A Combined Process for Natural Gas Sweetening and Water Desalination
Omar Chaalal and Md M Hossain

Department of Chemical & Petroleum Engineering,

United Arab Emirates University

P.O. Box 17555

Al Ain, UAE

E-mail: omar.chaalal@uaeu.ac.ae

Abstract

CO2 removal from sour natural gas, from the water desalination power plants and similar sources is important not only to the these industries but also to reduce the effect on global warming. In this study, a simple process is investigated experimentally to remove CO2 from a synthetic mixture of natural gas containing it. The method is based on the modified Solvay process and involves the chemical reaction between CO2 and ammonia in saline solution (production water from oil refining or brine from desalination plant). The products are sodium bicarbonate, an useful chemical and an aqueous solution containing ammonium chloride that can be used as irrigation water. Economically, the process is potentially much more cost effective than the amine scrubbing process, without the operational problems or potential for environmental damage posed by monoethanolamine organic compounds.

The innovative process was shown to be promising in the laboratory-scale operation. Furthermore, several oil companies in the Middle East are interested in applying this new technique. The process was developed and patented by the first author of this article.
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Research highlights

A simple reaction is applied to remove carbon di-oxide from natural gas and power plant off-gases by using ammoniated brine solution. This can be considered as a  sustainable and cost-effective system. Removal of carbon di-oxide is very high at the natural conditions of the source materials.
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1. Background

Power plants, oil refineries, desalination plants, steel mills, paper mills, cement factories and other facilities create megatons of manmade CO2 emissions that are beyond the earth’s ability to absorb and neutralize. The emission of CO2 has been increasing steadily and with the increasing demand of desalinated water (especially in GCC countries) this is expected to increase at a faster rate [1]. In general, crude oil is found associated with salt water and gas. The oil and gas occupy the upper part of the reservoir and below there may be a considerable volume of saline water. However, in many oil fields the saline water is coproduced with the oil. Further, the produced gas contains up to 10% carbon dioxide. The huge amount of saline water, which is discharged, rejected or dumped back in the oil and gas fields, is a real production problem [2, 3].The problem is caused by the fact that it causes pressure loss in pipelines and pipe clogging.                

Furthermore, carbon dioxide is very corrosive in the presence of water, it has no heating value and is a major contributor to the greenhouse effect. The co-existence of carbon di-oxide and saline water in oil and gas extraction industries are creating problems and require urgent solution. Therefore, the already commercially available processes are being evaluated and new processes are being investigated for complete or partial removal of CO2 preferably using the huge amounts of saline water around (or produced in) the GCC countries. 
Saline production water produced must be injected into deep underground formations. Injection poses no threat to groundwater, fish habitation or local vegetation because the wells used for disposing these saline waters are carefully constructed to protect groundwater and are closely monitored and regulated.

There are processes available for carbon di-oxide capture [4-9]. They are effective, but have disadvantages in large-scale applications. Furthermore, CO2 absorbed in these processes cannot released and require additional handling systems. Amine scrubbing is successful but very expensive and has corrosion problems. Carbon di-oxide capture by cryogenic distillation requires large amounts of energy and these have problems dealing with high temperature gases. 

Various membrane-based processes have been and are being investigated in last two decades [10-12]. The processes are gradually becoming competitive but yet to be economical for commercial applications. 

In this paper a process is considered that can substantially remove CO2 from the sources (either natural gas or exhaust gases) by chemically reacting with the salt in the seawater or brine water either produced in the desalination plant or co-produced in oil extraction process. The expected products are: large volumes of desalted water are produced as a byproduct (containing ammonium chloride), which is suitable for irrigation, industrial use, and possible human consumption after additional treatment. Another byproduct is sodium carbonate, a versatile chemical that can be used in chemical, pharmaceutical and food industries.
The objective of this investigation is to achieve a method and a novel technique for transforming saline  water, which is discharged or rejected from an oil and gas field into a useful irrigation water and soda ash compounds (Na2CO3) [13, 14]. For areas such as the Gulf regions this is considered to be a well-known problem, which has been under investigation for a long time in search of a solution utilizing already accessible material, such as the existing carbon dioxide and saline water [15, 16]. Another objective of this technique is to provide a process enabling operators of oil and gas fields, onshore and offshore, to remove and recover emissions of carbon dioxide in natural gas.

In the process ammonia and carbon dioxide from natural gas are passed into a saturated sodium chloride solution (formation water from oil fields) to form soluble ammonium chloride and a precipitate of sodium bicarbonate (and other salts) according to the following overall reaction (schematically illustrated in Figure 1): 
NaCl + NH3 + CO2 + H2O →  NaHCO3 + NH4Cl

The process description

The versatility of this simple process is striking. For the first time there is a potentially cost effective solution to eliminate CO2 emissions by more than 90%. The process uses cheap and abundant raw materials such as formation water and/or seawater. It can be applied to clean flue gases from the combustion of petroleum products, natural gas and coal. The process can be retrofitted to existing plants without high cost. The process operates on a low energy demand so it is not expensive to operate. What is most remarkable about the process is that it does not produce any hazardous or environmentally damaging byproducts.
The method of the present technique is characterized by the fact that carbon dioxide is combined with an alkaline solution based on ammonia, for the formation of ammonium bicarbonates. The bicarbonates react with a saline comprising solution, forming products of alkaline metal bicarbonate and ammonium chloride, and the ammonium chloride product is processed further in a decomposition to form ammonia and hydrochloric acid, or ammonia and calcium chloride, or ammonia and magnesium chloride. The process follows the steps below:

Step 1

(a) Formation of ammonium carbonate (NH4)2CO3 by the reaction       [7,8]:

2NH3 + CO2 + H2O →(NH4)2CO3                             (1)

(b) Transforming (NH4)2CO3 to 2NH4HCO3 by any excess of CO2:

(NH4)2CO3 + CO2 + H2O →2NH4HCO3 (aq.)           (2)

Step 2

Reacting the ammonium hydrogen carbonate of step 1(b) with brine/saline water to form ammonium chloride and sodium-bicarbonate:

NH4HCO3 + NaCl →NaHCO3 + NH4Cl                      (3)

Step 3

H2O + NaCl + NH3 + CO2 →NaHCO3 + NH4Cl          (4)

Reaction 4 is similar to reaction 5 that describes the gas sweetening technique used in the process.

(produced saline water) + NH3 + (natural gas + CO2)  → (sweet natural gas ) + H2O + NH4Cl + NaHCO3       





   (5)

Step 4

Converting the dry sodium bicarbonate by heating to give anhydrite sodium carbonate or soda ash:[9]

2NaHCO3 + heat      → Na2CO3 + CO2 + H2O           (6)

wherein the carbon dioxide CO2 may be returned to steps 1(a) and 1(b).

Step 5

(a) Heating the ammonium chloride to decompose to give ammonia and hydrochloric acid:

NH4Cl   →  NH3 + HCl                                              (7)

and that produced ammonia is returned to step 1(a), or (b)

Adding calcium oxide to decompose to give ammonia and calcium chloride:

2NH4Cl + CaO   →   2NH3 + CaCl2 + H2O                  (8)

the ammonia is returned to step 1(a) [10, 11]. If ammonium chloride is produced in large excess (because the concentration of NaCl is very high in the saline water mentioned above) its concentration can be reduced by applying liquid membrane process [17].
Experimental procedure

Initial experiments was performed to check the absorption of carbon di-oxide in ammoniated production water/sea water (Figure 2). It is observed that the volume of gas decreases with time suggesting the gas is readily soluble and the saturation reaches within a short time. The next stage a set of semi-continuous experiments were performed. The experimental setup used in this investigation is presented in Figure 3. 1.5 l of formation water (the composition is shown in Table 1) were mixed with 0.5 l ammoniated solution. The mixed solution were contained in three columns with the same amount of formation water and varying amount of ammonia (Table 2). A synthetic mixture of natural gas composed of 90% methane and 10% carbon dioxide was passed continuously through the solution. Similarly the exhaust gas from a car diesel engine containing 4.8% carbon di-oxide was also trialed and allowed to pass through the ammoniated formation water. The gas flow rate was maintained at 0.7 l/min. by a flowmeter. All runs were conducted at 20 ˚C and 1 atm. The carbon dioxide and the ammonia contents in the exit gas were measured by using a gas chromatograph (Model CP-300, Varian, Netherlands). The NaCl content in the desalted water was measured by atomic absorption using an ICP spectrophotometer (Varian 710-ES 03, Australia). The outlet gas was analyzed for carbon dioxide and ammonia. Also, samples were taken from the solution, filtered and analysed for salt ions. The precipitate formed during the carbonation reactions was filtered and heated at 300 ˚C for two hours to transform the sodium bicarbonate to sodium carbonate.
Results and discussion

Ammoniated formation water samples reacted with a gas mixture, containing 10% CO2 and 90% CH4. A white cloud was observed immediately after adding the ammonia to the seawater samples, which disappeared a few minutes after the injection of carbon dioxide through the solution. After bubbling the carbon dioxide for 45 min., a white precipitate was formed. The change in concentration of the synthetic natural gas over a period of 180 mins is shown in Table 3. It is observed that the CO2 concentration decreased from 9.5% to 0.2% producing a sweetened gas of CH4 composition of 99.8%. It is observed (Figure 4) that after 300 mins the concentration of carbon di-oxide increases again, the system reached saturation with respect to ammonia concentration. This also suggests that had the process been made continuous by supplying ammoniated solution it would have performed similarly and the carbon dioxide would have been removed at such a high rate. This is evident in Figure 5 which shows the NH3 concentration in the outlet gas. The results confirms this observation (in Figure 4 and 5) as CO2 did not appear in the outlet gas for about five hours, whereas ammonia was detected after three hours. 

Figure 6 shows the solid formed as sodium bicarbonate and sodium carbonates in the process.

Further, the effect of excess ammonia was assessed through adding different amounts of ammonia as shown in Table 1. It was observed that the amount of CO2 reacted increased with increasing ammonia.

Conclusion

The experimental runs shows the technical feasibility of sweetening natural gas through reactions with high salinity water such as produced water in oil exploration. The results shows that the process can be applied to the removal of carbon dioxide from car exhaust. And any other sources of saline water such as seawater and brine produced during desalination can be used when they are ammoniated. More specific result obtained in this work is that the proposed process can reduce carbon dioxide by 99% and, at the same time, reduce the water salinity by 40%.
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Figure 1. Schematic drawing of the process.
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Figure 2: Absorption of carbon di-oxide in production water/sea water.
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Figure 3. Experimental setup for carbon di-oxide removal with ammoniated saline water.
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Figure 4. Concentration of carbon dioxide in the exit gas (sufficiently clean).
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Figure 5. Ammonia concentration in the exit gas.
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Figure 6. Formation water and solid products of the chemical reactions.
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Figure 1 Carbon cioxide removal with seawater 3.5 salnity





 Figure 7: 
[image: image9.png]Figure 2 Carbon dioxide removal with formation water 15%salinity
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Figure 8:
                   Table 1. Effect of excess ammonia

	
	Run 1   (g)
	Run 2    (g)
	Run 3      (g)

	Filtrate 
	212.30
	215.40
	243.20

	CO2 reacted 
	4.20
	8.4
	11.45

	Residue 
	0.85
	1.76
	3.25

	Formation water 
	180
	180
	180

	Ammonia 
	12.5
	25
	50


1.1
Produced water

The produced water has the following composition:

H2S

:
16 ppm

CO2

:
325 ppm

O2

:
5 ppb

Fe

:
10 ppm

Na

:
30,916 ppm

Ca

:
8,898 ppm

Mg

:
1,483 ppm

Cl

:
67,374 ppm

HCO3

:
171 ppm

SO4

:
355 ppm

TDS

:
109,197 ppm

TSS

:
40.9 ppm

Oil

:
70 ppm

1.2
Natural Gas

The Natural Gas has the following composition:

Methane

90.5%

Carbon dioxide 
9.5 % 

1.3
Test results

	 
	Flow rate  0.7L/min
	

	Time, min
	CH4%
	CO2% in the clean Gas 

	0
	90.5
	9.5

	1
	99.945
	0.055

	5
	99.972
	0.028

	10
	99.978
	0.022

	15
	99.98
	0.02

	20
	99.981
	0.019

	32
	99.971
	0.029

	50
	99.937
	0.063

	60
	99.915
	0.085

	116
	99.878
	0.122

	120
	99.873
	0.127

	150
	99.82
	0.18

	180
	99.804
	0.196


2.
Brine water and pure CO2

Brine water was made by evaporation of sea water to get a brine of 12% NaCl (3.5L)

3.
Sea water from the Persian Gulf and Exhaust

3.1
Sea water

Typically sea water has the following composition:

	DESCRIPTION
	SPECIFICATION

	Total solids 
	43977 mg/l

	Sodium 
	14100 mg/l

	Calcium
	511 mg/l

	Magnesium
	1490 mg/l

	Chloride
	24300 mg/l

	Bicarbonate
	166 mg/l

	Sulphate
	3410 mg/l

	Iron Oxides
	0.1 mg/l

	Calcium Carbonate
	0.1 mg/l

	Magnesium Carbonate
	0.2 mg/l

	Bromide
	52 mg/l

	pH
	7.8 – 8.5

	Specific gravity
	1.032

	Viscosity
	1.7 cP

	Suspended solids
	50 mg/l


3.2 
Exhaust

An exhaust gas from a car diesel engine, containing 4.8 % Carbon dioxide.

3.3
Test results

	Time (mn )
	% CO2 in the clean exhaust 

	0.00
	4.80

	5.00
	0.01

	15.00
	0.01

	40.00
	0.01

	60.00
	0.01

	90.00
	0.01

	100.00
	0.02

	110.00
	0.02

	120.00
	0.02

	130.00
	0.03

	160.00
	0.03

	180.00
	0.04


