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ABSTRACT 
 
The goal of this DOE, Aera Energy LLC, and Kennedy/Jenks Consultants funded project 
was to evaluate the potential for treatment and beneficial reuse of produced water from an 
oilfield in San Ardo, California.  A 10 - 30 gpm reverse osmosis (RO) pilot plant was 
constructed and operated for nine months.  The key constituents of concern include total 
dissolved solids (7000 mg/l TDS), temperature (190 º F), boron (25 mg/l), ammonia (20 
mg/l ammonia as N), and organics (75 mg/l TOC).  Although water quality requirements 
vary with the type of end use, treated water quality goals for this pilot were set at 400 
mg/l TDS, 1 mg/l boron, 5 mg/l ammonia as N, and 1 mg/l organics.  Highlights of the 
project include an evaluation of a recently developed boron rejection membrane for boron 
removal at a lower pH than for a conventional brackish water membrane.  The lower pH 
(9.5 versus >10.5) could result in significant savings on the caustic requirement.  
 
All of the water quality goals, except for ammonia, were achieved during the pilot study 
using both the conventional and the new boron rejection membrane systems.  Because 
ammonia and boron have conflicting pH requirements for removal by RO, a separate 
ammonia removal step was necessary to meet the ammonia treatment goal.  Analysis of 
the low and high pH clean-in-place (CIP) solutions used following membrane cleanings, 
as well as evaluation of transmembrane pressure drop after cleaning, showed that most of 
the pressure drop was caused by inorganic scaling from magnesium and silica, rather than 
organic fouling.   Although the new boron rejection membrane successfully removed 
more boron at a lower pH than the conventional brackish water membrane, this 
membrane was more prone to scaling. 
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BACKGROUND 
 
Oil production generates a large amount of by-product water, commonly known as 
"produced water."  As oil is produced from an oil field, the amount of produced water can 
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account for over 90 percent of the fluids pumped from a well.  The most prevalent 
method of using or disposing of oil field produced water is to inject it underground.  A 
significant portion (50 to 65 percent) of produced water from onshore sources is currently 
reinjected into oil producing zones where it enhances oil recovery (using water flooding 
and steam flooding) or for subsidence control.  The other 35 to 50 percent is disposed of 
via deep well injection or other methods.  Unfortunately, deep well injection disposal 
may increase reservoir pressure and, in steam floods, lead to lower oil recovery and 
increased production costs.  In such cases, eliminating deep well injection by finding a 
beneficial use for the treated water may increase oil production, increase recoverable oil 
reserves, and reduce production costs.  Furthermore, treatment of oilfield produced water 
may provide a new reclaimed water supply for specific uses in water-short areas such as 
California. 
 
The feasibility of produced water reclamation depends on a number of factors.  For 
example, the chemical composition of the produced water, which is typically very saline, 
can significantly impact the treatability of these waters.  The total dissolved solids (TDS) 
of produced waters in the United States can range from about 3,000 to more than 350,000 
mg/l, with sodium and chloride generally comprising 70 - 90 percent of the TDS (U.S. 
Geological Survey, 2002).  The produced water may also contain high concentrations of 
calcium, iron, manganese, ammonia, boron, and dissolved organics.  Often, the 
complexities involved in treating these waters (e.g. TDS > 10,000 mg/l) may render 
produced water reclamation cost-prohibitive.  In addition, regulations adopted pursuant to 
the Clean Water Act prohibit the discharge of treated produced water from onshore oil 
and gas wells into surface waters, except in areas west of the 98th Meridian (a north-south 
line approximately running from just west of Minnesota down through Dallas, Texas). 
Discharge of treated produced water directly into surface waters west of the 98th Meridian 
is allowed only if the treated water is of acceptable quality for agricultural use or wildlife 
propagation.  If the treated water is intended for any other beneficial use, it must be 
delivered through direct piping or alternate means, which may not be cost effective.  
Finally, large storage facilities (hundreds of millions gallon capacity) would be needed if 
there is a large seasonal variation in water demand for the identified end use.   
 
OBJECTIVE 
 
This project, jointly funded by DOE, Aera Energy LLC, and Kennedy/Jenks consultants, 
evaluated reclamation of produced water from an oilfield at San Ardo, California.  The 
major tasks included evaluation of treated water end use options, regulatory 
requirements, and a pilot study to evaluate the technical and economic feasibility of 
treating this produced water.  This paper presents data from the pilot study performed to 
treat the San Ardo produced water for potential off-site use. 
  
PILOT PROCESS AND TREATMENT GOALS  
 
The San Ardo produced water is brackish, with high levels of ammonia, boron and 
organics (Table 1).  Furthermore, the water contains high concentrations of scale-forming 
constituents (hardness, silica) that may impact a thermal or membrane desalination 
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process for converting this water to a fresh water resource.  Finally, due to the thermally 
enhanced recovery (i.e. steam drive) of heavy oil reserves, this water is generally high in 
temperature (150 to 200 oF). A treated water quality goal for the pilot study (Table 1) was 
set based on the California Central Coast Regional Water Quality Control Board Basin 
Plan groundwater recharge criteria. 

Table 1.  San Ardo Oilfield Produced Water Quality and Pilot Treatment Goal 
 
Constituent Untreated Produced 

Water  
Pilot Treatment Goal 

TDS (mg/l) 7000 400 
Temperature (oF) 190 o F < 90 o F 
Ammonia (mg/l) 30  < 5 
Boron (mg/l) 25 < 1 
TOC (mg/l) 75 < 1 
Hardness (mg/l as CaCO3) 325 < 10 
Silica (mg/l) 225 < 60 
 
Figure 1.  Simplified schematic of pilot process train 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 shows a schematic of the pilot process evaluated for this study.  Central to the 
pilot process is a reverse osmosis (RO) unit for TDS removal. An upstream warm 
softening unit removed hardness and silica to minimize scaling of the membranes.  
Caustic was added to remove hardness, and magnesium was added to precipitate silica 
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from the produced water.  A cooling tower was used to cool the softened water and 
facilitate ammonia removal prior to RO.  Most of the RO operations were performed 
using a brackish water membrane.  In these studies the RO was operated at alkaline (9.5 – 
11) pH levels to optimize boron removal.  Several additional studies were performed to 
evaluate treatment cost reduction including i) investigation of RO membrane fouling 
characteristics to optimize the clean-in-place (CIP) process and membrane replacement 
frequency, and ii) evaluation of a special boron rejection seawater membrane at pH 9.5 to 
minimize chemical and operational cost associated with high pH (>10.5) operations using 
conventional membranes. 

 
RESULTS 
 
Warm Softening  
 
The goals of the warm softening process were to remove scale forming calcium and silica 
from the produced water.  Based on bench studies, caustic dosing rates of 400 to 700 
mg/l, and magnesium dosing rates of 50 to 150 mg/l were used during most of the warm 
softening trials.   
 
Figure 2 shows the silica levels in the treated water when adding 500 mg/l of caustic and 
varying amounts of magnesium.  At a dosing rate of 60 mg/l magnesium, the effluent pH 
was 10, and silica level was about 100 mg/l (~ 50% removal).  A silica level of ~60 mg/l 
was achieved at 100 mg/l magnesium dose.   
 
Figure 2.  Warm softening effluent silica and pH, when adding 500 mg/l caustic, 
varying amounts of magnesium  
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Figure 3 shows the silica levels in the treated water when the caustic dosing was 
increased to 600 mg/l caustic.  Increasing the caustic dose to 600 mg/l improved silica 
removal.  The effluent silica levels were 65, 40 and 20 mg/l at magnesium dosing rates of 
75, 100 and 150 mg/l, respectively. 

Figure 3.  Warm softening effluent silica and pH, when adding 600 mg/l caustic, 
varying amounts of magnesium  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 shows the relationship between the pH in the warm softening process and 
effluent silica levels.  In general, the silica levels in the softened water increased with an 
increase in the pH.  Drago, et al., (1997) (referring to Mujeriego, et al., 1976) reported 
that maximum silica precipitation by magnesium addition occurs at the pH corresponding 
to the average pKa values for the first and second dissociation constants (pK1 and pK2) of 
orthosilicic acid.  The pK1&2 values vary with the water temperature during precipitation.  
In the current pilot study, the average temperature of the softened water in the settling 
tank was about 140 o F.  At this temperature, the pH optimum ((pK1+pK2)/2) for silica 
removal is calculated to be 9.8.  Above this calculated pH, silica levels increased as 
predicted. 
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Figure 4.  Effect of pH on warm softened effluent silica  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Warm softening effluent hardness as a function of pH 
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Figure 5 shows the hardness of the warm softening process effluent as a function of pH.  
The residual hardness of the clarifier effluent was below 10 mg/l when the effluent pH 
was between 9.3 and 10.5.  Effluent pH was less than 9.3 (pKa of carbonate) at low 
caustic (<400 mg/l) or at high magnesium dosing rates (> 125 mg/l).  The residual 
hardness was higher than the hardness goal (10 mg/l as CaCO3) under these conditions.  
Also, effluent pH higher than 10.5 occurred at high caustic (e.g. 700 – 800 mg/l) and low 
magnesium (0 – 70 mg/l) dosing rates.  The effluent hardness was higher than the 
treatment goal under these conditions, probably due to ineffective silica removal by the 
low magnesium dosing.  
 
COOLING TOWER OPERATION 
 
The cooling tower was used for i) cooling the warm softening effluent, and ii) evaluation 
for stripping ammonia.  It consisted of 7,452 ft2 of CPVC packing and a 15 HP fan rated 
at 23,100 cfm (Table 2).  The cooling tower was operated at a flow rate of 15 gpm.  The 
high pH and high air to water ratios used in the pilot trials generally favor ammonia 
stripping.  During the pilot study, due to some concerns with solids carryover, the warm 
softening effluent was settled in an equalization tank prior to cooling tower operations.  
As a result, the influent water temperature to the cooling tower was lower (58–105 oF) 
than the designed inlet temperature (~150 oF).  Table 2 summarizes the operating 
conditions and results from the cooling tower studies.  Approximately 63 and 44% of 
ammonia were removed in the cooling tower at influent pH of 10.8 (104.6 oF) and 10.3 
(58 oF), respectively.  

Table 2.  Cooling Tower Operation and Results 

 
Parameter Units Condition 1 Condition 2 
Water flow rate gpm 15 15 
Air flow rate cfm 23,100 23,100 
Air: Water ratio vol: vol 11,600:1 11,600:1 
Influent water temperature °F 58.0 104.6 
Effluent water temperature °F 53.4 65.6 
Average temperature reduction °F 4.2 39.0 
Average air temperature (wet bulb) °F 42.9 45.2 
Influent pH Std units 10.3 10.8 
Influent ammonia-N mg/l 12 17 
Effluent ammonia-N mg/l 6.6 6.3 
Average ammonia removal % 44 63 
 
Reverse Osmosis 
 
Conventional Brackish Water Membrane:  Most of the pilot evaluations were 
performed using a Koch Membrane System (KMS) RO unit fitted with the conventional 
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brackish water membrane under various pH conditions (9.5–11) to remove TDS, boron, 
TOC, silica and ammonia from the softened, cooled San Ardo produced water.  Table 3 
shows the specifications of the membrane element and the operational conditions used 
during the pilot study.  The feed and permeate flow rates for the RO studies were 7.5 and 
5 gpm, respectively. 
 
Table 3.  Specifications of the Conventional Brackish Water Membrane 
 
Parameter Data 
Membrane  TFC® - XR4,, Fluid Systems  
Configuration Spiral Wound 
Membrane Polymer Composite Polyamide 
Diameter 4 inch 
Nominal Membrane Area 78 ft2 
Maximum Applied Pressure 600 psi  
Maximum Operating Temp  113 oF 
Maximum Feedwater Silt Density Index (SDI 15 min) 5 
Maximum Pressure Drop for Each Element 10 psi 
 
The TDS of the RO feed water varied from 7,500 to 9,000 mg/l (Figure 6).  The average 
TDS of the permeate was 215 mg/L.  The pH of the RO feed did not significantly impact 
the permeate TDS.  Post treatment operations such as stabilization of permeate for 
corrosion control, salt addition for Sodium Absorption Ratio (SAR) compliance and final 
disinfection will slightly increase the treated water TDS prior to its intended end use.   
 
Figure 6.  TDS levels in RO influent and permeate at various pH levels 
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Figure 7 summarizes the removal of boron by the RO processes.  The boron 
concentration in the permeate decreased with an increase in the feed water pH.  The 
influent boron levels varied from 20 to 25 mg/l during the pilot study.  The boron goal of 
<1 mg/l in the permeate was not achieved when the pH of the RO feed was 10.2 or lower. 
This trend, in general, is consistent with the speciation chemistry of boron.  In the pH 
range at which the pilot was operated, an increase in pH increases the fraction of the ionic 
boron species (B(OH)4

-) which is amenable for removal by the RO membrane. 
 
 
Figure 7.  Boron levels in RO influent and permeate at various pH levels 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The influent ammonia concentration to the RO varied from 6 to 13 mg/l ammonia as N.  
Approximately 10 to 15% of the ammonia was removed by the membranes at pH 9.6 to 
10.2.  No ammonia was removed at pH 11 by the RO process.  These trends are 
consistent with ammonia speciation chemistry.  At pH above 9.2, at which the pilot was 
operated, a significant fraction of the ammonia remains in the un-ionized NH3 form 
which is not conducive for removal by the RO process.  At pH 9.5 to 10, only about 20% 
of ammonia remains in the ionized NH4

+ form which is amenable for removal by RO.  As 
the pH increases to near 11, less than 10 percent of the ammonia is ionized.     
 
The TOC of the RO feed water varied from 60 to 80 mg/l throughout the pilot study.  The 
permeate TOC was always below the detection limit (3 or 1 mg/l) in all the cases. 
 
Membrane Fouling: The Operating and Maintenance (O&M) cost for RO treatment can 
be significant due to membrane replacement required because of scaling or fouling by 
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produced water constituents.  Hence, during this pilot study, the following were 
performed to characterize the impact of organic and inorganics on the RO membrane:   

• Evaluation of transmembrane pressure recovery of the membrane during low and 
high pH CIP, and 

• Analyses of low and high pH CIP cleaning solutions before and after membrane 
CIP 

 
Evaluation of Transmembrane Pressure (TMP): A typical RO CIP is a two step process 
consisting of i) cleaning with an acidic solution designed to remove the inorganic scalents 
(e.g. Ca, Mg, SiO2), followed by ii) cleaning with an alkaline solution designed to 
remove the organic foulants.  In this study the impact of organics and inorganics on the 
membrane was evaluated by operating the RO unit under normal conditions after each 
step of the cleaning process and measuring the pressure recovery obtained. 
 
Table 4 shows the feed pressure required for produced water treatment before, during and 
after the CIP process.  The pressure required to obtain the design yield using a virgin 
membrane was ~ 379.5 psi.  After about 100 hours of operation, due to increase in 
pressure drop across the membrane, the permeate yield reduced to 40%. The 
corresponding feed pressure was 283 psi.  Membrane cleaning using an acidic solution 
(KOCHKLEEN 100, KMS) was performed at this time to remove inorganic scalents.   
Subsequently, the membranes were rinsed with clean water and allowed to relax for about 
two hours.  The RO was then operated to treat the produced water (warm softener 
effluent).  The feed pressure required for operation decreased to 222.5 psi.  This 
suggested that a significant fraction of the pressure drop across the membrane was caused 
by scaling of inorganic materials.  The membranes were then cleaned using alkaline 
solution to remove organic foulants.  The feed pressure required for 40% yield, however, 
did not change significantly after cleaning with the alkaline solution.  Approximately 228 
psi pressure was still required for operation.  This suggested that only a small amount of 
organic compounds fouled the membrane during treatment of oilfield produced water.  
 
Table 4. RO Transmembrane Pressure Before, During and After CIP 
Operation Phase Feed Flow (GPM) Yield (%) Transmembrane 

Pressure (psi) 
Start of Test Run 7.5 67.5 379.5 
Operation Prior to CIP 7.6 40.8 283 
After Low pH CIP 7.5 40 222.5 
After High pH CIP 7.5 40 228 
At Design Yield After 
CIP 

5.8 65.5 387 

 
 
Following the low and high pH cleaning procedure, the pilot RO unit was restored to 
operating at ~65% yield,  similar to that established at the start of the initial test run.  
Upon restoring these operating conditions, the TMP required to maintain the original 
yield was higher than the average TMP observed during the initial 20 hours of the test run 
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(Table 4).  This suggested that some permanent fouling of membrane may have occurred 
during the produced water treatment.  
 
Analyses of CIP solutions: In addition to evaluation of operating feed pressure, acidic and 
alkaline CIP solutions were collected before and after the cleaning process, and analyzed 
for inorganic and organic constituents.  Table 5 shows the concentrations of inorganic 
(Ca, Mg and SiO2) and organic (TOC) constituents in the acidic and alkaline cleaning 
solutions.  Calcium, magnesium, silica and hardness level in the acidic solution increased 
significantly after membrane cleaning.  However, the TOC of the alkaline solution did 
not increase after cleaning, indicating that organic constituents did not significantly foul 
the membrane during treatment.  These findings further supported the previous 
observation that the majority of the pressure drop across the membrane was due to 
inorganic scaling.   
 
Table 5.  Inorganic and organic constituents in low and high pH clean in place 
solutions 
 
Parameter Before 

Cleaning 
(mg/l) 

After  
Cleaning 

 (mg/l) 

 
% Increase 

Acidic Solution    
Calcium  81 110 36 
Magnesium  33 240 627 
Silica  53 200 277 
Hardness * 340 1,300 282 

Alkaline Solution     
TOC  160 94 -46 

* mg/l as CaCO3 
 

Evaluation of Boron Rejection Seawater Membranes:  As part of the pilot study, a 
special boron rejection seawater membrane, which is reported to remove boron more 
effectively at lower pH levels (~9.5) than a conventional brackish water membrane 
(Hydranautics, 2005), was evaluated for San Ardo produced water treatment.  If boron 
can be successfully removed at this lower pH, it will significantly reduce the chemical 
cost associated with raising the RO feed water to pH 10.5 and the subsequent lowering of 
the permeate and concentrate stream pH.   
 
Table 6 shows the specifications of the boron rejection membrane and Table 7 shows the 
operation conditions for the study.  In summary, three 4-inch diameter membrane 
elements of each system were operated in parallel single stage mode for approximately 
50 hours.  The influent pH was maintained at about 9.5.  Feed, permeate and concentrate 
samples were collected and analyzed periodically for process performance.  
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Table 6.  Specifications of the Special Boron Rejection Membrane  
 
Parameter Data 
Membrane SWC4, Hydranautics 
Configuration Spiral Wound 
Membrane Polymer Composite Polyamide 
Nominal Membrane Area 85 ft2 
Maximum Applied Pressure 1000 psi (4”) & 1,200 psi (8”) 
Maximum Feedflow  16 gpm (4”), 75 gpm (8”) 
Maximum Operating Temp  113 oF 
Maximum Feedwater Silt Density Index (15 min) 5 
Maximum Pressure Drop for Each Element 10 psi 
 
Table 7.  RO Operation Conditions for the brackish water and boron rejection 
Membranes Evaluation 
 

Parameter Brackish Water 
Membrane (Fluid 

Systems) 

Boron Rejection 
Membrane (SWC4) 

Feed water Flow (gpm) 2.65 2.4 
Permeate Flow (gpm) 1.65 1.7 
Feed Pressure (psi) 460 460 
pH 9.5 9.5 
 
Table 8 shows the TDS, boron, ammonia, TOC and silica levels in the brackish water and 
boron rejection membrane permeate during the pilot study.  Both the membrane systems 
were able to meet the TDS, silica and TOC goals under the operational conditions.  The 
TDS and boron of the boron rejection membrane permeate were significantly lower than 
that of the brackish water membrane.  The permeate boron concentration in the boron 
rejection membrane averaged about 1 mg/l as compared with 4.5 mg/l for the brackish 
water membrane system.  At the end of the pilot study (~50 hours) the TDS and boron 
levels increased by two and three fold respectively in both the membrane systems.  The 
reasons for this increase are not known, however, post-treatment evaluation of the boron 
rejection membranes indicated that at least one of the elements failed the vacuum test for 
structural integrity, indicating a physical break in this element.   
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Table 8.  Treated Water Quality of Brackish Water and Boron Rejection 
Membranes  
 
Parameter (mg/l) Feed Water Brackish Water 

Membrane 
Boron Specific 
Membrane 

TDS  8500 240 60 
Boron 23 4.3 1 
TOC  45 1.1 ND (< 1) 
Ammonia as N 12 6 6.3 
 
After about 50 hours of operation the study was suspended and a CIP was performed on 
both the brackish water and boron rejection membranes.  The cleaning solutions were 
analyzed for inorganic and organic scalants and foulants (Table 9).  As observed with the 
brackish water membranes in the earlier trials, most of the membrane fouling occurred 
due to inorganic scaling.  However, the fouling on the boron rejection membrane was 
significantly higher than that on the brackish water membrane.  The boron rejection 
membrane contained 125% more silica and 270% more magnesium fouling than the 
brackish water membrane. It is possible that the fouling across the boron rejection 
membrane was higher due to operation of this membrane at a higher recovery (73%) than 
the brackish water membrane (63%).  Further investigation is required to understand the 
fouling characteristics of this membrane. 
 
The data indicated that, while the boron rejection membrane can remove boron more 
effectively than the brackish water membrane, this membrane may be more prone to 
scaling.   
 
Table 9.  Inorganic and organic constituents in the CIP solutions before and after 
membrane cleaning 
 

Brackish Water Membrane Boron Rejection Membrane Parameter 
Before 

CIP 
(mg/l) 

After 
CIP 

(mg/l) 

% 
Increase 

Before 
CIP 

(mg/l) 

After 
CIP 

(mg/l) 

% 
Increase 

Acidic 
Solution 

      

Calcium  81 85 5 84 92 10 
Magnesium  33 49 49 33 92 179 
Silica  48 71 71 58 110 90 
Hardness* 340 410 410 350 610 74 
Alkaline 
Solution  

      

TOC  77 73 -5 79 77 -2.5 
* mg/l as CaCO3  
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LIMITATIONS  
 
Although the demonstration project showed the technical feasibility of treating San Ardo 
oilfield produced water, an ideally suited end use for the treated water has not been 
identified.  Several end use issues challenge the viability of a full-scale project.   For 
example, the possible treated water uses must satisfy stringent regulatory, economic, 
user-perception, and long-term reliability criteria prior to actual implementation.  
Furthermore, depending on the type of use, implementation may also require complex 
water trade arrangements with one or more water agencies.  Finally, large storage 
facilities (hundreds of million gallons capacity) would be needed if there is a large 
seasonal variation in water demand for the identified end use.  Such limitations may 
increase the overall costs of the project significantly.  The cost of treating and delivering 
the water must be compared with the benefit of increased oil production. 

CONCLUSIONS 
 
The pilot study to treat San Ardo produced water indicated that approximately 600 mg/l 
of caustic and 100 mg/l of magnesium were required to meet the treated water hardness 
and silica goals.  A cooling tower could meet the temperature treatment goal and remove 
some of the ammonia.  However, air quality regulations in California may restrict 
ammonia emissions and make the use of a cooling tower problematic.  The brackish 
water RO membrane was effective in meeting the TDS goals in all the trials.  Treated 
water boron goal of 1 mg/l was achieved at a pH above 10.2 using this membrane.  A 
special boron rejection membrane was more effective in meeting this boron goal at a 
lower pH (9.5).  However, the fouling characteristics of this membrane are not well 
understood. Evaluation of the two membranes indicated that inorganic scaling was the 
major reason for performing the CIP.  
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