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HIGHLIGHTS ABSTRACT

e De-oxygenating samples of PW collected
from Omani oil fields were attempted via a
gas lift column

e Co-current and counter-current purging
schemes applied via un-packed and packed
column

e A considerable reduction in the DO from
saturation to less than 1 ppm was detected in
3 minutes

Produced water (PW) is water that comes out of the well with the crude oil
during crude oil production. A well-known obstacle hindering the reuse of the
produced water in different sectors is the high dissolved oxygen (DO) content as
it can cause corrosion and polymer degradation. This study reports the
experimental investigations for de-oxygenating samples of PW collected from
Omani oil fields via a gas lift unpacked and packed column. Two types of
packing (polyethylene rushing rings and spherical glass balls) were used. Upon
treating the PW samples grafted with different concentrations of polyacrylamide;
100-500 ppm, through different purging techniques at various N, throughputs, a

e Examining purging durations up to 300
minutes slightly improved DO removal

o Residues of DO (approaching 0.5 ppm) were
left unremoved.

considerable reduction in the content of the dissolved oxygen (from saturation
level to less than 1 ppm) was detected in the first duration (3 minutes). Upon
examining purging durations up to 300 minutes, the DO removal efficiency was

slightly improved; however, residues of DO (approaching 0.5 ppm) were left
unremoved, indicating the necessity for elaborating another approach for treating
the shallow DO levels.

ARTICLE INFO

Handling editor: Qusay F. Alsalhy

Keywords:

Produced water treatment; Dissolved oxygen;
N, purging; Experimental design; Packed
column.

1. Introduction

Petroleum production has been shown globally as the most important industrial activity in the twenty-first century. Though
widespread research endeavors paid towards finding alternative energy resources, it is estimated that world daily petroleum
consumption will continuously increase, approaching 106.6 million barrels by 2030 [1]. Petroleum production is associated
with large quantities of wastewater of approximately 80% [2] and approaching 95% in aging oilfields [3]. Statistics in 2014
showed that around 300 million barrels of water were produced daily from oil and gas fields [16,17], and more than 40% of
this production is discharged into the environment [4, 16]. As reported in the literature, the oil/water volume ratio is commonly
set in the range of 1:3 [5]. However, higher water demands are required in some regions depending on the oil reserves and
conditions. In  Oman, around 900,000 m’/day ofwateris produced as an associated co-product
of its oil output of 135,000 m*/day, making the ratio of 9 barrels of water to one barrel of oil [23]. This indicates a huge
amount of wasted water that should be treated appropriately for recovery, reuse, and disposal. Produced water (PW) is formed
water, always found together with petroleum in reservoirs. It is slightly acidic and sits below the hydrocarbons in porous
reservoir media [4]. Constituents accompanying the produced water (PW) could be a kind of organic and/or inorganic;
including but not limited to: dissolved oxygen (DO), other dissolved gases, heavy metals, dispersed and dissolved oils, grease,
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waxes, chemical agents (e.g., corrosion inhibitors, scale inhibitors, de-emulsifiers, methanol, glycol, polyelectrolyte), salts,
solids, scale products, microorganisms, and possibly radioactive materials [6-8]. The Water Environment Federation [16]
classified the PW quality according to the oil/gas production scheme, in which conventional and unconventional schemes exist.
Conventional PW is commonly streamlined from traditional oil and gas wells and is known to be highly salty formation water
(TDS = 5000 to 250,000 mg/L), low TSS concentration (mostly formed at the surface), and oil in water (not heavily
emulsified) is commonly dominating the wastewater.

On the other hand, unconventional produced water [i.e., flow back and produced water from hydraulic fracturing] is highly
salty water that contains lots of suspended solids mixed with oily material. Also, the produced water to the surface can be with
back-produced polymer traces due to enhanced oil recovery processes in some oil fields. In line with diverse global efforts to
preserve water resources and comply with the recent stringent environmental regulations, there is a big demand for reusing the
produced water, especially for oil and gas production wells located in water-scarce regions or with limited freshwater
resources. This is in conjunction with the high treatment cost for PW discharge, making it beneficial to reuse PW. Treatment-
wise, the high content of dissolved oxygen (DO) in the produced water (with or without the presence of polymer along with
other contaminants) is accounted as one of the major challenges to the vast reuse of PW. Furthermore, it is worth noting that
DO promotes microbiological growth in the reservoirs and impacts material integrity, which is undesirable for effective oil
recovery processes. In this respect, certain bacteria produce polysaccharides, resulting in the bacteria adhering to each other
and forming lumps, leading to the plugging of the injection wells. In addition, microbial flora can increase the production of
CO2, H2S, and organic acids, which further promotes corrosion [14].

Moreover, DO is the most common corrosive agent, converts H,S or FeS into S compounds, and it is accounted several
times more corrosive than carbon dioxide (CO;) and other corrosive agents [13]. On that basis, either in the oil/gas industry or
other applications, oxygen must be removed from the PW (i.e., water must be de-aerated) before sending it through miles of
pipelines. This reduces the risk of corrosion and other consequences in those pipelines and other downstream equipment [12].
DO can be removed from the solution by both chemical and physical means. Chemical methods can be extremely effective, in
which the addition of titanium (III) citrate was proved useful when experimented with the synthesis of framboidal pyrite [15].
Another chemical method is applied by adding an oxygen scavenging agent (e.g., sodium sulfite and ammonium sulfite) [18].
Nonetheless, most of the mentioned methods have shortcomings, such as low efficiency, water contamination; high capital and
operating cost; low production rate; and production volume limitations.

However, in experiments where the addition of a redox poise is undesirable, a physical method must be employed to
remove oxygen. These could be done through several techniques: purging with nitrogen, argon, or a similar inert gas; boiling at
atmospheric pressure; sonication under vacuum, and boiling under vacuum. All those physical methods were experimented
with within a comparative study [19]. The results indicated that the N, purging is the most effective and quick technique for
de-oxygenation of saturated deionized water. It’s also reported that the kinetics of the degassing process depends upon the
gas/liquid interface area, indicating that the removal of DO is proved faster when nitrogen is introduced as small bubbles. To
the authors' best knowledge, not enough information is reported in the literature for a case of DO removal from PW by
applying a degassing mechanism. One limitation known for the physical methods is that complete elimination of oxygen from
the solution is not possible by any known physical techniques. Not all oxygen could be removed, and traces are commonly left
in the examined bulk. This could be considered a drawback and must be investigated thoroughly before depicting a treatment
path. This is so essential for a case of treating PW as it may contain different constituents. Hence, this part of the research
examines N, purging in a lab-scale rig. This is to measure the performance and elucidate the suitability of the purging
technique to the investigated PW.

2. Materials and Methods

A working principle in this part of the research is based on the information extracted from references [15,19], which
indicated a unique performance for DO removal from deionized water by applying N, purging. Accordingly, it hypothesized
that a DO in the liquid bulk of produced water would be removed in the same sequence and should be purged efficiently with
N,. An atmospheric cylindrical lab-scale gas lift column consisting of a glass tube (3 mm thickness, 1.2 m height, 10 cm
diameter, fitted with a gas diffuser of 8 cm diameter at an average hole size of around 10 mm) was designed and fabricated in
the labs of the University of Nizwa, Figure 1, to examine the above hypothesis. Hence, the dispensed gas bubble size was
estimated to be in the coarse-scale range (larger than 3 mm). In terms of process kinetics and process modeling, the purging
applied in both semi-batch and counter-current schemes operational mode.

Nitrogen gas, purchased from ‘“Muscat gas co.” was supplied through gas cylinders. The gas flow rate was controlled
through a gas rotameter (Tucsen/China). Various amounts of produced water supplied from PDO were loaded to the column
and purged through nitrogen according to a configured experimental plan, using semi-batch and counter-current operational
schemes. In the first instance, an average sample of PW was analyzed using the standard chemical methods, and the oil content
was found to be around 20 ppm. Also, several mineral salts were detected in the PW content, such as Sodium, Calcium,
Magr;esium, Chlorides, Sulphates, and Bicarbonates leading to PW salinity of 188.5 kg/m® and total dissolved solids of 189.3
kg/m’.

For the consistent experiment with semi-batch protocol, all experimental sets were conducted by applying a fixed level of
water in the column at room temperature (30 cm height, equivalent to 2400 mL) and purging nitrogen at different flow rates.
The experimental sets were designated to test tap water (TW), produced water (PW), and artificial samples prepared from
produced water grafted with a polymer (hydrolyzed polyacrylamide) in a range (100-500 ppm); will be referred to as (PWP)
throughout this paper. This elucidates the effect of different constituents in the PW examined samples on the DO removal
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efficiency. For the case of counter-current tests, PWP sample was pumped from liquid reservoir to the top of column using
peristaltic pump applying different liquid flow rates.
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Figure 1: A schematic diagram for the cylindrical gas lift column

The PWP samples were generated by dissolving the polymer powder (hydrolyzed polyacrylamide, received from PDO) in
the produced water, applying appropriate agitation (via a magnetic stirrer running at 700 rpm) for 5 hours. After completing
dissolution, the prepared PWP samples were left stagnant for more than 12 hours to ensure no separation occurred for the
dissolved polyelectrolyte.

The first trials were implemented through an unpacked column, whereas a packed column with 2 types of packing
(polyethylene rushing rings, OD = 10 mm, L = 10.7 mm, thickness = 2.3 mm) and spherical glass balls (D = 13.5 mm),
distributed randomly in the allocated packed layer) were investigated in the next trials. This is to contemplate the effect of the
packing geometry on the removal efficiency. The implemented experiments were designed according to a 2"-order central
composite rotatable design plan [20]. Four variables (nitrogen flow rate, L/min; polymer concentration, ppm; packed layer
height, cm; and the nitrogen purging time, min) were depicted in the experimental sets, targeting the measured dissolved
oxygen (DO, ppm) as the objective parameter. A polynomial experimental model with considerable accuracy was produced for
each examined set for system analysis integrity. During the experiment time, several measurements were taken for the targeted
parameter (DO), using both the Winkler chemical method [21] and DO tester (Hanna DO Model OX-2P). According to the
standard test procedures, other parameters (pH, conductivity, BODs, COD) were also measured/estimated (according to the
standard test procedures) at the start and end of every experimental set. To avoid varied DO levels at the start point, all
experimental sets in this study were implanted using water samples that reached the DO saturation point. This has been done
by subjecting the examined water sample to a compressed air purging (overnight), reaching oxygen saturation level (= 6 ppm).

3. Results and Discussion

3.1 DO Measurements

The experimental sets were dedicated to measuring the efficiency of the applied N, purging method for reducing DO
content in the examined samples. Hence, other parameters which would affect the process were fixed in the current research
part for all sets. Throughout the experiment duration, DO was measured using two methods (DO measuring device and
Winkler chemical method). However, we observed a considerable difference between the results from the two methods (the
DO measure through the device was around 30% higher than the value estimated in the chemical method). In contrast, the
working principle of the DO measuring device is based on the oxygen permeated in such a selective membrane and detected
due to conductivity increase in a gaseous bulk between two electrodes (cathode and anode). On the other hand, the Winkler
chemical method is a multi-stage titration procedure using various chemicals, leading to deviations from the measured values
through the DO device. This observation became certain when samples of PW and PWP were experimented with, and the
chemical method failed to detect any DO content in the PWP samples. This could be attributed to interactions resulting from
the chemical contents of PWP and the chemicals used in the Winkler chemical method. Thus, the measured DO values
through the chemical method are shown here just to document the conducted procedures in this study. At the same time, the
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DO measurements through the device are adopted in all experiments conducted in the current study. Table 1 illustrates a
comparison between the DO measured in the abovementioned procedures.

Table 1: Measured DO in the experimented water samples

Purging  Tap water (TW) Produced water Produced water grafted with polymer (PWP)

time, Pw)

minutes

DO (ppm) DO (ppm) DO (ppm) [Measured through the device]
Device Titration  Device Titration 100ppm  200ppm  300ppm  400ppm 500ppm
0 5.4 5.0 4.87 5.0 4.84 4.04 5.08 4.41 5.01

30 1.1 1.1 N.A. N.A. N.A. 2.38 1.38 0.98 1.3
60 1.07 N.A. 0.57 0.6 0.45 1.85 1.06 0.7 1.02
90 1.03 1.1 N.A. N.A. N.A. 1.39 0.97 0.8 0.82
120 1.02 0.5 0.43 0.0 0.41 1.11 0.71 0.26 0.72
150 0.85 0.6 N.A. N.A. N.A. 0.74 0.61 0.2 0.61
180 N.A. N.A. 0.41 0.45 0.35 N.A. N.A. N.A. N.A.
210 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.
240 N.A. N.A. 0.38 0.0 0.32 N.A. N.A. N.A. N.A.
270 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.
300 N.A. N.A. 0.31 0.3 0.29 N.A. N.A. N.A. N.A.

3.2 Other Parameters Measurements

Other parameters, pH, conductivity, COD, and BODs, were also measured/assessed for the processed water samples by
applying the standard chemical procedures (ASTM D1252-95, 00(B) for COD and 5210B for BODs). Table 2 illustrates the
average values for measurements evaluated at the beginning and end of the experiments conducted for purging various samples
for 1 hour. The data presented in Table 2 shows that pH was increased due to adding the polyelectrolyte to the PW while the
conductivity remained almost the same. In addition, COD was increased in samples of PWP compared to that of PW. This is
attributed to the organic contents of the added polymer. Furthermore, BODs results indicated negligible bacterial contents in

the PW.

Table 2: Measured pH, conductivity, COD, and BODjs in the experimented samples

Source of water

pH

Conductivity, mS

COD, ppm

BODs, ppm

Tap water

PW

PWP, grafted with
100 ppm of
polyelectrolyte
PWP, grafted with
200 ppm of
polyelectrolyte
PWP, grafted with
300 ppm of
polyelectrolyte
PWP, grafted with
400 ppm of
polyelectrolyte
PWP, grafted with
500 ppm of
polyelectrolyte

7.72
8.2
9.68

9.54

9.29

9.24

9.24

0.30
10.15
10.09

10.10

10.27

10.07

10.4

NIL
750
1064

953

841

1183

1163

NIL
0.31
NIL

NIL

NIL

NIL

NIL

3.3 Experimentation of The Gas Lift Column — With No Packing

Both co-current and counter-current operational schemes were applied for the PW purging with N,.

3.3.1 Semi-Batch Purging Scheme of Un-Packed Column

An experimental plan was followed in the semi-batch purging scheme with no-packing considering three variables (N,
flow rate, L/min; polyelectrolyte concentration, ppm; and the purging time, min) measuring the DO, ppm, as the objective
parameter. The plan was designed considering the following ranges for the examined parameters:

x1 = Nitrogen flow rate (2 to 6 L/min as real values) equivalent to (-1.682 to 1.682 as coded values)

x2 = Polymer conc. (100 to 500 ppm real values) equivalent to (-1.682 to 1.682 as coded values)

x3 = Purging time (0.5 to 2.5 hrs real values) equivalent to (-1.682 to 1.682 as coded values)

The above values were selected to match the literature in terms of results comparison.

The plan and the measured DO are illustrated in Table 3.
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Table 3: The experimental plan for the semi-batch unpacked column scheme

Variables
N2 Poly electrolyte conc. Purging Time Dissolved
oxyge
Exp. No Code Real Code Real Code Real
e value value value value value value
xI L/min x2 ppm x3 Hr ppm
1 -1 3.0 -1 200.0 -1 1.0 1.095
2 1 5.0 -1 200.0 -1 1.0 1.85
3 -1 3.0 1 400.0 -1 1.0 1.46
4 1 5.0 1 400.0 -1 1.0 0.7
5 -1 3.0 -1 200.0 1 2.0 1.045
6 1 5.0 -1 200.0 1 2.0 1.11
7 -1 3.0 1 400.0 1 2.0 1.25
8 1 5.0 1 400.0 1 2.0 0.26
9 -1.682 2.0 0 300.0 0 1.5 1.285
10 1.682 6.0 0 300.0 0 1.5 0.595
11 0 4.0 -1.682 100.0 0 1.5 0.5
12 0 4.0 1.682 500.0 0 1.5 0.645
13 0 4.0 0 300.0 -1.682 0.5 0.525
14 0 4.0 0 300.0 1.682 2.5 0.635
15 0 4.0 0 300.0 0 1.5 0.625
16 0 4.0 0 300.0 0 1.5 0.575
17 0 4.0 0 300.0 0 1.5 0.66
18 0 4.0 0 300.0 0 1.5 0.62
19 0 4.0 0 300.0 0 1.5 0.59
20 0 4.0 0 300.0 0 1.5 0.61

DO predicted through model
at 3 L/min (N2) and 200 ppm (polymer)

Predicted DO (ppm)
w
[\]

0 10 20 30 40 50 60 7O 80 90 100 110 120 130 140 150 160
Time (min)

Figure 2: model prediction for a semi-batch purging at 3 L/min (N,) and PWP at 200 ppm
Polyelectrolyte for a purging duration of 150 minutes, noting that the predicted
Values between 0 to 30 minutes were estimated through nonlinear extrapolation

Accordingly, a polynomial with 0.148 predictions produces the absolute error, as shown in equation 1. The model
prediction for a co-current purging at 3 L/min (N,) and PWP at 200 ppm polyelectrolyte for 150 minutes is presented in Figure
2.

Y:BO.X()""B].X1+Bz.X2+Bg.X3+ B“.XIZJFBZZ.X22+B33.X32+312.X1.X2 +813.X1.X3+823.X2.X3 (1)

The calculated statistical coefficients B, to B,; are shown in Table 4, in which B; represents the coefficients of the linear
terms 8y/8x; whereas B; and Bj represent the coefficients of the quadratic terms §%y/ 6§i and the cross-product terms
82%y/ Oy, 6xj that refers to the interaction effects, respectively.

Table 4: Statistical coefficients for the generated polynomial (3 variables, semi-batch, un-packed column)

By B, B, B; Bi By, Bs; Bi By By;
0.6005  -0.1531  -0.0869 -0.0919  0.1986 0.0687 0.0713  -0.3213 -0.1150 0.0175

For experimental data comparison, Figure 3 (a-e) illustrates the DO profile measured for produced water samples grafted
with multiple polymer concentrations and purged at various nitrogen flow rates. It’s worth noting that the sampling time
segments adopted in this part of the study were based on 30 minutes onward, approaching 2.5 hours. However, it is observed
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that a considerable reduction in the DO content was attained in the first 30 minutes from the experimental runs, while the next
purging period resulted in only slight drops in the DO contents. It’s also observed that implementing longer duration periods
for nitrogen purging has resulted in unexpected ascent in the DO values for some experimented cases, with no clear reason.
Therefore, shorter nitrogen purging duration, up to 30 minutes, and sampling time segments of 3 minutes onward were adopted
for measuring DO in all experimental sections followed this part. In the actual case, 3 minutes was chosen as it’s the least time
required by the DO measuring device to process the sample. By screening the results, the impact of increasing the nitrogen
flow rate was not found significant in the semi-batch / unpacked column performance.

On the other hand, for solution viscosity less than 9 mPa.s, PWP of higher polymer content has resulted in better DO
removal. This observation could be attributed to the effect of various residual contents of the produced water (minerals,
hydrocarbons, etc.), which might have resulted in perturbed surface tension and, hence, released the DO particles much easier.
Also, it can be observed from Figure 3 that DO is reduced to 0.6 ppm for the solution with 100 ppm at nitrogen purging of 5

L/min.
Purging of PWP grafted with different polymer Purging of PWP grafted with different polymer
concentrations at 2L/min nitrogen rate concentrations at 3 L/min nitrogen rate
7 6
=—8—100PPM == 200PPM —o— 300PPM
& n —0— 100PPM —@— 200PPM —o— 300PPM —g—40PPM —o— 500PPM
—e—400PPM —o—500PPM >
5
4
= =
& s
=] =]
=1 a
2
1
0 o
0 0s 1 15 2 25 s 0.5 1 1.5 2 25 3
Time (hr) TIME (Hr)
(@) (b)
Purging of PWP grafted with different polymer Purging of PWP grafted with different polymer
concentrations at 4 L/min nitrogen rate concentrations at 5 L/min nitrogen rate
6 6
—o— 100PPM —e—200FPM —o—300PPM
5 5 =g~ 100PPM =—@—200PPM —o— 300PPM
—o— 400PPM —o— 500PPM
a 4 —0— 400PPM —&—500PPM
z :
e 3 [-®
=] o
a a
2
1
= — q
0
"] 0.5 1 15 2 25 o 0.5 1 15 2 2.5 3
TIME (Hr) TIME (Hr)

(©)

(d)

Purging of PWP grafted with different polymer
concentrations at 6 L/min nitrogen rate

—e— 100PPM —o— 200PPM —o— 300PPM

—e— 400PPM —o—500PPM

DO PPM

(#] 05 1 1.5 2 25 3
TIME (Hr)

(e)
Figure 3: (a-e) Application of various N, purging modes of produced water grafted
with different polymer concentrations (PWP)
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3.3.2 Semi-Batch Purging Scheme of Un-Packed Column

Several experiments were implemented targeting the highest DO removal performance in the counter-current purging
scheme with no-packing. In the first instance, tap water fully saturated with oxygen was purged at different N, flow rates; the
results are illustrated in Figure 4 and indicate that around 0.7 ppm DO reach by applying a 6 L/min nitrogen flow rate. This
scheme was also applied for PWP samples at different concentrations of polyelectrolyte. The results are shown in Figure 5.
Observations similar to the experimentation of the semi-batch and no packing scheme were noted. The first 3 minutes of
purging duration has significantly reduced the DO content. Also, a PWP of higher polyelectrolyte concentrations resulted in \
higher DO removal efficiency.

Purging of Tap Water using unpacked column at different
nitrogen rates

—o—2L/MIN —o—3L/MIN —o—A4L/MIN

—o—5L/MIN —o—6L/MIN

6
=5
=
=9
& 4
o]
o3
2
1 ——= 0
0
0 2 4 6 8 10 12 14
TIME (MIN)

Figure 4: Purging of tap water at different nitrogen throughputs applying the
semi-batch scheme with no packing

Purging of PWP samples at different concentrations using
unpacked column at 3L/min nitrogen rate

7

6 =@—100 ppm =—0—200 ppm =300 ppm
a
-

5o =—0—400 ppm =—0=—500 ppm

Time (min)

Figure 5: Purging of PWP samples grafted with different concentrations of polyelectrolyte
at Different nitrogen throughputs applying the semi-batch scheme with no packing

3.4 Experimentation of The Gas Lift Column — With Packing

In this part, both co-current and counter-current operational schemes were applied for the PWP purging with N,, using two
different types of packing. Figure 6 illustrates the experimented gas lift columns packed with customized polyethylene rushing
rings (Figure 6-a) and glass balls (Figure 6-b).

In the first instance, the column with the two types of packing was experimented with separately to depict the implications
on the DO removal efficiency, as shown in Figure 6. The results indicated a better removal efficiency when using the spherical
balls, which could be attributed to the uniform interfacial area for contact compared with the random one enforced when
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applying the rushing rings. The uniform interfacial area offered by the distributed spherical glass balls is certainly influenced
by attaining a higher mass transfer coefficient and a better diffusion flux. Thus, a packed layer of glass balls was implemented
in the next experimental sets applied with the packing modes.

badl |

-
Y

(a) Rushing rings of PE (b) Spherical glass balls
Figure 6: (a-b)Pictures of two types of packing used in the gas lift column
Purging of tap waterin a packed column of two types of 10
7 cm layer packing
6
5 —o—Glass balls packings —e— platic tubes
Z 4
(=9
o
a 3
2
1 —0
0
0 2 4 6 8 10 12 14
Time (min)

Figure 7: Oxygen saturated tap water was experimented with in a semi-batch purging scheme applying
PE rushing rings (orange profile) and spherical glass balls (blue profile)

3.4.1 Semi-Batch Purging Scheme of Packed Column

In the semi-batch purging scheme with spherical glass balls packing, an experimental plan was followed considering four
variables (N, flow rate, L/min; polymer concentration, ppm; packing layer height, cm, and the purging time, min) and
measuring the DO, ppm, as the objective parameter. The plan was designed considering the following ranges for the examined
parameters:

x1 = Nitrogen flow rate (2 to 6 L/min as real values) equivalent to (-2 to 2 as coded values)

x2 = Polymer conc. (100 to 500 ppm as real values) equivalent to (-2 to 2 as coded values)

x3 = Packing layer height (10 to 30 cm as real values) equivalent to (-2 to 2 as coded values)

x4 = Purging time (3 to 24 minutes as real values) equivalent to (-2 to 2 as coded values)

The plan and the measured DO are illustrated in Table 5.
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Table 5: The experimental plan for semi-batch glass balls packed column scheme

Variables
N2 flow rate Poly electrolyte Packing Layer Purging time Dissolved
conc. oxygen
Code Real Code Real Code Real Code Real
Exp. value value value value value value value value

No. xI L/min x2 ppm x3 cm x4 min ppm
1 -1 3.0 -1 200.0 -1 10.0 -1 6.0 1.33
2 1 5.0 -1 200.0 -1 10.0 -1 6.0 1.17
3 -1 3.0 1 400.0 -1 10.0 -1 6.0 1.31
4 1 5.0 1 400.0 -1 10.0 -1 6.0 1.07
5 -1 3.0 -1 200.0 1 20.0 -1 6.0 1.99
6 1 5.0 -1 200.0 1 20.0 -1 6.0 1.17
7 -1 3.0 1 400.0 1 20.0 -1 6.0 1.31
8 1 5.0 1 400.0 1 20.0 -1 6.0 1.07
9 -1 3.0 -1 200.0 -1 10.0 1 18.0 0.83
10 1 5.0 -1 200.0 -1 10.0 1 18.0 1.22
11 -1 3.0 1 400.0 -1 10.0 1 18.0 0.64
12 1 5.0 1 400.0 -1 10.0 1 18.0 0.78
13 -1 3.0 -1 200.0 1 20.0 1 18.0 1.05
14 1 5.0 -1 200.0 1 20.0 1 18.0 1.22
15 -1 3.0 1 400.0 1 20.0 1 18.0 0.76
16 1 5.0 1 400.0 1 20.0 1 18.0 0.78
17 -2 2.0 0 300.0 0 20.0 0 12.0 1.18
18 2 6.0 0 300.0 0 20.0 0 12.0 1.71
19 0 4.0 -2 100.0 0 20.0 0 12.0 0.77
20 0 4.0 2 500.0 0 20.0 0 12.0 0.92
21 0 4.0 0 300.0 -2 10.0 0 12.0 0.9
22 0 4.0 0 300.0 2 30.0 0 12.0 0.85
23 0 4.0 0 300.0 0 20.0 -2 0.0 5.51
24 0 4.0 0 300.0 0 20.0 2 24.0 1.11
25 0 4.0 0 300.0 0 20.0 0 12.0 0.9
26 0 4.0 0 300.0 0 20.0 0 12.0 0.88
27 0 4.0 0 300.0 0 20.0 0 12.0 0.79
28 0 4.0 0 300.0 0 20.0 0 12.0 0.95
29 0 4.0 0 300.0 0 20.0 0 12.0 0.83
30 0 4.0 0 300.0 0 20.0 0 12.0 0.87
31 0 4.0 0 300.0 0 20.0 0 12.0 0.89

Accordingly, a polynomial with a 0.316 prediction means the absolute error was produced, as shown in equation 2.

Y=Bo.xo+B1.x1+B2.x2+B3.x3+ Bs.xa4+ B11.x124+ B2y . X224+ B33 . X324+ Bas . X324+
Biz.x1.x2+ Biz.x1. X3+ B1s.X1. X4+ By3.X20. X3+ Bos . X2. Xa + B34 . X3. X4 (2)

The calculated statistical coefficients By to B,; are shown in Table 5, in which B; represents the coefficients of the linear
terms §y/8x; whereas B; and B; represent the coefficients of the quadratic terms §%y/ 6§i and the cross-product terms

8%y/ Oy, 6xj that refers to the interaction effects, respectively.

Table 6: Statistical coefficients for the generated polynomial (4 variables, co-current, glass balls packed column)

BO Bl B2 B3 B4 Bll BZZ B33
0.872887 0.013333 -0.081667 0.037500  -0.497504 0.057600  -0.092400 -0.084900

By B B3 B4 By By By
0.523850 0.006250 -0.062500 0.136250 -0.047500 -0.028750  -0.020000
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A comparison between the model prediction and the experimental DO readings for a glass ball-packed column, semi-batch
scheme purged at 3 L/min (N,), and other different parameters are presented in Figure 8 (a & b).

Purging of PW in a Packed column (20 cm layer height) Purging of PW in a Packed column (10 cm layer height)
Grafted with 200 ppm polymer at 3 L/min Nitrogen flow rate 300 ppm polymer at 3 L/min Nitrogen flow rate
6 6
5 5
=4 T4
3 g3
22 2>
1 1
0 0
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
N2 Purging time (min) N2 Purging time (min)
—g—Experimental results ~ —@— Model prediction —g—Experimental results ~ —@=— Model prediction
(a) (b)

Figure 8: (a-b) Comparison between the model prediction and the DO experimental measurements For a semi-batch
packed column scheme purged at 3 L/min nitrogen and other different Parameters

In terms of experimental data comparison, Figure 9 (a-f) illustrated the DO profiles measured for tap water and produced
water samples grafted with multiple concentrations of polyelectrolyte (PWP) and purged at various nitrogen flow rates through
glass balls packed layer columns of different heights. The results of all studied cases indicate the enhanced performance upon
increasing the packed layer height. This could be attributed to a higher homogeneous interfacial contact between the gas and
the liquid, leading to a higher mass transfer coefficient and a higher diffusion flux. However, the improved removal efficiency
was hindered when approaching the limits of 1 ppm. Furthermore, only a shallow reduction in the DO (approaching 0.6 ppm in
the best case) was shown for all studied cases, even when increasing the purging duration by 12 minutes. These results
resemble the findings in the previous sections, which indicates the difficulty of removing DO at shallow levels from all
investigated water samples in this study.

To contemplate the effect of increasing the nitrogen purging rate, the same comparison was made for the semi-batch
packed column scheme, fixing the packing layer height and applying different nitrogen flow rates. The results are presented in
Figure 10 (a-c).

The above profiles indicate higher DO removal efficiency when the applied scheme increases the nitrogen flow rate.
However, limits of 0.5 ppm DO residuals were approached in all investigated cases and could not be overwhelmed in the co-
current packed column scheme. This has led us to think about applying the counter-current packed column scheme, as
presented in the coming section.

3.4.2 Counter Current Purging Scheme in A Packed Column

The last section of the current investigations discusses the packed column - counter-current mode for N2 purging of
different water samples. In the first trials, tap water and produced water samples grafted with different polymer concentrations
(PWP) were performed at two liquid flow rates and 3 L/min nitrogen, as shown in Figure 11 (a-¢), using a packed layer of 20
cm height. These experiments were implemented to check the scheme's performance upon increasing the purging agent flow
rate. The counter-current mode for water containing different hydrocarbons and heavy metals residues is known as sensitive to
an aeration scheme and a possible foam formation. The results have shown that applying a 1.8 L/min liquid rate has resulted in
lower DO removal efficiency, which conflicts with all previous results due to increased hold-up volume. Moreover, the
formation of rising foams was also observed during the run of the counter-current—packed column scheme. Figure 12 illustrates
a picture of the rising foams resulting from running the counter-current—packed column scheme.

The formation of rising foams became more significant when applying a higher N, purging rate, even when increasing the
packing layer height to 55 cm. Operation of this scheme at a 5 L/min nitrogen rate was possible for polymer concentrations up
to 300 ppm. However, higher polymer concentrations have resulted in a huge number of foams that hindered the experiment's
proceeding. Figure 13 illustrates the DO measurements for the 55 cm packing—counter current mode. Again, limited removal
for DO is attained in the shallow region below 1 ppm, leading to the same findings from previous operational schemes.
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DOPPM

Purging of tap water in different schemes using 3 L/min
nitrogen rate

—o— WITHOUT PACKING —&— 10 cm packing layer

—o— 20 cm packing layer —&— 30 cm packing layer

o 2 4 6 8 10 12
TIME (MIN)

14

DOPPM

Purging of PWP grafted with 100 ppm polymer in different
schemes using 3 L/min nitrogen rate

—a— WITHOUT PACKING —&— PACKED 10CM

PACKED 20CM —e— PACKED 30CM
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Purging of PWP grafted with 200 ppm polymer in
different schemes using 3 L/min nitrogen rate

—o— PACKED 10CM
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Purging PWP grafted with 300 ppm polymer
using different schemes at 3 L/min nitrogen rate
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(d)

DOPPM

Purging PWP grafted with 400 ppm polymer using
different schemes at 3 L/min nitrogen rate

—e— WITHOUT PACKING| —e—PACKED 10CM

—o— PACKED 20CM —e— PACKED 30CM

TIME (MIN)

(©)

—@—PACKED 20CM
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—@— WITHOUT PACKING

—@—PACKED 10CM

—@—PACKED 30CM

Purging PWP grafted with 500 ppm polymer using
different schemes at 3 L/min nitrogen rate

TIME {MIN}

10 12 14

®

Figure 9: (a-f) Experimental DO measurements for purging tap water (9-a) and PWP grafted of different
polyelectrolyte concentrations (9-b to 9-f) at 3 L/min packing nitrogen at various layer height
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Purging PWP grafted with 100 ppm polymer at different
nitrogen rates in 20 cm glass balls packed column
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(a)
Purging PWP grafted with 200 ppm polvmer at different
nitrogen rates in 20 cm glass balls packed column
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Purging PWP grafted with S00 ppm polymer at different
nitrogen rates in 20 cm glass balls packed column
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Figure 10: (a-c) Comparison between the results of applying different nitrogen purging

flow rates while fixing other parameters for a semi-batch packed column scheme
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Purging tap water in counter current contact

Purging PWP of 100 ppm concentration in

Figure 11: (a-e) DO measurements at two nitrogen purging rates

for the counter-current—packed column scheme
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Figure 12: A picture of the rising foams in the counter-current—packed
column scheme

55 cm packing layer, N2 purging rate = 5L/min

—&— TAP WATER —&— 100PPM

—0— 300PPM
o -0
e~ :_ D
0
0 2 4 6 8 10 12 14
Time (min}

Figure 13: DO measurements for 55 cm packing — counter-current purging mode at 5 L/min,
Applying different polymer concentrations

4. Conclusions

Parametric nitrogen purging investigations for produced water grafted with polymer in a gas lift column were performed in
this part of the study, applying different operational schemes (co-current and counter-current in both packed and unpacked
columns), achieving considerable dissolved oxygen removal efficiencies. Counter-current scheme with glass ball packing is
proved more efficient rather than others. However, all applied schemes experimenting with various operational parameters
could not remove the dissolved oxygen in the shallow region (= 0.5 ppm), which emphasizes the need to find a more efficient
purging technique. It’s believed that the DO residues in the shallow region will be removed totally should ultra-fine bubbles of
stripping gas is used. Hence, the study will be resumed in another part to investigate the mentioned hypothesis toward
achieving total DO removal and separation of the accompanied residues in the produced water.
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