 with the adsorption 
decreasing on both sides of the peak. This is explained in the literature as the competition 
for the adsorption sites between hydroxyl ions and borate at higher pH, and at lower pH 
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the absence of the ionized borate ion, which can adsorb to the magnesium oxide (del Mar 
de la Fuente García-Soto et al 2006). 
 
In a study performed by Xu and Jiang (2008), the same results are reported; the 
adsorption onto magnesia is strongly dependent of the temperature and the contact time, 
to reach decent removal rates, at least 10h at room temperature was needed. Another 
problem mentioned is the fact that magnesia cannot be regenerated for reuse. 
 
Konstantinou et al (2006) examined and compared magnesia and alumina with regards to 
their boron adsorption properties, showing similar results as the previous study by del 
Mar de la Fuente García-Soto et al (2006). The boron removal was increased when 
increasing the amount of adsorbent, increasing the temperature, and increasing the initial 
boron concentration. The pH shows a similar trend with a maximum at pH 10, and 
decreasing on each side of the peak. This article also states that the adsorption onto 
magnesia is strongly dependent on the ionic strength of the boron containing water, as it 
creates competition with boron for adsorption sites. Konstantinou et al (2006) also 
conducted studies using magnesia for boron removal from natural waters. All waters had 
low initial boron concentration, 1 mg/L or below, except for one sample with 3.5 mg/L B. 
25 g/L was used in the study and removed between 80 and 90 % of the initial boron in 
almost all samples. 
 
2.7.2 Alumina and Activated Alumina 

Konstantinou et al (2006) investigated the properties of alumina regarding boron 
removal. The dependence of four parameters was investigated: pH, initial boron 
concentration, amount of adsorbent, and temperature. The optimum pH for boron 
adsorption onto alumina was at pH=8, suggesting a reaction mechanism that alumina 
reacts with the species of boron that exists under its pKa of 9.2. The maximum adsorption 
capacity for alumina is 0.4 mg B/g alumina, but alumina is a more efficient adsorbent at 
lower boron concentrations. The study also shows the removal efficiency of alumina 
increasing with decreasing temperatures, between 5 °C and 50 °C. The boron solution in 
the study is composed out of only distilled water, boric acid, and sodium hydroxide to 
change the pH. Konstantinou et al (2006) also investigated the boron removal on natural 
waters with alumina, showing that adding 25 g alumina/L to natural waters containing 
0.1-3.5 mg B/L at pH 7.5-8 gave 85-95 % removal. 
 
Activated alumina is an amorphous material with a very high surface area and high 
adsorption capacities. The boron removal for activated alumina reaches 40- 65 % for a 
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dose of 0.5- 5 g activated alumina/L with an initial boron concentration 5-50 mg/L. The 
adsorption of boron onto the activated alumina is also pH dependent; the boron removal 
stayed constant for pHs from 5 to 8.5, to then decrease because of the competition with 
other anions in the solution (Bouguerra et al 2008). 
 
2.7.3 Hydrotalcites, Ettringite, and Hydrocalumite 

Hydrotalcites or Mg/Al double-layered hydroxide compounds (DLHs) are newer 
technologies that have proven to be very promising in the removal of boron. DLHs are 
synthetic anionic clays and have been used for adsoption of ions as F-, Br-, and NO3

-, 
without loosing its double layer structure. Ettringite and hydrocalumite, two other types 
of DLHs, have been proven to remove borate, molybdate, chromate, and selenate from 
aqueous solutions. pH is a limitation of both ettringite and hydrocalumite, they are not 
stable at lower pHs, needing a minimum pH of 10.7 and 11.6 respectively. DLHs uses 
carbonate as its exchange anion, which cannot be regenerated, therefore limiting its use 
as an adsorbing medium (Xu and Jiang 2008). 
 
DLHs in general are limited by regeneration, which can be done through washing and 
heating, reducing in capacity from 50 % during the first regeneration (Xu and Jiang 
2008). 
 
Since the DLHs are synthesized by coprecipitation, it is possible to tailor the compounds 
to be more suitable for a sustainable boron removal. The physical and chemical properties 
depend on the nature of the used metals, the anion type and concentration, and the surface 
area (Ferreira et al 2006). The most recent DLHs replace carbonate as the exchange anion 
with nitrate, making the compound unaffected by the initial water pH (Xu and Jiang 
2008). 
 
DLHs have a boron removal capacity of 1-17 mg B/g DLH for boron concentration 
ranging from 5-500 mg/L B, according to Xu and Jiang (2008) and 4-14 mg B/g DLH 
according to Ferreira et al (2006). Xu and Jiang (2008) report that industrial effluent with 
an initial boron concentration of 17 mg/L B was treated with 16-36 g/L DLH of different 
DLHs, removing 86-94 % boron in the water. 
 
2.7.4 Lime 

Xu and Jiang (2008) reported that lime was considered in the early days of boron removal 
technologies. The boron concentration in solution was reduced from 6200 mg/L B to 450 
mg/L B when adding 4330 mg/L Ca(OH)2, and a reaction time of 1-4 days. 
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Powdered calcium hydroxide, also known as hydrated lime, was added to an industrial 
waste solution containing sulfuric acid and a very high concentration of boron: up to 700 
mg/L B. Hydrated lime readily adsorbs boron when adding large amounts. Remy et al 
(2005) added 45-75 g/L Ca(OH)2: 45 g/L Ca(OH)2 decreasing the boron concentration 
from 700 mg/L B to 250 mg/L B over 2 h, 50 g/L-75 g/L Ca(OH)2 had similar removal 
results, removing boron from 700 mg/L B to less than 50 mg/L B over 2 h at 90 °C. The 
adsorption was very temperature dependent, when adding 45 g/L Ca(OH)2 the reaction 
barely removed any boron at 70 °C, while it removed 450 mg/L B at 90 °C. 
 
Though the removal is possible, 50 g/L Ca(OH)2 is an extremely large amount, and 
probably not economically viable with the amount of sludge produced, unless a large 
portion of the sludge is recycled. An addition of hydrated lime in these quantities can be 
considered a pretreatment of wastewater with very high boron concentrations to other 
methods that can remove boron to the WHO guidelines of 0.5 mg/L B. 
 
2.7.5 Other Removal Methods 

Adsorption has also been studied and reported to be possible with other metal salts, 
calcium carbonate, coal and fly ash, activated sludge, activated carbon and clay materials. 
Other removal methods that do not include adsorption are liquid-liquid extraction, ion 
exchange with boron specific resin, reverse osmosis, electrodialysis, and 
electrocoagulation. 
 
2.8 Silica Removal Methods 
Silica is undesirable in treated waters for many reasons, firstly it causes scaling in pipes 
and boilers, and secondly because it can foul future steps in the process. Betz et al (1940) 
examined the removal of silica with magnesium oxide in conjugation with the hot-
process lime-soda softening. The article shows that silica can be removed above 90 % 
removal by adding up to 150 mg/L magnesium oxide, at 95 °C with 30 min contact time. 
The effect of temperature was examined, varying the temperature between 30 and 95 °C, 
and the contact time was also examined. It was shown in the article that increasing the 
temperature increased the efficiency of magnesium oxide greatly, and similarly with the 
contact time; the silica removal was greatly increased by an increase in contact time. 
Silica removal with magnesium oxide can be performed simultaneously with lime 
softening, to remove silica and hardness in the same step. It is also noted that magnesium 
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oxide is more efficient for silica removal than other magnesium compounds, such as 
magnesium sulfate and magnesium carbonate (Betz et al 1940). 
 
Zeng et al (2007) examined the removal of silica with a magnesium compound, sodium 
hydroxide precipitation, and zinc sulfate coagulation, and investigated the effect of 
temperature and settling time, yielding similar results as above. Zeng et al (2007) noted 
that removal of silica in conjugation with lime softening produces large quantities of 
sludge and deposits increasing the cost of the treatment. When adding 0 to 1400 mg/L 
magnesium oxide together with sodium hydroxide as pH regulator, zinc sulfate as 
coagulator and a flocculent at 600 mg/L, 150 mg/L, and 1 mg/L, respectively, using a 
temperature range of 50 to 90 °C and a settling time ranging from 0.5h to 2h, the silica 
removal was 50 %, with the initial silica concentration 140 mg/L SiO2. Under these 
conditions the hardness, starting at 30 mg/L, was also removed. When using magnesium 
chloride, 0-1400 mg/L, under the same conditions the silica removal was between 75 % 
and 95 %, proving silica to be a superior compound for removing silica. The hardness on 
the other hand increased from 30 to 130 mg/L. It is also noted in the article that 
magnesium chloride creates less sludge than using magnesium oxide. Silica can also be 
removed by other methods such as reverse osmosis, ion exchange, and 
electrocoagulation, although the cost is higher than for chemical methods (Zeng et al 
2007). 
 
2.9 Lime Softening 
Hardness removal can be done in many ways, for example ion exchange, in this case 
hardness will be removed through chemical precipitation: lime softening. Lime softening 
is the process to remove hardness from water and wastewater. Hardness is the amount of 
divalent ions measured equivalent concentrations in mg/L calcium carbonate, usually 
Mg2+ and Ca2+. There are two types of hardness: carbonate and noncarbonate hardness. 
Carbonate hardness is the divalent ions associated with anions that create alkalinity, such 
as HCO3

- and CO3
2-. While noncarbonate hardness is associated with other types of 

anions that do not create alkalinity, such as SO4
2- and Cl- (MWH 2005). 

 
Hardness is normally removed for aesthetic reasons, since hardness causes scale in pipes 
and hot-water heaters (MWH 2005). In the case of the Arroyo Grande oil field future 
wastewater treatment system, hardness removal is desired to not foul the reverse osmosis 
and boiler system further downstream in the wastewater treatment. 
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Hardness is precipitated as hydroxides, Mg(OH)2, and the calcium hardness is 
precipitated as calcium carbonate, with carbonate that exists in the native water or added 
as sodium bicarbonate. 
 
When alkalinity is present as bicarbonate, calcium can be precipitated as calcium 
carbonate at pHs as low as 9.3, because of the readiness of the carbonate ions in solution 
(MWH 2005). 
 
2.9.1 Hot Process 

The reaction in the hot process takes place several hundred times as fast as in the cold 
process. The precipitates formed at these higher temperatures are larger and heavier, and 
since the hot water is less viscous than cold water, settling takes place more readily, so 
that unlike the cold process, no coagulant is needed. The hot process also differs from the 
cold process in that no lime need be added for the free carbon dioxide content, as this is 
driven off by heat before the chemicals are added (Nordell 1951). 
 
To remove hardness, all of the calcium hardness is precipitated as calcium carbonate and 
all of the magnesium hardness is precipitated as magnesium hydroxide. In addition, a 
small excess of sodium carbonate should be present. The principal chemicals used are 
hydrated lime and soda ash (Nordell 1951). 
 
In practice the total hardness in the effluent usually varies between 10 and 20 mg/L as 
CaCO3 (Nordell 1951).  
 
Incidental to the removal of hardness in the proper operation of lime-soda softening, iron, 
free carbon dioxide and turbidity are removed (Betz 1950). 
 

3 Materials and Methods 
3.1 Water Sampling and Storage 
Water was collected each week from the Arroyo Grande Oil Field from the spigot from 
after the last filter in the existing wastewater treatment system. Water was collected in a 4 
gallon plastic carboy, and then stored in an oven at 70 °C. The water was considered 
usable within the first three days based on the storage studies described below. After 
three days the water darkened considerably, suggesting metal sulfides precipitating due to 
biological activity and/or oxidization. It was not established what the underlying reason 
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was for the color change, instead focus was laid on what effect this had on the 
experiments.  
  
To examine if the color change had an effect on the experiments on the water, storage 
studies on the most important parameters were conducted. To determine the shelf life of 
the raw water, the hardness, alkalinity, and CO2 concentration were measured during four 
days. A small sample of water was filtered each day, saved, and on the last day the boron 
concentration was measured. 
 
Alkalinity decreased with time (Table 3.1), which may be associated with compounds 
precipitating during storage. The free carbon dioxide also decreased with time, while both 
the hardness and the boron concentration remained constant (Table 3.1). pH increased 
slightly during storage, from 7.3 to 7.7 over 9 days (Figure 3.1). Each analysis was 
repeated to be certain that the value was accurate during that day. It was decided that the 
decrease in alkalinity and free CO2 might affect the amount of lime needed during lime 
softening. It is shown in Chapter 4.2 that lime softening has a slight buffering effect, 
where different amounts of lime reach the same softening. It is therefore established that 
the raw water can be used three days after collection, while assuming that the water has 
approximately the same composition. 
 
Table 3.1. The alkalinity, hardness, free CO2 concentration and boron concentration of a 
sample stored for four days. 

Day 
Alkalinity 

(as mg CaCO3/L) 
Hardness 

(as mg CaCO3/L) 
Free CO2 

(mg CO2/L) 
Boron 

(mg B/L) 
1 433 193 80 7.6 
2 413 197 68 7.9 
3 387 195 70 7.6 
4    7.9 
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Figure 3.1. pH measurements of produced water during storage. 
 
3.2 Experimental Setup and Operation 
All experiments were conduced with the experimental setup explained in this chapter, 
unless specified otherwise. The experimental setup was composed of six hotplates, six 
Pyrex beakers, six alcohol thermometers, and a Phipps & Bird Stirrer jartester, model 
7790-400, with one motor attached to six paddles, equivalently stirring each sample 
(Figure 3.2). Each jar contained 500 mL raw water during every experiment. The samples 
were stirred at 200 rpm, and chemicals were consecutively added according to the 
composition of chemicals specified in the experiment. The samples were stirred for 5 min 
at 200 rpm for rapid mixing and 10 min of slow mixing for flocculation at 20 rpm. The 
samples were then allowed to settle for 30 min. 
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Figure 3.2. The experimental setup used in the boron removal experiments. 
 
During each experiment, the pH was measured three times: before, during and after the 
experiment. An example of the measurements done for each experiment can be seen in 
Table 3.2. This example shows measurements during lime softening, varying the lime 
doses in each jar. The temperature is 70 °C during the entire experiment with a standard 
deviation 0.8 °C, and the starting pH is 7.46 with a standard deviation 0.02. The pH 
increases with the increasing jar number, as the lime dose increases. 
 
The pH was measured by a Broadly James Corporation Process Probe sealed Ag/AgCl 
reference half-cell pH probe with a glass body for measuring high pHs at high 
temperature and high salinity, a Mettler Toledo SevenEasy S20 pH meter with 
temperature compensation with a Mettler Toledo ATC temperature probe. The pH 
standards used were certified pH=7, 10, and 11. 
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Table 3.2. An example of the measurements of pH and temperature done during each 
experiment. 

pH Temperature (°C) 
Jar 

Start 
After Fast 

Mixing 
After Slow 

Mixing 
Start 

After Fast 
Mixing 

After Slow 
Mixing 

1 7.46 7.87 7.95 69.8 71.1 70.0 
2 7.49 9.20 9.22 69.9 70.1 71.6 
3 7.46 9.28 9.33 69.0 71.1 70.3 
4 7.45 9.52 9.58 69.2 69.1 70.0 
5 7.44 9.77 9.85 69.5 71.6 69.7 
6 7.44 9.88 9.92 70.0 70.3 69.0 

 
After settling, the samples were vacuum filtered through Fisherbrand glass fiber filter 
circles to remove solids for storage and analysis, 5.5 cm diameter and G6 grade, with a 
Barnant Co vacuum pump. The samples were then marked and stored in 500 ml 
Polyethylene bottles, and the hardness and boron concentration were measured. It was 
considered that the water does not change composition after the process of each 
experiment and after filtering. The storage bottles are also considered inert to the 
samples. 
 
When analyzing the total boron concentration and hardness of samples after experiments, 
the total hardness and boron concentration shown are after filtering, and therefore is a 
measurement of the residual concentrations in the water. 
 
Lime softening was conducted by adding lime as calcium hydroxide, either as slaked lime 
or hydrated lime. Hydrated lime is a powder, while slaked lime is a calcium hydroxide 
solution. The slaked lime solution was prepared by burning CaO in the oven at 950 °C for 
2 hours in the oven to ensure that all lime was in the oxidized form, and had not hydrated 
during storage, letting it cool in a desiccator over night, and then adding 5 g of the CaO to 
95 g of DI water. Adding CaO to water is an exothermic reaction, creating Ca(OH)2 in 
solution. The final concentration of the slaked lime solution was 70 g/L Ca(OH)2. The 
slaked lime was added to the sample with a micropipette under site-similar conditions.  
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3.3 Analytical Methods 
3.3.1 Boron 

The boron concentration was measured according to APHA (1995) 4500-B C Carmine 
Method.  During the analysis, storage in Pyrex was avoided, since it is a borosilicate glass 
that could leach boron when the concentrated acids are used. To examine possibilities of 
boron leaching into solution, concentrated sulfuric acid was stored in a Pyrex beaker, 
properly sealed with Parafilm Laboratory film to avoid evaporation, for four days, and 
then analyzed for boron. Eight analyses were prepared from each sample and the average 
absorbance and concentrations are shown in Table 3.3. The boron concentration 
increased, compared with the blank sample; the absorbance increased from 0.34 to 0.37, 
which correlates to an increase in boron concentration with 0.44 mg/L B. This suggests 
that boron in fact does leach from the glass. 
 
Table 3.3. The storage of concentrated sulfuric acid in a Pyrex beaker was examined. 

Sample Absorbance Conc. (mg/L) 
Blank 0.34 0.00 

After Pyrex storage 0.37 0.44 
 
The standards were made at concentrations of 1 mg/L, 2.5, 5, 7.5, and 10 mg/L with 
crystalline boric acid. Below, a standard calibration curve can be seen (Figure 3.3). 
 

 
Figure 3.3. A standard calibration curve for the carmine method of boron analysis. 
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To examine the linearity of the absorbance to the boron concentration, the calibration 
curve was extended to 40 mg /L B. As can be seen in Figure 3.4, the absorbance increases 
linearly up to a boron concentration of 40 mg/L. 
 

 
Figure 3.4. Calibration curve for camine method at high boron concentrations. 
 
Analyzing the boron concentration of raw water, collected on different days during the 
time period of 5 months (around 10 times) the boron concentration for the raw water 
ranged between 7.5-8 mg B/L, with an average of 7.8 mg B/L, and the standard deviation 
0.35 mg B/L. 
 
3.3.2 Hardness 

Hardness was measured according to APHA (1995) 2340C EDTA titration method. 
Titration was performed at room temperature (20 °C). The sample size was 25 mL when 
titrating samples and raw water, and 5 mL when titrating calcium standard (1000 mg/L 
Ca = 2500 mg/L as CaCO3) for EDTA solution calibration. For a 25-mL sample size, 1 
mL buffer was used and two drops of indicator. The average hardness of the raw water 
was 197 mg/L as CaCO3, with a standard deviation of 3 mg/L as CaCO3. 
 
3.3.3 Alkalinity 

Alkalinity was measured according to APHA (1995) 2320 B Alkalinity Titration Method. 
Titrations were performed both at 70 °C and at room temperature (20 °C) showed no 
effect of temperature on alkalinity. The sample size was 75 mL, the titrant was certified 
0.2 N standard H2SO4 to the titration endpoint pH=4.5. A standard titration curve can be 
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seen in Figure 3.5. The average alkalinity of the raw water was 425 mg/L as CaCO3, with 
the standard deviation 22 mg/L as CaCO3. 
 

 
Figure 3.5. A standard alkalinity titration curve, adding 0.2 N H2SO4 to the endpoint 
pH=4.5. 
 
3.3.4 Free CO2 

The concentration of free CO2 was measured according to APHA (1995) 4500-CO2 
Carbon Dioxide D Titrimetric Method for Free Carbon Dioxide. All titrations were 
performed at 70 °C. A sample size of 100 ml was used for titration, and the titrant was 
certified 0.2 N Standard NaOH, to the titration endpoint pH=8.3. The average starting 
point for raw water was pH=7.5-7.6, resulting in an average free CO2 concentration 75 
mg/L free CO2, with a standard deviation 7 mg/L free CO2. 
 
3.3.5 Silicon, Aluminum, Magnesium, and Calcium 

Si, Al, Mg, and Ca where analyzed by Inductively coupled plasma spectroscopy (ICP) at 
a commercial laboratory, Calscience Environmental Laboratories, Inc., Garden Grove, 
California. 
 
Raw water was analyzed three times by ICP, for the elements Si, Al, Mg, Ca, and B. The 
first and second sample in Table 3.4 analyzed on the same day is the same raw water, 
used to test the analysis method.  
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Table 3.4. Concentrations of Mg, Ca, Al, Si, and B in raw water analyzed by ICP. 

Date Analyzed 
Mg 

(mg/L) 
Ca 

(mg/L) 
Al 

(mg/L) 
Si 

(mg/L) 
B 

(mg/L) 
28-Feb-08 17.2 62.0 0.105 91.4 7.03 
28-Feb-08 17.9 63.9 0.114 92.5 7.30 
15-May-08 16.2 58.3  97.9 7.48 

 

4 Results and Discussion 
4.1 Titration Curves 
Titrations were conducted to establish the amount of base or lime needed to increase the 
pH to adequate levels for the wastewater treatment. During the first stage of the treatment 
plant, lime will be added to increase the pH and to remove hardness. For the first 
titration, 0.1 N sodium hydroxide (NaOH) was added incrementally to determine the 
buffering capacity of the water. Up to 50 ml of 0.1 N NaOH titrant was added to a 50-mL 
at 80 °C. The resulting titration curve was smooth showing no evidence of buffers with a 
specific pKa, indicating that there are no significant specific buffers with a know pKa in 
the water (Figure 4.1). 
 

Figure 4.1. Titration of 50 mL raw water at 80 °C with 0.1 N NaOH. 
 
The titration was repeated using lime (calcium hydroxide) with the same molarity (0.1 
M), and twice the normality (0.2 N), also with a 50-mL sample of produced water, to 
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examine any differences in titration curves for lime vs. sodium hydroxide. The titration 
was performed by incrementally adding the calcium hydroxide to the sample with a 
micropipette at 80 °C. The titration curve when adding lime (Figure 4.2) has the same 
development, shape, and end pH as the previous curve (Figure 4.1). However, half the 
amount of titrant is used, due to the higher normality. It is therefore possible to draw the 
conclusion that calcium hydroxide and sodium hydroxide are equally efficient when 
raising the pH and have similar effects on the water. 
 

Figure 4.2. Titration of 50 mL raw water at 80 °C with 0.1 N Ca(OH)2. 
 
The produced water was then titrated with a higher concentration (5 M) of sodium 
hydroxide at 80 °C determine if adding a smaller volume of base would have an effect on 
the shape of the titration curve. For this titration, a total of 5 mL of titrant was added in 
small increments while recording the pH increase. As it can be seen (Figure 4.3), the only 
significant difference with the previous titration curves is the end pH, which is expected 
since the base solution was more concentrated. 
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Figure 4.3. Titration of 50 mL of produced water with 5 M NaOH at 80 °C. 
 
For comparison, the same titration (with 5 N NaOH) was performed on distilled water at 
the same temperature with the same sample size. The titration curve for the titration of 
distilled water (Figure 4.4) is initially much steeper than the titration curves for produced 
water, suggesting some buffering capacity for the produced water. This may be 
associated with ions in the water precipitating with the added hydroxyl ions, such as 
Mg(OH)2 or acids in the produced water. Titration curves for both distilled and produced 
water both flatten out at approximately the same end pH when adding 5 M Na(OH). 
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Figure 4.4. Titration of 50 ml distilled water with 5 M NaOH at 80 °C. 
 
The titrations were initially done to show the base requirement, since it was initially 
thought that the pH needed to be 10 to 11. Later on in the project, the pH was not 
considered as important, but the lime dose was used that was suitable for lime softening. 
The pH was instead noted for each experiment, and was not seen as particularly 
important besides for comparative reasons. 
 
4.2 Lime Softening 
To remove hardness (Ca2+ and Mg2+) the process lime softening is used. Lime softening 
can be performed by adding lime in two different forms: slaked lime, adding calcium 
oxide CaO to water forming Ca(OH)2 in an exothermic reaction, or hydrated lime, 
Ca(OH)2 in powder form. The softening efficiencies of these two reagents were tested 
since they were both under consideration for the full-scale use at the AG oil field. The 
lime softening was required to leave 50 mg/L as CaCO3 as an initial estimate to protect 
following steps in the water treatment process. The remaining hardness, 50 mg/L or less, 
could later be removed by ion exchange later in the water treatment process. The effect of 
lime softening on boron and silica concentration will also be examined. 
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4.2.1 Lime Softening with Slaked Lime 

Lime softening of the produced water was conducted by adding a 5 % w/v slaked lime 
solution to each sample. In each experiment, slaked lime was used in the jar test 
described in Chapter 3.2, and as shown in Table 4.1. After the experiment and filtering, 
hardness and boron concentration were measured with hardness titrations and the carmine 
method, respectively.  
 
For the first lime softening experiment, lime was added at doses ranging from 670 mg/L 
to 2675 mg/L Ca(OH)2 to determine optimum conditions for hardness removal as well as 
boron removal. Hardness increased for each sample except for the lowest lime dose of 
670 mg/L (Table 4.1). This is due to the excess of calcium ions, once the native carbonate 
in the sample has been consumed by the native calcium and the added calcium with lime.  
 
The boron concentration of the raw water was 7.7 mg/L and decreased when adding lime, 
up to boron removals around 20 % at high lime additions (Table 4.1). Results from this 
first experiment suggest that some boron could be removed by lime softening alone 
during full-scale water treatment, although only 20 % was achieved, and the high lime 
doses are probably too high to be practical. Literature reports boron removal at very high 
lime concentrations. For example, Remy et al (2005) added up to 7500 mg Ca(OH)2/L to 
solutions containing 700 mg B/L removing 90 % of boron. However, it would not likely 
be a feasible alternative to add such high concentrations of lime. 
 
Table 4.1. Hardness, boron concentration, and boron removal during lime softening 
varying lime concentration. 

Sample 
Ca(OH)2 
(mg/L) 

Hardness 
(mg/L as CaCO3) 

B conc. 
(mg/L) 

B removal 
(%) 

1 0 201 7.69 0 
2 670 109 6.62 14 
3 890 200 6.56 15 
4 1340 291 6.10 21 
5 2000 1160 6.05 21 
6 2680 1340 5.89 23 

 
The hardness measurements were confirmed by ICP analysis on jars 1, 2, 4 and 6. All 
samples with added lime is added from 670 mg/L had none or very little aluminum or 
magnesium left in the samples, while silicon was removed at higher concentrations of 
lime (Table 4.2).  
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Table 4.2. Mg, Ca, Al, and Si measured by ICP for the jar test experiment. 

Jar 
Added lime 

(mg Ca(OH)2/L) 
Mg 

(mg/L) 
Ca 

(mg/L) 
Al 

(mg/L) 
Si 

(mg/L) 
1 0 (raw water) 18 63 0.11 91 
2 670 0.11 54 0 66 
4 1340 0 220 0 2.6 
6 2680 0 620 0 0.6 

 
Some of the previously shown data (Table 4.1) is plotted in the following figure (Figure 
4.5). Figure 4.5 shows the hardness of each jar as a function of added Ca(OH)2 as slaked 
lime. The figure first shows the slight decrease in hardness as lime is added, this shows 
the approximate area of the desired lime dose; the hardness reaches a minimum below 
1000 mg/L lime. After this area, the figure shows an increase in hardness, as there is no 
more native carbonate in the solution to precipitate the added calcium. 
 

 
Figure 4.5. Hardness (mg/L as CaCO3) of softening experiment adding  slaked lime. 
 
4.2.2 Lime Softening with Slaked Lime vs. Hydrated Lime 

Both forms of lime softening, slaked lime and hydrated lime, were under consideration 
for the full-scale water treatment plant at the AG oil field.  
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In the second lime softening experiment, slaked lime and hydrated lime were compared 
side-by-side with lime doses of 300, 400 and 500 mg/L Ca(OH)2, comparing the final 
hardness and removal. The hardness decreased as the lime concentration increased to the 
maximum of 500 mg/L for both types of lime (Table 4.3). Little or no boron removal was 
observed for either type of lime at these low lime concentrations. 
 
Table 4.3. Hardness and boron concentrations for slaked and hydrated lime. The initial 
boron concentration was approximately 8.7 mg/L B. 

Sample 
Slaked Ca(OH)2 

(mg/L) 
Hydrated Ca(OH)2 

(mg/L) 
Hardness 

(mg/L as CaCO3) 
B conc. 
(mg/L) 

1 300 0 55 8.8 
2 400 0 33 8.8 
3 500 0 26 8.6 
4 0 300 77 8.6 
5 0 400 73 8.7 
6 0 500 44 8.7 

 
Greater hardness removal was observed for the slaked lime compared to hydrated lime 
(Figure 4.6). The hardness decreased to less than 50 mg/L as CaCO3 when adding 400 to 
500 mg/L Ca(OH)2, which is a significant improvement in hardness removal compared to 
hydrated lime and also meets the estimated requirements of the lime softening process. 
 

Figure 4.6. Hardness for lime softening with hydrated lime and slaked lime. 
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ICP analysis was done on Jars 3 and 6 (500 mg/L lime dose) for slaked and hydrated 
lime, respectively. These ICP results confirm that the boron concentration is unchanged, 
and showing that also silica remains unaffected by the different types of lime (Table 4.4). 
 
Table 4.4. Boron, measured by the carmine method and ICP, and silicon concentration 
when adding 500 mg/L lime as slaked vs. hydrated lime. 

Measured 
concentration by 

ICP (mg/L) Composition 
Measured boron 
conc. by carmine 
method (mg/L) 

Si B 
500 mg Ca(OH)2/L slaked lime 8.61 87.5 8.39 

500 mg Ca(OH)2/L hydrated lime 8.70 84.0 9.00 
 
To better establish the concentration of lime needed, an experiment was conducted with 
lime concentrations in 25 mg/L increments, starting at 450 mg/L lime to 575 mg/L. The 
type of lime used here is hydrated lime. The residual hardness was 40 mg/L as CaCO3 
when adding 450 mg/L lime, an increased to 58 mg/L as CaCO3 when adding 575 mg/L 
lime (Table 4.5 and Figure 4.7).  
 
Table 4.5. Hardness and boron concentration during lime softening of produced water, 
adding 450 to 575 mg/L lime. 

Sample 
Ca(OH)2 
(mg/L) 

Hardness 
(mg/L as CaCO3) 

B conc. 
(mg/L) 

1 450 40 8.48 
2 475 44 8.56 
3 500 44 8.49 
4 525 44 8.57 
5 550 55 8.49 
6 575 58 8.64 

 
For future experiments 500 mg/L lime was selected as an appropriate dose, since it gives 
a residual hardness of less than 50 mg/L as CaCO3 while it also gives a pH increase to 
above pH=9.2, which has been reported in literature as a suitable pH. It is at a flat point 
in the curve (Figure 4.7) so similar results can be expected during every lime softening, 
which is suitable from a practical perspective. 
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Figure 4.7. Hardness of lime softening with hydrated lime, adding 450 to 575 mg/L lime. 
 
4.2.3 Lime Softening with Added Soda Ash 

The lime softening can be improved by adding soda ash, in the form of sodium carbonate, 
Na2CO3., to provide more carbonate for precipitation of calcium carbonate.  To test this, 
soda ash was added, at doses of 50 to 150 mg/L, to each solution simultaneously with the 
lime. 
 
Soda ash with higher lime concentration 
To examine the effect of soda ash on the lime softening and boron removal process, 
experiments were first conducted with a high concentration of lime, 790 mg/L, and a 
range of soda ash from 0 to 300 mg/L.  
 
As shown in previous data, 450 to 550 mg/L Ca(OH)2 is a suitable amount for sufficient 
lime softening, so 790 mg/L is expected to give lowered hardness removal due to the 
calcium excess (this experiment was conducted before an appropriate amount of lime was 
chosen, therefore the lime dose is unsuitably high)  The results show that 790 mg/L lime 
without soda ash added gave 30 % hardness removal, to 146 mg/L as CaCO3 (Table 4.6). 
When adding more carbonate to the solution in the form of soda ash, the dissolved 
calcium is precipitated by the carbonate. The hardness was reduced to only 18 mg/L 
when 300 mg/L soda ash was added, resulting in 90 % of all hardness removal. It can be 
interpolated that the hardness would reach the required 50 mg/L when adding between 
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200-250 mg/L soda ash. The boron concentration was not significantly affected by 
adding soda ash to the lime softening process (Table 4.6).  
 
Table 4.6. Hardness and boron concentration with added soda ash at a higher 
concentration of lime (790 mg/L). 

Jar 
Ca(OH)2 
(mg/L) 

Na2CO3 
(mg/L) 

Hardness 
(mg/L as CaCO3) 

B conc. 
(mg/L) 

1 0 0 201 9.09 
2 790 0 146 8.39 
3 790 50 128 8.44 
4 790 100 109 8.12 
5 790 150 100 8.08 
6 790 300 18.0 8.59 

 
The figure below (Figure 4.11) shows the hardness of the lime softening experiment 
when adding soda ash. A constant decrease can be seen. It can be visually estimated that 
the hardness would reach the required 50 mg/L when adding between 200-250 mg/L soda 
ash. 
 
Soda ash with lower lime concentration 
The previous experiment was repeated with the same experimental setup, using a lime 
dose of 580 mg/L Ca(OH)2 and soda ash concentrations ranging from 0 to 300 mg/L. As 
observed in the previous experiment, the boron concentration was not significantly 
affected by the addition of soda ash (Table 4.7). The hardness was reduced to 22 mg/L as 
CaCO3 when adding only 80 mg/L soda ash. The hardness removal increased with 
increasing soda ash dose up to 160 mg/L soda ash, above which no further reduction was 
observed. The hardness can be interpolated to reach 50 mg/L by adding 50 mg/L soda ash 
or less. 
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Table 4.7. Hardness and boron removal with added soda ash at a lower concentration of 
lime (580 mg/L). 

Jar 
Ca(OH)2 
(mg/L) 

NaCO3 
(mg/L) 

B conc. 
(mg/L) 

Hardness 
(mg/L as CaCO3) 

1 0 0 8.46 200 
2 580 0 8.06 70 
3 580 80 8.16 20 
4 580 160 8.18 7 
5 580 220 8.24 7 
6 580 300 8.44 9 

 
ICP analysis was done on Jars 2 and 4, in Table 4.5, showing that adding soda ash to the 
process did not affect the boron and silica removal. 
 
These results show that soda ash can be used to decrease the hardness, especially when 
adding large amounts of lime, up to 95 % hardness removal. Though soda ash has shown 
to be effective for hardness removal, hardness removal achieved with lime alone was 
thought to be sufficient for the proposed water treatment at the AG Oil Field. Thus in the 
subsequent experiments soda ash was not used, and only lime was used to reduce the 
hardness. 
 
4.2.4 Lime Softening Calculations 

The calculation to estimate the theoretical amount of lime needed was performed and 
compared to the practical lime softening results shown above. According to MWH (2005) 
lime softening can be calculated in four ways, according to the characteristics of the 
water. For waters with high calcium, low magnesium, and carbonate hardness, single-
stage lime softening is used. For waters with high calcium, high magnesium, and 
carbonate hardness excess lime calculations are used. For waters with high calcium, low 
magnesium, and carbonate and noncarbonate hardness, single-stage lime-soda ash 
calculations are used, and for waters with high calcium, high magnesium, and carbonate 
and noncarbonate hardness the excess lime-soda ash are used. 
 
The Arroyo Grande oil field produced water has high magnesium, high calcium and 
carbonate hardness. The lime addition is therefore calculated using the excess soda lime 
method according to the following equation:  
 

€ 

CCaO = CH2CO3
+ C

HCO3
− + CMg      (1) 
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where CCaO is the lime addition as calcium oxide 
 CH2CO3 is the carbonic acid concentration,  

CHCO3- is the bicarbonate concentration, and 
 CMg is the magnesium hardness. 
All concentrations are expressed in mg/L as CaCO3. 
 
For the AG raw water the average carbonic acid concentration was determined by the 
concentration of free CO2, the bicarbonate concentration was determined by the alkalinity 
of the water, and the magnesium hardness was determined by ICP.  Results of these 
analyses are shown in Table 4.8. 
 
Table 4.8. Average concentrations in mg/L and mg/L as CaCO3 of chemical constituents 
used to calculate the lime addition. 

Chemical 
constituent 

Concentration 
Concentration 

(mg/L as CaCO3) 
CO2 (mg/L) 75 170 
Mg2+ (mg/L) 17 70 

Alkalinity (as mg CaCO3/L) 425 425 
 
Adding all the concentrations in the third column, the calculated lime addition required is 
665 mg/L as CaCO3, which is equivalent to 492 mg/L Ca(OH)2, which is in very good 
agreement with the experimental results. 
 
4.3 Boron Adsorption on MgO 
Magnesium oxide, MgO, is one of the compounds considered for the full-scale water 
treatment plant at the Arroyo Grande oil field, both for removing boron as well as the 
native silica in the produced water.  
 
In the following experiments, MgO was examined for boron removal to estimate the 
potential for use in the proposed full-scale water treatment plant. The effect of MgO 
concentration, temperature, and lime concentration on boron removal were investigated 
in jar tests with AG produced water. Additionally, MgO was used to remove boron from 
synthetic water produced in the lab to allow comparison of the current results to those 
reported in literature for synthetic waters. 
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4.3.1 Effect of MgO Concentration on Boron Removal 

The effect of the added MgO concentration was examined by adding MgO 
simultaneously with lime softening. In the first experiment, a high lime concentration was 
used (1250 mg/L), and MgO was added in small amounts, from 0 to 2 g/L. 
 
When MgO was added at these low concentrations both the hardness and boron 
concentrations were not significantly affected (Table 4.9).  However, the hardness and 
boron concentrations were affected by the lime dose used. The hardness greatly 
increased, while the boron concentration decreased. The boron removal for samples when 
adding lime alone or lime with magnesium oxide all gave the same boron removal, 
around 30 % (Table 4.9).  The initial boron concentration, 9.2 mg/L B, as well as the 
boron concentration when only lime was added, 6.6 mg/L B, is marked on the graph as 
zero on the log-scale (Figure 4.13). There was no significant change to the boron 
concentration when increasing the MgO dose from 0 to 2 g/L. 
 
Table 4.9. Hardness and boron concentration with low doses of MgO during lime 
softening. 

Sample 
Ca(OH)2 
(mg/L) 

MgO 
(g/L) 

Hardness 
(mg/L as CaCO3) 

B conc. 
(mg/L) 

B removal 
(%) 

1 0 0 218 9.16 0 
2 1250 0 564 6.62 27.7 
3 1250 0.01 546 6.36 30.6 
4 1250 0.02 546 6.35 30.7 
5 1250 0.20 529 6.5 29.0 
6 1250 2.0 566 6.43 29.8 

 
A second experiment was run with much higher MgO doses (Table 4.10).  In this 
experiment the lime dose was 560 mg/L lime and the magnesium oxide concentration 
was varied from 0 to 30 g/L. As in the previous experiment, the hardness was not affected 
by the addition of magnesium oxide. The native boron in the solution was effectively 
removed by the high concentrations of magnesium oxide. The final boron concentration 
decreased with increasing magnesium oxide concentration. When adding 30 g/L MgO, 90 
% of all native boron was removed, and less than 1 mg/L boron remained in solution, 
which is below the recommended level for drinking water according to WHO (1 mg/L). 
Although adding large amounts of MgO achieved excellent boron removal, 30 g/L MgO 
is and extremely large amount, which is not practical on a large scale because of the cost 
of the MgO and the volume of sludge that would need to be disposed of. 
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Table 4.10. Hardness and boron concentration when adding high doses of MgO during 
lime softening. 

Jar 
Ca(OH)2 
(mg/L) 

MgO 
(g/L) 

B conc. 
(mg/L) 

B removal 
(%) 

Hardness 
(mg/L as CaCO3) 

1 0 0 8.23 0.0 230 
2 556 0 7.64 7.2 64 
3 556 10 3.62 56 36 
4 556 20 3.21 61 64 
5 556 30 0.80 90 36 

 
For very high magnesia concentrations (20 g/L), the water after filtration is clearly less 
colored than water for lower magnesia addition, suggesting that magnesia does not only 
remove boron, but also significantly removes other compounds that cause the discoloring 
of the water. 
 
ICP analysis was done on two samples of an experiment when adding 500 mg/L lime and 
1 g/L and 5 g/L MgO. When adding 500 mg/L lime and 1 g/L MgO the final silicon 
concentration was 63 mg/L Si, which corresponds to a silica removal of 30 %. When 
adding 500 mg/L lime and 5 g/L MgO the final concentration was 27 mg/L Si, which 
corresponds to 70 % silica removal. 
 
4.3.2 Effect of pH Through Lime Addition 

The adsorption of boron onto magnesium oxide is reported in literature to be highly 
sensitive to changes in pH. The following experiments were thus conducted to address 
the effect of pH on the adsorption of boron onto magnesium oxide. The pH was changed 
through the amount of lime added to each jar. The lime dose was varied from 0 to 835 
mg/L, which resulted in a pH range from 8.1 to 11 (Table 4.11). The magnesium oxide 
dose was kept constant at 10 g/L, except for the first reference jar. The greatest boron 
removal was observed for low lime doses, which correspond to low pH (Table 4.11 and 
Figure 4.9). The graph of boron concentration vs. pH shows a shape associated with 
adsorption, indicating that borate competes with hydroxide ions for adsorption sites, 
which is consistent with the adsorption mechanism described by Konstantinou et al 
(2006).  Similarly, the boron removal decreased as the pH increased, with a maximum 
boron removal of 70 % at lower pH.  
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The best hardness removal was observed when adding 556 mg/L lime (Table 4.11).  
Above and below this lime dose, the final hardness was much higher.  These hardness 
removal results are in agreement with previous experiments described above.  The boron 
removal at the lime dose with good hardness removal was 30 % (Table 4.11). 
 
Table 4.11. pH, boron concentration, boron removal and hardness during lime softening 
while varying MgO concentration. 

Jar 
Ca(OH)2 
(mg/L) 

pH 
MgO 
(g/L) 

B conc. 
(mg/L) 

B removal 
(%) 

Hardness 
(mg/L as CaCO3) 

1 0 8.12 0 8.05 0.0 228 
2 70 9.65 10 3.24 59.8 246 
3 140 9.73 10 2.79 65.3 173 
4 280 9.80 10 3.90 51.6 119 
5 560 10.25 10 5.65 29.8 46.0 
6 840 10.96 10 5.91 26.6 246 

 

 
Figure 4.8. Boron concentration as a function of pH (10 g/L MgO). 
 
Changing the pH of the process may be profitable for increasing effectiveness of 
magnesium oxide as an adsorbent. The pH should be low enough to reduce competition 
with OH- for adsorption sites, but high enough for boron to exist in its anionic borate 
form. It can also be noticed that when adding 560 mg/L lime the boron concentration is at 
the higher end of the spectrum, the boron removal is lower, around 30 % compared to the 
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highest 65 %. The adsorbent capacity may have to be compromised to provide the higher 
pH and lime concentration needed to soften the samples. 
 
4.3.3 Effect of Temperature 

Temperature is a variable that is reported to be of importance for magnesium oxide as an 
adsorbent (Konstantinou et al 2006). The temperature of the produced water after the 
filter stage in the current water treatment plant at AG is 70 °C. In the proposed 
wastewater treatment plant, the lime softening stage is expected to receive water of a 
higher temperature, 80 °C, due to higher pressure when extracting the oil with steam. The 
effect of temperature on boron removal with MgO during lime softening is examined in 
the following experiment, by adding a constant amount of lime and MgO while varying 
the temperature. For this experiment, 500 mg/L lime and 5 g/L MgO was added, while 
the temperature was varied between 50 and 90 °C in 10 C increments (Table 4.12). The 
initial boron concentration was 7.9 mg/L. 
 
The final boron concentration was highest at the lowest temperature, and decreased with 
increasing temperature, reaching a boron removal of 50 % (Table 4.12). The figure below 
(Figure 4.10) shows the boron removal as a function of the temperature in each jar during 
the process. A constant increase can be seen, resulting in an decrease of the boron 
concentration with the increasing temperature. A similar trend was observed for the 
hardness of each sample, which decreased as the temperature increased. 
 
Table 4.12. Boron concentration, boron removal with reference to the initial boron 
concentration 7.9 mg/L B, and hardness during lime softening, adding MgO while 
varying temperature. 

Jar 
Ca(OH)2 
(mg/L) 

MgO 
(g/L) 

Temp 
(°C) 

B conc. 
(mg/L) 

Hardness 
(mg/L as CaCO3) 

1 500 5 50 7.10 73 
2 500 5 60 6.61 73 
3 500 5 70 6.26 66 
4 500 5 80 5.54 58 
5 500 5 90 4.12 58 
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Figure 4.9. Final boron concentration as a function of temperature in jar tests with a lime 
dose of 500 mg/L and 5 g/L MgO. 
 
The following figure (Figure 4.11) shows the hardness as a function of the temperature of 
each jar. The temperature is varied from 50 to 90 °C. The current temperature of the 
produced water is 70 °C and the planned water treatment plant will have an expected 
temperature of 80 °C, which is the third and forth data point of the graph, respectively. 
As it can be seen, running the experiment at lower temperatures is a disadvantage to the 
hardness removal, while running the experiment at a higher temperature is beneficial to 
the hardness removal. 
 

 
Figure 4.10. Hardness of lime softening with MgO while varying temperature. 
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ICP analysis was done on jar 3 and jar 4, seen in Table 4.12, when 500 mg/L lime and 5 
g/L magnesia was added at 70 °C and 80 °C, respectively. As seen in previous results, the 
boron and hardness removal improved, which was confirmed by ICP analysis; The boron 
concentration decreased from 6.19 to 5.23 mg/L B, which is in good agreement with the 
results from the carmine method. The magnesium and calcium concentrations were 0.6 to 
0.8 mg/L Mg and 23 to 20 mg/L Ca, respectively, which are substantial removals of both 
compounds. The silicon concentration is decreased from 23 mg/L to 3 mg/L from 70 °C 
to 80 °C, which removes more than 90 % silica. 
 
The effect of temperature on the adsorption of magnesium oxide, silica removal and lime 
softening were positive, showing that the temperature of the expected water treatment 
plant will be benefited by an increase of 10 degrees or more. 
 
4.3.4 Boron removal with MgO in Synthetic Water 

Magnesium oxide has been examined on the Arroyo Grande produced water, which has a 
special composition and difficult or impossible to compare with previous literature on 
adsorption with magnesium oxide. To examine the characteristics of the adsorption onto 
magnesium oxide, a basic system of artificial water was created by adding only boron in 
the form of boric acid to DI water. The artificial water was used as the produced water 
has been used previously, and as described in chapter 3.2 Boric acid was added to give a 
boron concentration of 8.01 mg/L B, resulting in a pH of 7.3, which was an appropriate 
pH and did therefore not need adjusting. 
 
Magnesium oxide was added to all jars at the concentration 5 g/L, three jars were run at 
50 °C and three jars were run at 70 °C (Table 4.13). Lime, 500 mg/L, was added to one 
jar of each temperature. 5 N NaOH was added to one of each jar to adjust the pH to the 
same pH of the jars with lime added. In the last two jars nothing was added to adjust the 
pH, leaving the pH at 7.3. The table below (Table 4.13) shows the boron concentration 
and boron removal of each jar. As it can be seen, the lowest boron removal was achieved 
in jar 1, when adding 500 mg/L lime to the process, a 4 % removal. When comparing the 
two different temperatures, it can be seen that the boron removal is higher for the higher 
temperature, 4 % removal at 50 °C and 11 % removal at 70 °C, which is in good 
agreement with previous experiments done on the AG oil field produced water. At the 
lower temperature, 50 °C, adding sodium hydroxide is beneficial to the experiment 
compared to lime. Adding sodium hydroxide to the experiment instead of lime in jar 1 
and jar 2 the boron removal is increased from 4 % to 13 %. The best boron removal for 
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all three jars conducted at 50 °C was jar 3, when adding neither lime nor sodium 
hydroxide, increasing the boron removal to 20 %.  
 
Conducting the experiments at the higher temperature, 70 °C, increased the boron 
removal for all jars compared to the lower temperature. The boron removal increased 
approximately three fold for each jar; The boron removal increased from jar 1 to jar 4 
from 4 % to 11 %, from jar 2 to jar 5 from 13 % to 33 %, from jar 3 to jar 6 from 20 % to 
63 %. The highest noted boron removal was given when the pH remained low at 7.3 and 
when the temperature was high which is also in agreement with previous results. 
 
Table 4.13.  Final pH, temperature, boron concentration, and boron removal, adding lime, 
NaOH, and MgO to artificially produced water (AW) containing boron only. 

Jar 
MgO 
(g/L) 

Base 
Final 
pH 

Temp 
(°C) 

B conc. 
(mg/L) 

B removal 
(%) 

AW - - 7.3 - 8.01 0.0 

1 5 Ca(OH)2 500 mg/L 10.7 50 7.70 4.0 

2 5 5 N NaOH to final pH 10.7 50 6.96 13 

3 5 - 7.3 50 6.44 20 

4 5 Ca(OH)2 500 mg/L 10.7 70 7.14 11 

5 5 5 N NaOH to final pH 10.7 70 5.38 33 

6 5 - 7.3 70 3.00 63 
 
In the article by Konstantinou et al (2006), the pH was altered using sodium hydroxide, 
the temperature was 50 °C, the initial boron concentration was 2.2 mg/L B, and the 
magnesium oxide concentration was 25 g/L. When conducting experiments on artificial 
water with boron only at these experimental conditions, boron removal up to 90 % was 
reached, with a maximum removal around pH 9.5 to 10, with the boron removal 
decreasing for pH lower and higher. At pH 10.7 the boron removal is around 60 %. In the 
experiment done in this paper, the boron removal can be roughly estimated to the same 
boron removal capacity in jar 2, when using 5 g/L magnesium oxide at the same 
temperature. 
 
One large difference between this paper and the results reported by Konstantinou et al. 
(2006) is the fact that the boron concentration does not decrease at a lower pH. According 
to Konstantinou et al the adsorption mechanism suggests that boric acid must be in its 
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hydrated form, borate, to adsorb onto magnesium oxide, which would only happen above 
the pKa of boric acid at 9.2. The results in this paper show that the boron adsorption onto 
magnesium oxide is improved at a lower pH, here showing a good removal at pH 7.3. 
 
4.4 Adsorption to Alumina 
Aluminum compounds have been reported in literature as promising for the large-scale 
removal of boron. Alumina is an aluminum compound shown to be promising on 
artificial water (Konstantinou et al 2006). The following experiments will examine the 
possibility to use alumina in the planned water treatment plant. The following table 
(Table 4.14) shows an experiment when adding 500 mg/L lime and varying the alumina 
concentration. The boron concentration is not significantly decreased for any sample, 
except perhaps when adding 5 g/L alumina, when the boron concentration is decreased 
from 8.6 to 8.3 mg/L, which is a 3 % removal. It is possible that the hardness removal has 
been improved by the alumina; the hardness was decreased from 55 mg/L as CaCO3 
when not adding alumina, to 36 mg/L as CaCO3 when adding 5 g/L alumina, which is a 
35 % decrease. The increased removal can lie in a slight change of pH caused by the 
alumina, improving the precipitation of different compounds. It is unclear whether the 
improvement is significant or not. 
 
Table 4.14. Hardness and boron concentration varying alumina, 0-5 g/L, doses during 
lime softening, 500 mg/L. 

Jar 
Ca(OH)2 
(mg/L) 

Al2O3 
(g/L) 

B conc. 
(mg/L) 

Hardness 
(mg/L as CaCO3) 

1 0 0 8.56 220 
2 500 0 8.54 55 
3 500 0.5 8.61 51 
4 500 1 8.48 44 
5 500 2 8.54 40 
6 500 5 8.30 36 

 
Another experiment was conducted varying alumina and keeping the lime concentration 
constant. The alumina concentration was varied from 0 to 35 g/L and the boron 
concentration was measured (Table 4.15). The hardness was not measured and noted for 
the following experiment since 1000 mg/L lime was added, which is not a suitable 
amount of lime, and the water could be considered not softened at all. The boron 
concentration is decreased from 8.3 mg/L B for the reference jar, to 4.4 mg/L B when 
adding 35 g/L alumina, which is a 47 % removal when comparing the reference jar, and 
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38 % removal when comparing jar 2, when adding only lime to the solution.  As in 
previous experiments, the same conclusion can be drawn: despite that the compound can 
remove boron, it is not a feasible solution to add amounts to this extent.  
 
Table 4.15. Hardness and boron concentration during lime softening, 1000 mg/L, when 
adding alumina, 0-35 g/L. 

Jar 
Ca(OH)2 
(mg/L) 

Al2O3 
(g/L) 

B conc. 
(mg/L) 

B removal (%) 

1 0 0 8.31 0.0 
2 1000 0 7.14 14 
3 1000 5.0 7.15 14 
4 1000 10 6.67 20 
5 1000 25 4.89 41 
6 1000 35 4.44 47 

 
The following experiment examines the effect of the alumina adsorption as a function of 
the final pH in each jar (Table 4.16). An increasing amount of lime was added, from 0 to 
1000 mg/L lime, resulting in a pH range from 7.06 to 10.40. As it can be seen, the boron 
concentration decreases from 8.7 mg/L B in the reference jar to 6.3 mg/L when adding 
1000 mg/L lime. This is largely due to the boron removal caused by the lime addition, 
and not by the improved adsorption onto alumina caused by the increase in pH. From the 
data in Table 4.2 and Table 4.14 (jar 2), it can be assumed that 1000 mg/L results in a 
boron removal ranging between 14 % to 17 %. Applying those data to the results below, 
the boron adsorption onto alumina is not likely to have changed with the changing pH. 
 
Table 4.16. pH, boron concentration and boron removal when adding alumina and 
varying lime. 

Jar 
Ca(OH)2 
(mg/L) 

pH 
Al2O3 
(g/L) 

B conc. (mg/L) 
B removal 

(%) 
1 0 7.86 0 8.65 0.0 
2 0 7.06 10 7.78 10.1 
3 60 7.15 10 7.68 11.2 
4 200 7.28 10 7.53 12.9 
5 500 7.98 10 7.37 14.8 
6 1000 10.4 10 6.25 27.7 
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After some experiments using alumina as an adsorbent, it can be concluded that alumina 
is not suitable for boron removal at any scale larger than laboratory experiments under 
these conditions.  
 
4.5 Co-precipitation with Magnesium Chloride 
Magnesium chloride has been shown in literature to be able to remove boron from 
produced waters. Magnesium chloride is a compound considered for the planned water 
treatment plant because of the fact that it does not produce as much sludge amounts but 
still acts as an adsorbent when it is precipitated, presenting the possibility of co-
precipitation instead of true adsorption. 
 
The following table (Table 4.17) shows the addition of lime, magnesium chloride, the 
resulting boron concentration and hardness of each jar. Lime was added to all jars at 500 
mg/L and the magnesium chloride concentration is varied from 0 to 25 g/L. The 
magnesium chloride concentration was chosen to correspond to a molar concentration of 
previous experiments with magnesium oxide, where 5 g/L magnesium chloride 
corresponds to the same molar concentration as 1 g/L magnesium oxide, and 25 g/L 
magnesium chloride corresponds to 5 g/L magnesium oxide. Magnesium oxide was also 
added in the following experiment in jar 6, where 5 g/L magnesium oxide was used as 
reference. Since magnesium chloride dissolves in high amounts in water, most of the 
magnesium chloride disassociates and the hardness increases. It is shown in the table 
below (Table 4.16) that the hardness was less than 50 mg/L when adding only lime, to 
increase when magnesium chloride was added. Magnesium chloride creates a lime 
demand, which needs to be considered; therefore all samples besides jar 1 have excessive 
hardness. 
 
The boron concentration was decreased for all samples where magnesium chloride was 
added. The boron removal was highest in jar 2, 32 % removal when 5 g/L magnesium 
chloride was added. The boron removal then decreases to reach 11 % removal when 
adding 25 g/L. In jar 6 the boron removal was 24 % when adding 5 g/L magnesium 
oxide, which was more effective than jar 5 with the same magnesium molar concentration 
as magnesium chloride. From Table 4.8 it can be assumed that 1 g/L magnesium oxide 
removes very little or no boron from the solution, leaving low concentrations of 
magnesium chloride a very good candidate for further research. 
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Table 4.17. Boron concentration and hardness during lime softening, 500 mg/L, while 
adding magnesium chloride, 0-25 g/L. Jar 6 contains lime and 5 g/L magnesium oxide, 
which corresponds to the molar concentration of 25 g/L magnesium chloride. 

Jar 
Ca(OH)2 
(mg/L) 

MgCl2⋅6H2O 
(g/L) 

B conc. 
(mg/L) 

Hardness 
(mg/L as CaCO3) 

Raw water 0 0 7.77 200 
1 500 0 7.76 26 
2 500 5.0 5.32 480 
3 500 13 6.35 More than 910 
4 500 18 6.23   
5 500 25 6.88   
6 500 5.0 g/L MgO 5.90 -  

 
The graph below (Figure 4.12) shows the boron concentration as a function of added 
concentration of magnesium chloride. It shows the characteristic of the curve when the 
boron concentration is lower and more boron is removed when less magnesium chloride 
is added, and the boron removal decreases as more magnesium chloride is added. 
 

Figure 4.11. Boron concentration as a function of added concentration of magnesium 
chloride. 
 
ICP analysis was done on jar 2, when adding 5 g/L magnesium chloride. The magnesium, 
calcium, silicon, and boron concentration were 589, 99, 16, and 5.3 mg/L, respectively. 
These correspond to an increase in magnesium concentration with 34 %, and increase in 
calcium concentration by 60 %. The silicon and boron concentrations decreased by 83 % 
and 32 %, respectively. The increase in magnesium and calcium concentration is due to 
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the magnesium chloride and lime dissolving in the solution, suggesting that there was not 
sufficient carbonate in the water to precipitate the excess calcium. The silica and boron 
removal was better than for 1 g/L magnesium oxide, and even 5 g/L MgO. 
 
Magnesium chloride is a compound that has potential to be effective for boron removal, 
even though it is left only partially researched at this point. In comparison with 
magnesium oxide it shows more potential at low concentrations, which is more realistic 
for the future water treatment plant. Since magnesium chloride creates a lime demand, 
more lime would need to be added, and as a result more carbonate in the form of soda ash 
would need to be added. Increasing the lime concentration would also negatively affect 
the adsorption onto magnesium oxide, which would be added to remove silica from the 
solution. In conclusion, all parameters would need optimization and compromising before 
the scaling up of the process. 
 

4.6 Further Discussion 

Before starting the experiments shown in this paper, a complete literature review was 
done, shown in the background Chapter 2, before it was decided that the compounds that 
would be used was primarily magnesia and alumina. Konstantinou et al (2006) did 
similar experiments on DI water with a low concentration of boric acid. The difference 
between previous experiments in the literature shown in the background chapter, and 
these experiments are essentially the composition of the produced water. Konstantinou et 
al did a thorough analysis of the capabilities of magnesia and alumina at lower 
temperature, lower boron concentrations, and high adsorbent concentrations than these 
experiments. The experiments were intended to show the adsorbent qualities of the 
compounds at high temperatures, lower boron concentrations and in the presence of many 
other chemicals in the water. It was also intended to examine if there was any reasonable 
way to remove boron in an industrial setting, i.e. economically and a relatively low 
sludge production. 
 
The system is set around the schematic shown in Figures 1.2 and 1.3, with the produced 
water as the inlet, and the outlets as the permeate of the reverse osmosis, which is water 
under regulation depending if it is chosen to release into surface water or to be used for 
irrigation, and the boron-containing solids. In contemporary science, letting the solids 
with boron be unconsidered when designing the wastewater treatment plant is an old-
fashioned way of thinking. When having sustainability in mind, the sludge must be 
reused or disposed of in a safe way. Re-usage can include re-using the solids in the same 
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reactor again, or re-using the solids for another purpose. The later alternative is not a very 
likely alternative, since the solids are a large mélange of different chemicals, which 
cannot be considered safe to use. 
 
Sustainability may also address the question if this problem is a problem today, or if the 
problem can be shifted to the future when other methods for properly disposing of the 
solids, in this case sludge, are available. The problem can also be shifted to someone else 
that can be accountable with the financial support of the company. The responsibility is 
then transferred to someone with the current knowledge to dispose of the solids, or the 
possibility to shift the problem to the future. This problem is in reality not approached in 
a unique fashion, but is in a conventional way expected to be disposed. At this point in 
the project, the future of the solids has not been determined. 
 
Repeated results show a slight deviation, the experiments were done with a reference jar 
during the first experiments, later when the experimental setup was clearer and more 
secure, the reference jar was not used; instead the sample was marked at 500 mL and 
diluted during the experiment to compensate for the evaporation due to the heating. An 
example is that 5 g/L MgO with 500 mg/L lime where added as the last jar in the 
experiment when co-precipitating boron with magnesium chloride, which resulted in a 
boron removal of 24 %. When adding the same amount of magnesia and lime during the 
experiment when varying the temperature, the jar when the experiment was conducted at 
70 °C resulted in a 21 % boron removal. This shows that the results are relatively 
reproducible. 
 
The reaction mechanism suggested by Konstantinou et al (2005) was determined to be an 
adsorption mechanism based on coulomb attractions between the negatively charged 
borate molecule (B(OH)3

-) and the positively charged magnesium in the hydrated 
magnesia, magnesium hydroxide molecule (Mg(OH)2). This occurs above the pKa of 
boric acid of 9.2. Below the pH=9.2, adsorption may occur between the attraction 
between boric acid (B(OH)2) and magnesium hydroxide, which may be possible since 
both compounds change form at a lower pH. There is clearly a difference between the 
previous journal articles for boron adsorption below pH=9.2, since the reported results 
show that there is no adsorption below that pH, while this paper shows boron removal at 
lower pH, which may be due to the presence of the other compounds in the water. 
 
There was no specified goal for the final boron concentration to leave the wastewater 
treatment plant. It was not specified whether the goal for boron removal was to remove 
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all boron in the first lime softening stage or if the objective was to also remove boron 
during reverse osmosis to meet discharge limits in the permeate. The concentrate can 
later be reinjected into the formation. It was not mentioned or considered during the work 
process if a small concentration of boron can be present in the concentrate to later be 
reinjected into the formation. 
 
Some experiments that could be conducted in the future to give a clear view of the 
possibilities for boron removal include other aluminum and magnesium compounds. Of 
all elements, aluminum and magnesium have in the past proven to best remove boron. 
Polyaluminum chloride and magnesium carbonate are other compounds that have been 
under consideration. Combining compounds may give a combination of high adsorption 
capacity and some boron specific removal, but adding several compounds in the same jar 
may also inhibit each other from acting as adsorbents. 
 
Together with temperature, contact time is one of the most important parameters 
affecting the adsorption. It has been shown in several of the articles already mentioned in 
this paper that increasing the contact time increases the adsorption of boron onto the 
adsorbent. It was decided that the contact time was not to be varied in this research paper, 
firstly due to the fact that the results of increasing the contact time was already known, 
secondly because of the fact that it was considered that the contact time in the lime 
softening reactor would be fixed by the parameters in the water treatment and not be able 
to be affected to a large extent, and finally because the focus was put on moving on to 
investigating different compounds, instead of adding the contact time as a parameter. 
 
Another way of increasing the contact time for the adsorbent in the reactor is recycling 
the produced and added solids after the exit of the reactor back into the reactor. This is a 
way of increasing the contact time of the adsorbent in the reactor, while keeping the 
residence time low. This would increase the solid content in the reactor, which may 
improve adsorption. Other effects would need to be examined, such as, if the hardness of 
the water would still be reduced, how such solids would have to be added to improve 
boron removal and would there be boron desorption. 
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5 Conclusions 
Produced water is an issue at all oil fields, where the composition of the water can pose 
problems if released into nature. The scope of this work is to find suitable 
precipitation/adsorption media to remove boron during the lime softening stage in the 
planned wastewater treatment system. Besides removing boron, the removal of silica and 
hardness were also monitored. 
 
Titrations performed at 70 ºC showed that there were no significant buffering systems 
with a known pKa present in the water. Sodium hydroxide and slaked lime were used as 
titrants, on both the raw water from the AG oil field, and on DI water for comparison. 
The sodium hydroxide and slaked lime showed similar effect on the water, increasing the 
pH in a similar way to the same end pH. When comparing the raw water with DI water, it 
showed that the sodium hydroxide initially increased the pH quicker in the DI water and 
not as fast in the raw water, which may be due to the complex composition of ions 
precipitating in the water.  
 
The removal of calcium and magnesium ions was done through lime softening. After 
exploratory experiments, an appropriate lime softening dose was determined to be 500 
mg/L. Soda ash can be used to improve the softening of the water, especially if the lime 
dose is too high, the extra carbonate can precipitate the excess calcium in the solution.  
 
Lime softening calculations were done after the lime softening dose was established. The 
alkalinity and free CO2 concentration were measured to calculate the theoretical lime 
dose, and the result was 492 mg/L as CaCO3, which is in very good agreement with the 
experimental results. 
 
Lime in higher concentrations also acts as an adsorbent. Up to 20 % boron was removed 
by adding very large amounts of lime, 2700 mg/L. 
 
Lime softening also removed silica, but not at sufficient levels at 500 mg/L. When adding 
500 mg/L 6 % silica was removed. When reaching the objective of removing 90 % of 
silica more than 1000 mg/L lime was added. 
 
Alumina (Al2O3) and magnesia (MgO) were examined as adsorbents. The amount of 
magnesia was varied from 0 to 30 g/L, the pH was varied from 9.7 to 11, and the reaction 
temperature was varied from 50 °C to 90 °C. Little or no boron was removed when 
adding magnesia up to 5 g/L. The highest boron removal was seen when adding the most 
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magnesia, 30 g/L; 90 % boron was removed. An increase in temperature and a decrease 
in pH were advantageous to the boron removal. Increasing the temperature by from 50 °C 
to 90 °C increased the boron removal from 10 % to 50 %, showing that the adsorption of 
boron is very temperature dependent. 
 
When studying the adsorption onto alumina, the amount was varied between 0 and 35 g/L 
and the pH was varied between 7 and 10.4. The boron removal increased, with the 
increasing alumina, removing 38 % when adding 35 mg/L. Changing the pH did not 
improve or worsen the removal. 
 
Magnesia is also used to remove silica. When 500 mg/L lime and 1 g/L MgO was added 
to the raw water, 30 % silica was removed. When adding 500 mg/L lime and 5 g/L MgO, 
70 % silica was removed. 
 
The temperature was the most important parameter effecting the silica removal. When 
adding 500 mg/L and 5 g/L MgO to the raw water at 70 °C the silica removal was 75 %, 
when the same experiment was done at 80 °C the silica removal increased to 97 %. 
 
A batch of artificial water was made by adding boric acid to DI water to the boron 
concentration 8 mg/L. The pH of the artificial water was close to the actual pH of the raw 
water without adding acid or base. A matrix of three varied parameters were created. 
Experiments were performed at low and high temperatures (50 and 80 °C), at low and 
high pH (7.2 and 10.7), with sodium hydroxide and lime. Magnesia was added to each 
sample, 5 g/L. The results showed similar results as on the raw water; boron removal was 
improved at higher temperatures and lower pH. It was also shown that the boron removal 
was better when using sodium hydroxide to increase the temperature, in place of lime. 
Overall, the boron removal was better for the same amount of lime and magnesia than the 
boron removal in the raw water under the same circumstances. 
 
Magnesium chloride was added to the produced water, and compared to samples of 
magnesia with the same molar concentrations; magnesium chloride was more efficient at 
low concentrations and less efficient at high concentrations, removing 31 % when adding 
5 g/L, and 11% when adding 25 g/L. 
 
These results are important for determining a suitable boron removal process in the 
wastewater treatment plant at the Arroyo Grande oil field, though more studies must be 
conducted to reach optimum and realistic results. 
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