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Introduction
The presence of volatile organic compounds (VOC’s) in ground water 
sources reduces the possibilities of water reuse.1-4 Moreover, when the 
water is reused for potable or irrigation purposes, the contamination 
of VOC’s from ground water sources pose hazards to public health.5-8 
This article will discuss about the design optimizations of a packed 
bed aerator for VOC removal in ground water.  The packed tower 
aeration is a widely-used air stripping technology for the polluted 
groundwater treatment for large volumes of water at high flow 
rates.9,10 Spray towers, bubble aerators, low profile aerators, and 
surface aerators are other air stripping technologies primarily used at 
low flow rates (<100 gpm). Typically, the packed air stripping system 
consist of a spray nozzle to distribute contaminated water from the 
top of the column over the packing in the tower, a fan to force air 
counter current to the water mass flow rate, and a sump to collect 
decontaminated water from the bottom of the tower. The high VOC 
removal efficiencies at very low pressure drops can be achieved with 
the packed bed aeration systems.11,12 Despite its merits, the knowledge 
gap still exists in the area of air stripper performance optimizations.13 
The optimizations of height of the packing material, the diameter 
of tower, the air/water loading rates and water temperature with 
respect to influent concentration of contaminants will improve the 
efficiency of VOC removal and the performance. Stripping factor is 
a representation of capacity for mass transfer relative to equilibrium 
condition in the packed bed aerator. This work provides a design and 

economic evaluations of using different packing materials. In this 
study, experiments were conducted using the contaminated ground 
water from Libyan oil fields. The design and economic evaluations of 
a packed bed aerator for VOC removal were carried out by using Air 
Stripper Design and Costing Program (ASDC). The design parameters 
such as stripping factor and type of packing material, and the physical 
parameters such as tower diameter air to water ratio, height of the 
packing material were evaluated to achieve the desired VOC removal 
efficiency. 

Materials and methods
For a packed air-stripping unit, the design parameters are stripping 
factor, pressure drop, and type of packing elements. The physical 
parameters to be estimated during the design are the tower diameter, 
air-to-water ratio, height of packing material needed to achieve 
targeted removal efficiency. The stripping factor (and hence air 
to water ratio) and the packing height can affect the VOC removal 
performance and the effluent quality.

The procedure of air stripper design presented herein is based on mass 
transfer theory: 

Height of Transfer Unit (HTU): =
m
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L
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Details of the general design procedures can be found in literature.14 
The design and the operational parameters of a typical packed bed 
aeration system are summarized Table 1. The techno-economic study 
determines the trade-off between air/water ratio and tower volume 
as a function of air pressure losses and targeted packing system. 
Furthermore, the design optimization process is targeted to reduce the 
vessel and equipment size at a pressure drop in order to reduce the 
energy requirements. The required VOC removal efficiencies and the 
final product water quality will affect the liquid loading rate, packing 
dimensions, and air/water ratio. 

Table 1 Packed Tower design and operation parameters

Factors
Effect of Increase (↑) Parameter on 
Operation and Cost, assuming no change 
in tower design

Effect of increase (↑) parameter on tower 
design, assuming removal performance 
maintained

Liquid capacity ↓ Removal Performance                     ↑ Cost ↑  Tower Height (HTU)

Air/Water Ratio (AWR) ↑  Removal Performance                    ↑  Cost ↓ Packing Volume

Water Temperature
↑  Removal Performance                       ↑  
Heating Cost

↓ Packing Volume

Henry's Constant ↑  Removal Performance ↓  Packing Volume & - AWR

Packing Type and Size ↑ The dimension& ↓ Removal   Performance
↑ The dimensions & + Packing Vol  ↓  
Pressure Drop

Pressure Drop/Depth
↑  Removal Performance                    ↑  Pump/
Blower Cost

↑  AWR

(↑) Increase & (↓) decrease 

Air Stripper Design and Costing (ASDC) software was used for the 
design and cost optimizations. Some of the features of this software 
include modifications of some cost factors such as packing material 
unit cost and electricity rate. 

The total annual cost is given by the following equation:

Annual cost=operating cost+ total capital cost  
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                                             (5)         

Total Capital cost =Total Direct Cost + Total Indirect Cost    (6)

Total Direct Cost = Process Equipment Cost + Support Equipment 
Cost  (7)

Where i is the interest rate in % which is assumed to be 10%, and y 
is the time in years also assumed to be 20 years. Details of the cost 
model can be found in literature (Dzombak et al. 1993)

The contaminated groundwater samples were taken from fields 
in Libya. The water was contaminated with BETX (Benzene, 
Ethylbenzene, Toluene, and Xylene) due to surrounding pipeline 

leaks. Samples were stored at 4oC for packed bed aeration studies. 
Aerator packed with a plastic type packing material, Nor-Pac 5/8”, 
was used for testing the polluted groundwater. For this case study the 
water flow rate was set to 100 gpm, ambient pressure to 1 bar and 
the pressure drop of 50 N/m2/m. The water quality data and desired 
concentration values of the VOCs are listed in Table 2. 

Table 2 The water quality data and desired concentration values of the VOCs 
in the contaminated groundwater

Contaminants Formula Concentration 
(ppm)

Desired 
Concentration 
(ppb)

Benzene C6H6 56.0 5.0

Ethylbenzene C8H10 1.3 0.1

Toluene C7H8 31.0 2.4

1, 2-xylene C8H10 13.0 3.6

1, 3-xylene C8H10 7.1 0.5

Stripping factor (SF) is defined as the ratio of the air flow rate actually 
used to the minimum required for air stripping. It is a very important 
factor to be considered in order to minimize the capital and operating 
costs of a packed bed aeration system. Range of stripping factor 
values from 2 to 4 at water temperature 30 °C and water flow rate 100 
gal/min were studied.
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The influence of temperature on the VOC’s concentration removal 
was considered within a temperature range of 20-35°C and at constant 
water flow rate (100 gpm), constant stripping factor (R= 2.5).

The structured column packing consists of vertical sheets of ceramic/
metal/plastic material with an open honeycomb structure providing 
a relatively high surface area. The performance of aerator packing 
bed depends on the packing shape, materials and the packing size. 
Selection of size and shape involves a trade-off between low packing 
factor, and large surface area. With a minimum head loss and high 
interfacial area, the overall mass transfer rate can be maximized. The 
total annual costs for the three types of packing materials (e.g. super 
Intalox, Nor-Pac 5/8, pall ring) for stripping factor range of 2 to 8 
were studied. Benzene was chosen as the key design contaminant, 
water temperature was set at 30°C, and water flow rate was at 100 
gallons per minute.

Results
Effect of stripping factor

The effluent concentrations of VOC’s for different stripping factors 
are shown in Table 3. Given a sufficiently tall column, stripping 
factors of >1 was selected to ensure there is enough gas for a 
complete removal of VOC’s. With the stripping factor (SF) of 2 the 
desired benzene concentration of 5 ppb was achieved and no further 
decrease was observed for SF’s 2.5, 3.0 and 4.0. For ethyl benzene, 
the target concentration was achieved with SF 2. Further increase 
in SF decreased the ethyl benzene removal efficiency. The desired 
toluene removal was achieved for SF’s 2 and 2.5. However, toluene 
concentrations were higher than the target value for SF’s 3.0 and 4.0. 
For 1, 2-Xylene, the target concentration was only achieved for SF 
3.0. On the other hand, the target concentration of 1,3-xylene was 
within the range of 0.5 ppb for the SF’s 2.0, 2.5 and 3.0. 

Table 4 presents the design parameters air/water ratio and overall 
mass transfer coefficients for each stripping factor. The air water ratio 
and tower diameter increases with SF factor while the packing height 
and tower height decreases with the SF increases. 

Table 3 The effluent concentration (ppb) of VOCs for different stripping 
factors (R)

Contaminants SF 2 SF 2.5 SF 3 SF 4

Benzene 5.0 5.0 5.0 5.0

Ethylbenzene 0.02 0.04 0.06 0.1

Toluene 1.44 2.03 2.43 2.93

1, 2-xylene 4.69 3.95 3.61 3.28

1, 3-xylene 0.21 0.38 0.52 0.71

Table 4 Design parameter results for different stripping factors

Parameter SF 2 SF 2.5 SF  3 SF 4

Tower diameter, D (m) 0.47 0.5 0.51 0.59

Packing height, Z (m) 14.53 11.96 10.61 8.88

Tower height, H (m) 18.89 15.55 13.8 11.54

Air /water ratio 8.44 10.55 12.65 16.87

KLa (1/s) 4.235 E-2 4.013 E-2 3.836 E-2 3.178 E-2

Effect of water temperature

The results in terms of effluent concentration (ppb) of VOC are shown 
in Table 5. As the water temperature is increased, the better VOC the 
removal efficiencies were achieved. The optimum temperature for 1, 
2-xylene was found to be 25oC and as the temperature is increased no 
significant change in 1,2-xylene concentration was observed. Figure 
1 clearly shows that KL values increases as the water temperature is 
increased. 

The design parameters, air/water ratios and mass transfer coefficients 
are shown in Table 6. The change in water temperature has an effect 
on the design output parameters (Table 6), and overall mass transfer 
coefficient. Increasing water temperature leads to a decrease in 
packing height, tower height, and tower diameter.

Table 5 Effect of water temperature on VOC concentration (ppb) at SF 2.5

Contaminants 20°C 25°C 30°C 35°C

Benzene 5 5 5 5

Ethylbenzene 0.06 0.04 0.04 0.04

Toluene 2.4 2.05 2.03 2.01

1,2-xylene 6.17 3.92 3.95 3.98

1-3xylene 0.5 0.39 0.38 0.37

Table 6 Design parameter results for different water temperatures

Parameter 20°C 25°C 30°C 35°C

Tower diameter, 
D (m) 0.57 0.5 0.5 0.49

Packing height, 
Z (m)

15.41 13.84 11.96 10.44

Tower height, H 
(m)

20.03 17.99 15.55 13.58

Air /water ratio, 14.49 10.55 10.55 10.55

KLa (1/s) 2.39E-2 3.44 E-2 4.01 E-2 4.63 E-2

Comparison of total annual cost based on different packing 
materials

It can be seen from Figure 2, that the sharp decrease was found in the 
cost for SF’s from 2 to 4 and the annual capital cost remains steady 
with the SF’s 5 to 8.

Figure 1 The effect of water temperature on VOC concentrations 
(primary y-axis) and KL (secondary y-axis).
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Discussion
Results of 1, 2-xylene (Table 3) indicates that the increase in air to 
water ratio increases the VOC removal efficiency. When the air flow 
rate is increased, (Table 4) the interfacial area increases and the gas-
phase resistance decrease, thereby increasing the efficiency of the 
mass transfer. For Benzene, SF2 results in 99.99% of removal from 
the initial benzene concentration of 56.0 ppm.  With the increase in 
air flow rates and SF’s, a steady removal of 99.99% was achieved 
for benzene. A similar trend, as benzene, was observed for ethyl 
benzene, toluene and 1, 3-xylene. The optimum packing height for 
the SF 2.5 was found to be 11.96 m. Parameters such as pressure 
drop, packing volume, and the total break power was optimized 
along with the packing height. For a given air water ratio, the lower 
packing height requires a larger pressure drop and less total break 
horsepower to achieve the desired removal efficiency (Mohammed 
Evuti Abdullahi, 2014). Figure 1 shows that the change of water 
temperatures influences physical properties of both the water and gas, 
and therefore has a significant impact on the mass transfer coefficient. 
When the water temperature was increased, both the water viscosity 
and surface tension of air bubbles were reduced thus helping the 
coalescence process. Moreover, the viscosity decrease can reduce 
the thickness of the stagnant film at the gas liquid interface, thereby 
lowering the mass transfer resistance and increasing the diffusion co-
efficient. These effects give rise to the steady increase in KL values as 
the water temperature increased. Also, it can be seen that simulation 
using the Nor-Pac 5/8” packing gave the minimum costs compared to 
Super Intalox Saddle and Pall-Ring 1” packings. The type and shapes 
of packing materials determine the pressure drop in the packed bed 
aeration process. This indicates Nor-Pac 5/8” is the optimum packing 
for the case considered in this work.

Conclusion
The increase of air to water ratio increases the VOC removal 
efficiency of the packed column aerator. For the stated pollutant levels 
in ground water, the best SF value was found to be 2.5. Temperature 
has significant effect on physical properties of both water and gas, and 
thereby influences the mass transfer co-efficient of packed column 
aerators. The types and shapes of packing materials determine the 
pressure drop, and Nor-Pac 5/8” was found to be the optimum packing 
for this case study. It’s therefore important to optimize the packed 

column aerator especially for high flow rates for the economic and 
effective reuse of the ground water. Future work will be aimed at 
developing an innovative process design to capture the VOC’s that 
were carried by the air medium.
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