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Abstract: This study analyzed the influence of different ammonia stripping parameters on ammonia
removal efficiency and mass transfer rate. Ammonia stripping was performed on two devices,
a column and a packed tower, with artificial ammonium hydroxide wastewater. First, ammonia
concentration and pH were varied in a column without liquid circulation. At the same pH, the
removal efficiency and mass transfer rate were constant, irrespective of initial ammonia concentration.
When pH was increased, the ammonia fraction also increased, resulting in higher removal efficiency
and mass transfer rate. Second, the effects of stripping were assessed using a packed tower with
fluid circulation. The ammonium hydroxide concentration did not affect the removal efficiency or
mass transfer rate. Furthermore, at apparatus liquid-gas ratios of 26.8-107.2 L/m?, a lower liquid-gas
ratio led to increased ammonia removal efficiency and mass transfer rate. Conversely, the lower the
liquid-gas ratio, the greater the air consumption. In conclusion, considering the removal rate and
volume of air supply, the range of optimal liquid-gas ratio was determined as 26.8-53.6 L/ m3. In
particular, the 26.8 L/m? condition achieved the best ammonia removal rate of 63.0% through only 6
h of stripping at 70 °C and pH 8.5.

Keywords: wastewater treatment; nitrogen removal; ammonia stripping; air stripping; stripping tower

1. Introduction

With industrial development and population growth, there has been a rapid increase
in the amount of wastewater containing ammonia from various sources, including sewage
sludge, cattle excrement, food waste, and biomass [1]. Ammonia containing wastewater is
also generated in the energizing process of waste resources [2,3]. Ammonia in wastewater
should be removed because it causes eutrophication and ecotoxicity when it leaks into
ecosystems [4,5].

There are various methods for removing ammoniacal nitrogen from solution, including
physical, electronic, and biological methods. Ammonia stripping is a particularly efficient
method for ammonia recovery from high concentration wastewater [6,7], In ammonia
stripping system, ammoniacal nitrogen is removed as a gas by supplying gas such as air
or steam [6-9]. The reactor is usually a fixed-bed column or packed bed tower [6-9]. In
tower-type reactors, ammonia mass transfer is achieved by gas-liquid contact within the
packing material [10]. Therefore, the liquid-gas ratio should be carefully considered to
optimize the operating conditions of packed towers.

In this regard, substantial research and development have focused on the operating
conditions and other factors affecting stripping towers for different types of wastew-
ater [11-16]. For example, Ferraz et al. [12] performed ammonia stripping from land-
fill leachate using a packed tower at room temperature and pH 11 and achieved a re-
moval efficiency of 98% after 24 h of stripping at a liquid-gas ratio (L/G) of 6.7-20 L/ m3.
Gustin et al. [13] used a continuous flow packed tower to strip ammoniacal nitrogen from
anaerobic digestate at a liquid-gas ratio of 2.5 L/m?, achieving a removal efficiency of 55%
at 50 °C and pH 10. Liu et al. [14] evaluated the ammonia removal efficiency and rate
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for the urine with temperature, pH, concentration, and liquid-gas ratio. Zhu et al. [15]
and Li et al. [16] also analyzed ammonia removal rate by temperature, pH and air supply
condition.

Conventional ammonia stripping processes are typically performed at a temperature
between room temperature and 50 °C and in a pH range of 10-12 [11-16]. These process
require a large amount of reagents to adjust the pH [13,17]. In the ammonia stripping
process, a basic reagent is used to increase the pH. After ammonia removal, the pH must
be adjusted to neutral for wastewater treatment and discharge. One method for reducing
the use of these reagents is high-temperature stripping; at a high temperature, the same
removal efficiency can be achieved with a smaller quantity of reagent [17]. Although
there is a problem that a heat is required for high-temperature stripping, the heat energy
consumption can be minimized by using waste heat. For example, the hydrothermal
thermal carbonization (HTC) reaction is carried out at 180-260 °C [18,19], and it is possible
to raise the temperature of the HTC wastewater up to 70-80 °C by using HTC heat. In
addition, the high-temperature process can be operated more economically by reducing
the air supply [8].

The purpose of this study is to design a high-temperature stripping tower and derive
the optimal operating factors that will reduce the use of reagents and air supply while
maintaining the ammonia fraction at an operating temperature of 70 °C. To this end,
the ammonia removal efficiency and mass transfer coefficient are assessed at different
temperatures, pH, ammonium hydroxide concentration, and airflow volume. Specifically,
by deriving the optimal liquid-gas ratio and air supply volume for efficient liquid-to-gas
contact in the packing layer, this study provides useful data on the key factors in the design
of high-temperature ammonia stripping devices.

2. Theoretical Considerations
2.1. Ammonia—Water System
In aqueous solution, total ammonia exists as both free ammonia (N H3) and ammonium
ions (N Hj), as shown in Equation (1), and the water is dissociated into ions, as shown in
Equation (2) [10].
NH; 4+ H,O +» NH; +OH™, 1)

H,O + H"+0OH ™, ()

The total ammonia concentration in the solution is expressed by Equation (3).
[NH;.]" = [NHs.) + [NH[], ()

where [NH3 1], [NH;31], and [NH, | mean the molar concentration (mol/L) of total
ammonia, free ammonia, and ammonium ion, respectively.

The ionization constants for water (Ky,0) and ammonia (Ky y,) are known in Equations (4)
and (5), respectively.

Kio = [H][OH7], @
_ [NH{][0H"]
Knp, = [N4H—3,L}/ @)

where [H"] and [OH ™| are the molar concentration (mol/L) of hydronium ion and hydrox-
ide ion, respectively.

In addition, the ionization constants are expressed as a function of absolute tempera-
ture (K), as shown in Equations (6) and (7) [6,10,11,20].

InKp,0 = 140.932 — 13445.9/T — 22.4773In T, (6)

InKnp, = 97.976 —5930.7/T — 15.063In T — 0.01127T, (7)
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2.2. Ammonia Stripping

In aqueous solution, the free ammonia can be stripped through transfer from liquid to
gas. Thus, the concentration ratio of the free ammonia to total ammonia is a major factor in
stripping and is defined as the ammonia fraction (fyp;,) in Equation (8) [13].

[NH3,1]
NH?,,L] -+ [NHI} !

®)

fNH, = [

The ammonia fraction is also expressed by Equation (9) from Equations (4) and (5).

fney = Rmo = !
*  Kmo + Ky [HT] 1+ (Knpy/Kpyo)-107PH

©)

Since the ionization constants is described as a function of absolute temperature in
Equation (6), the ammonia fraction is dependent on both temperature and pH.

The percentage of ammonia removal (y) is calculated as the amount of ammonia
removed compared to the initial ammonia and is expressed as Equation (10):

_ [NHs,L]g — [NHs,L]tT
n= T 4 (10)
[NHzL],

2.3. Mass Transfer of Ammonia

In the process of ammonia stripping, the mass transfer rate of ammonia (Fyp,) from
liquid to gas phase is given by Equation (11) [14,21,22].

NH; )"
FNH, = VL%/ (11)

where t is time and V] is the total volume of liquid.
In a batch reactor, the mass transfer rate for liquid ammonia to gas is defined by
Matter-Mueller, as shown in Equation (12) [14,22]:

Ky, Ng,aVL
FNH3 = QGHNH3 [NHg,L]{l — EXP (_(QGI‘I;\]H> }, (12)
3

where Qg is the gas flow rate and Hyp, is the dimensionless Henry’s law constant. K; n,
is the mass transfer coefficient of liquid ammonia. The interfacial area per unit volume
between liquid and gas is indicated by a.

Combining Equations (8), (10) and (12) and integrating the total ammonia concentra-
tion over time gives Equation (13):

I [NHz 1)/ _ QcHnh, fNH; {1 exp <_ K1, NH,aVL ) }t 13)
[NHz1]g Vi QcHNH;
The slope for the logarithm of ammonia concentration ratio over time is then given by
Equation (14):
QcHNH, fnH { ( Ki, NH aVL) }
slope = ———— 2301 —exp| ———2>— ) ¢, 14
P Vi P QcHNH, 14)

From Equations (13) and (14), the overall mass transfer coefficient for liquid ammonia
to gas is calculated as follows:

QcHnH. Vi [NHs),
Ky wia = — =S NHs ) g 4 In —r 5
L, NHy VL QcHnu fNmt \ [NHap]) "
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_ QcHng, Vi
Kr, NF,a = v, ln{l OcHnim . x (slope) }, (16)

The main variables in ammonia stripping are the ammonia fraction, the rate of change
in the ammonia concentration, the volume of gas supplied, and the overall mass transfer
coefficient according to the type of reactor as shown in Equations (12) and (14). Hence,
in this study, we analyzed the effect of the major stripping factors—ammonia concentra-
tion, fraction and gas flow rate—on the ammonia removal efficiency and mass transfer
coefficient.

3. Materials and Methods
3.1. Preparation

In this study, air stripping experiments were conducted and stripping factors were
evaluated for high ammonia concentration wastewater such as HTC or anaerobic lig-
uids [1-4,18,19,23]. These wastewaters contain ammonia up to 4000 mg/L [1,3,4]. To
simulate artificial wastewater, 1000-3700 mg/L ammonia solution was prepared by dilut-
ing a 28-30% ammonia solution (SAMCHUN) with tap water. To evaluate the physical
degassing properties of ammonia, the effects on trace amounts of nitrate, nitrite were
excluded.

3.2. Stripping Column

A column-type ammonia stripping device was configured as shown in Figure 1. The
capacity of the column was 2 L, and a disk-type air diffuser was installed at the bottom,
through which external air could be supplied. The air required for stripping was controlled
at a pressure of <30 Pa using a blower and regulator, and a flow meter was used to control
the volume. To control the pH of the solution, NaOH solution was supplied using an auto
titration system (905 Titrando, Metrohm AG, Switzerland). Stripping was performed on
1 L of artificial wastewater, and the air flow rate was set to 900 L/h. The stripping factors
were assessed while varying the ammonia concentration and the pH of the wastewater,
under the conditions shown in Table 1.

Stripping Column

NaOH ( Auto

ittt

Disk Type_—1

Air Diffuser
Air lﬁ

Figure 1. Schematic view of the ammonia stripping column.
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Table 1. Experimental conditions of NHj stripping using a stripping column.
Temperature pH Initial NH3; Concentration
Q) O] (mg/L)
8.9 2900
20 9.4 15002900
10.2 2900
10.8 2900

3.3. Packed Tower

Figure 2 shows the packed tower system constructed to determine the effect of the
liquid-gas contact ratio on the stripping factors. The tower was designed with a diameter
of 0.2 m and a height of 1.5 m to enable observation of the physical characteristics of
NHj air stripping at the bench scale. The precise specifications are shown in Table 2. The
internal packing material consisted of 18 mm PP pall rings, and the height of the packing
was 0.48 m. The maximum capacity of the tank was 147 L; the effective capacity for the
stripping experiment was set to 100 L. The stripping temperature was set to 70 °C, and a
heater in the tank and a heat gun were used to control the stripping temperature. Air was
supplied using the heat gun into the bottom of the tower and was emitted from the top
of the tower. The flow rate of air was controlled using a valve and measured through a
flow meter. The liquid was supplied into the top of the tower from the tank using a pump;
after spraying through a nozzle, the liquid passes through the packing layer, then cycled
back into the tank. The cycling rate of the liquid and the flow rate of the gas are specified
along with the other operating conditions in Table 3. A temperature-adjusted pH sensor
was installed inside the tank to monitor the pH and temperature, and the NaOH solution
was supplied into the tank using a pump to control the pH. Ammonia stripping using the
packed tower was performed at 70 °C and pH 8.5 (NHj fraction 76.1%). To ascertain the
optimal operating conditions for the tower, the liquid flow rate was fixed at 117.0 L/h, and
the stripping efficiency was assessed according to the liquid-gas ratio by varying the gas

flow rate.
Stripping Tower |
—

«— —
— —
«—

/4
H

/Pall Ring

Flow Meter

70 °C Air HTTT @
l Heat Wind a&ﬁ(FM) —>—>TTTTT

Valve ~ L/

NaOH QH::>

Pump
/

Figure 2. Schematic view of the ammonia stripping packed tower system.
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Heater 7
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Table 2. Design parameters of the stripping tower.
Design Parameter Value Unit
Tower diameter 0.2 m
Tower height 15 m
Packed layer height 0.48 m
Packed materials PP pall ring -
Liquid tank volume 147 L
Table 3. Experimental conditions of NHj stripping using a packed tower.
Initial NH3; Conc. Liquid Flow Rate Gas Flow Rate Liquid-Gas Ratio, L/G
(mg/L) (L/h) (L/h) (L-Liquid/m3-Gas)
1100-3700 117.0 26,200 4.5
1100 117.0 4367 26.8
1100 117.0 2183 53.6
1100 117.0 1092 107.2

3.4. Analysis

The ammonia concentration in the aqueous solution was analyzed to assess the
stripping efficiency. Solution samples of 10 mL were taken from stripping column and
packed tower tank at regular time intervals. All samples were treated with sulfonic
acid to pH 2.5, and the concentrations of ammonium ions were quantified using ion
chromatography (930 Compact IC Flex, Metrohm AG, Herisau, Switzerland) equipped with
a cation separation column (Metrosep C 4 150/4.0, Metrohm AG, Herisau, Switzerland).

4. Results
4.1. Air Stripping without Liquid Circulation

Ammonia stripping was performed using the stripping column in Figure 1. In the
column reactor, the contact surface between liquid and gas is the interface of the air
bubble [14]. The mass transfer interfacial area is related to the size and number of air
bubbles. Therefore, it is possible to compare the mass transfer coefficient in the constant
conditions: total liquid volume; air flow rate; temperature [14]. As an experimental
condition, the airflow rate was constant of 900 L/h on 1 L of artificial wastewater. The
stripping efficiency and mass transfer rate of ammonia were analyzed according to initial
concentration and pH. Ammonia removal efficiency and mass transfer coefficient were
calculated by Equations (10), (15), and (16).

Figure 3 shows the results of stripping at different ammonium hydroxide concentra-
tions at 20 °C and pH 9.4. Figure 3a shows the ammonia removal rate according to the
concentration. The removal rate increased with increasing time. After 3 h, similar results of
38.4%, 38.5%, and 38.3% were observed for concentrations of 1500, 2200, and 2900 mg/L,
respectively.

Figure 3b shows the natural logarithm of the relative change in total ammonia con-
centration over time. A linear regression analysis was conducted against time; the mean
slope was 0.16 &+ 20.011. The R? values were 0.980, 0.973, and 0.996 for each respective
concentration, indicating that the results were reliable. The overall volumetric mass transfer
coefficients on the liquid phase (K}, yp,4) were calculated from the slope of Figure 3a and
Equation (16). The mean K; nyp,a was 0.319 h~!, which remained constant regardless of
the initial ammonia concentration in the solution. Therefore, the ammonium hydroxide
concentration had little effect on the removal efficiency or rate.

The change of pH in the ammonia solution causes a change of ammonia fraction,
which means that the higher pH, the more ammonia can be removed. pH is an important
parameter affecting the stripping efficiency and mass transfer coefficient.
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100 L L] L] L] L} 1-6 L L) L) L} L}
—&—2900 mg/L 20 OC, pH 94 1.4k 20 0C, pH 9.4_
2200 mg/L . ’ Air fl te =900 L/h
80k = 4 ir flow rate
-& 1500 mglL Air flow rate = 900 L/h ~ 12} |
g sk | ;ﬁ, Lok Initial NH,  slope K, a i
= = (mg/L) (/h) (/h)
z = 0.8} B 2900 0.173 0309 .
E 4ok = 2200 0.156  0.307
£ = 706 A 1500 0.158  0.340 ]
I - = m : .
= - Z o4} =
Z a0} i Z
= T 0.2} g
0 //\I/ 1 1 1 1 0 0 \I/ 1 1 1 1
00 05 1.0 1.5 20 25 3.0 00 05 1.0 1.5 20 25 3.0
Time (h) Time (h)
(a) (b)

Figure 3. Ammonia stripping performance according to initial concentration at 20 °C and pH 9.4: (a) Ammonia removal

rate; (b) logarithm of the ammonia concentration ratio.

Figure 4 represents the results of ammonia stripping according to pH at 2900 mg/L
ammonia concentration and 20 °C. The ammonia removal rate was shown as a linear
increase over time; after 2.5 h of stripping, the removal rate increased from 13.9% to 72.6%
when pH was increased from 8.9 to 10.8. To analyze the influence of pH on ammonia
removal, the ratio of removal rate to ammonia fraction (17/ fyH,) was compared. 17/ fnH,
was approximately constant for pH 9.4-10.8; The ratios were 72.0%, 71.2%, and 75.2% at
pH 9.4, 10.2 and 10.8, respectively. From these results, it was confirmed that the ammonia
removal rate was linearly affected by the ammonia fraction according to the pH change.

Figure 4b shows the natural logarithm of the relative change in total ammonia con-
centration against time; the slopes for each pH value were obtained by linear regression
(R% =0.997, 0.980, 0.993, 0.989). As a result, the slope and mass transfer coefficient increased
proportionally with increasing pH.

The amount of NaOH which was used to adjust the pH was determined. NaOH
consumption was 0.74, 1.44, 1.84, and 1.92 g of 100% NaOH/L liquid for pH 8.9, 9.4, 10.2,
and 10.8, respectively, to maintain pH at 20 °C. When pH increased, the ammonia removal
rate and mass transfer rate were increased, but the amount of chemical required also
increased.

100 T T T T T 1.6 T T T T T
—&—pH8.9 20°C 14 pH  slope Nms &
8ok pH9.4 Air flow rate = 900 L/h | —_ (/h) (/h) v
—4& pHI02 <=, ® 89 0056 0219 P |
e —w- pHI10.8 el = 94 0173 0340 i
= 60 Yo_a T oF A 102 038 0462 ¥ A -
z 3 = v 108 0521 0574, -
E v .- = 08 Ry 4
) -7 j .
=, dor P Z = 06f 9 Ol 1
- X = A
E '// & - .' P -
20} q’é . Z 04 K 20°C]|
,,// ‘ 02} 9’ Air flow rate = 900 L/hf
V4 /s
0 I 1 1 1 0.0 | Z N 1 1
00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0
Time (h) Time (h)
(a) (b)

Figure 4. Ammonia stripping performance according to pH at 20 °C: (a) Ammonia removal rate; (b) logarithm of ammonia

concentration ratio.
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4.2. Packed Tower Air Stripping with Liquid Circulation

To analyze the effect of liquid-to-gas contact efficiency on the stripping tower operating
factors, the stripping performance was assessed using the packed tower in Figure 2. In the
packed tower, the mass transfer interfacial area is a water film on the surface of packed
materials. In this study, tower design, packed layer height, and liquid flow rate were
constant as shown in Tables 2 and 3. In consequence, a relative comparison of mass transfer
coefficients is possible using overall volumetric mass transfer coefficients.

Stripping was performed on 100 L of artificial wastewater at ammonia concentrations
of 1100 and 3700 mg/L with the packed tower. The liquid flow rate was 117.0 L/h and
the gas flow rate was 26,200 L/h. The stripping results for ammonia concentration in the
packed tower were shown in Figure 5.

Figure 5a shows the ammonia removal rate over time. After 1 h, the removal rate
reached 30.1% and 18.4%, in 1100 and 3700 mg/L solutions, respectively. The reason for
the difference in ammonia removal rate is that pH of the 1100 mg/L solution decrease to 8.
Thereafter, NaOH was used to maintain the pH at approximately 8.5, and the ammonia
removal rate showed similar trends over total stripping time.

Figure 5b shows the natural logarithm of the change in the ammonia concentration
ratio. As a result of linear regression analysis against time, the R? values were relatively
low (0.923-0.957), but reliable results were obtained. The slopes were similar between the
two solution concentrations and the mass transfer coefficients of liquid ammonia were also
similar. At70 °C, pH 8.5,and 4.5 L/ m?> L/G ratio, the mean mass transfer coefficient was
0.192 £ 0.003 h~!. Stripping using the packed tower exhibited similar patterns regardless
of the solution concentration as shown in Figure 3. Finally, the ammonia concentration
of solution had little effect on the removal rate or mass transfer rate in both the stripping
column and packed tower.

100 T T T T T 1-2 T T T L} L}
1100 mg/L Initial NH, slope K . a
g0 L —8— 3700 mg/L | o mgL) ) (b
~ 1100 0.147 0.189
- — m 3700 0.143 0.194
S = 08Ff E
S 6o e %
[ =
2 — ,-/.A < osp .
E af - —=
= = 04} -
= 70 °C, pH 8.5 Z 70 °C, pH 8.5
20 Air flow rate = 26,200 L/h | E 02 Air flow rate = 26,200 L/h -
f’ Liquid flow rate = 117.0 L/h gl Liquid flow rate = 117.0 L/h
0 A I} I} I} I} 1 0.0 A 1 1 1 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h)
(@ (b)

Figure 5. Ammonia stripping performance according to ammonia concentration for the packed tower at 70 °C and pH 8.5:

(a) Ammonia removal rate; (b) logarithm of ammonia concentration ratio.

To identify the optimal liquid-to-gas contact range for the tower, the stripping perfor-
mance was compared at different gas flow rates in the range of 4.5-107.2 L/m?>. Figure 6a
shows the removal rate for 1100 mg/L ammonium hydroxide solution at different L/G ra-
tios. The ammonia removal rate tended to increase as the L/G ratio decreased. A decrease
in the L/G ratio corresponds to an increase in the volume of air supplied per unit effective
liquid capacity, which improves the ammonia removal efficiency [14,15]. However, when
the L/G ratio was excessively reduced (4.5 L/ m3 level here), airflow rate was too much,
resulting in a reduction in ammonia removal efficiency. In Figure 6a, the removal rates
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after 6 h were 57.1%, 63.0%, and 57.1% for L/G of 4.5, 26.8,53.6 L/m?3, respectively. The
most effective removal performance was shown at L/G 26.8 L/ mS.

Figure 6b shows the natural logarithms of the relative concentration according to L/G
ratios. Figure 6b indicates that the slope and mass transfer coefficients increased with
decreasing L/G ratio, except for4.5L/ m3. The reason the mass transfer coefficient increases
with reducing L/G is that contact efficiency improves at the liquid-to-gas interface due to
increased airflow rate. Base on the L/G ratio of 107.2 L/ m3, when it decreases by1/2or1/4,
the gas flow rate increases by two or four times, and the mass transfer coefficient increased
1.4 or 1.6 times, respectively. However, when L/G reduced to 4.5 L/m?, the gas flow
rate increases significantly by 24 times, whereas the mass transfer coefficient increases by
1.5 times. As a result, it was derived that the mass transfer coefficient increased according
to L/G decrease but decreases below a certain level. The gas flow rate and the mass transfer
coefficient are not necessarily proportional, and the optimal point should be derived.

The amount of NaOH consumed was 1.09 g of 100% NaOH/L liquid to maintain
pH 8.5 at L/G 107.2 L/m? for 24 h. When compared to the results by pH at 20 °C, the
ammonia removal efficiency is excellent despite less air supply and NaOH consumption
for the unit liquid.

100 T T T T T T T T T T T 2.0 T T T T T T T T T T T
70 °C, pH 8.5 70 °C, pH 8.5
sol Liquid flow rate = 117.0 L/h . _ Liquid flow rate =117.0 L/h -
-V = o .
_ . — 1.5} A A
) , S = . V"”
= 60 ' ’ 1 Z 4
g A B4 v = ',/V
A = o . 4
£ Rl -5 v
2 40 , N 7 m”; ,'/ L/G slope KLNH3 a
= . —.—45L/m’ z (L/m*  (/h) (/h)
z 26.8 L/m’ = W 45 0143 0.194]
20 -& 536L/m° ] = 268 0.159 0222
_ : s A 536 0122 0.174
V- 1072 L/m v 1072 0.068 0.099
0 1 1 1 1 1 1 1 1 1 1 1 732 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h) Time (h)
(a) (b)

Figure 6. Ammonia stripping performance according to the liquid-gas ratio at 70 °C and pH 8.5: (a) Ammonia removal rate;

(b) logarithm of ammonia concentration ratio.

Figure 7 shows the total air supplied against the ammonia removal rate at different
L/G ratios. Here, the total air supplied refers to the total cumulative air for 1 L of artificial
wastewater. To compare the total air supplied according to L/G ratio, it was revealed that
the lower L/G ratio, the greater the total air consumed at the same removal rate. The total
volume of air required was 240 L/L liquid at 53.6 L/ m3 and 212 L/L water at 107.2 L/m3
to achieve 76.1%, where the ammonia removal rate was equal to the ammonia fraction
(1/ fnn; =1). At L/G ratios of 4.5-26.8 L/m?, it is predicted that a greater volume of air
will be required more than 1600 and 300 L/L liquid, respectively.

From Figures 6 and 7, it was found that as L/G ratio increased, the mass transfer rate
improved, and the more air supply was required to ensure the same ammonia removal
rate. To increase the air supply, the size and power costs of the blower need to be increased.
Therefore, it is necessary to determine the optimal L/G ratio considering removal efficiency,
air supply, and time. In this study, the most efficient L/G condition was 26.8 L/m?, and
53.6 L/m? also seemed to be appropriate when trying to lower the total air supply. In
consequence, a liquid-gas ratio of 26.8-53.6 L/m? was selected as an optimal condition for
packed tower operating at 70 °C, pH 8.5.
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_ 1600 T T T
) —&—45L/m’
SM0F o 2681/m* 1
= 1200 L =& s3.6Lm’ i
—w— 107.2 L/m’
1000 - -

70 °C, pH 8.5 4
Liquid flow rate = 117.0 L/h |

oA

Total air supplied (L-air/L.
(=)
>
<>

200
0 1 1
0 20 40 60 80 100
NH, removal (%)

Figure 7. Ammonia removal rate according to the volume of air supplied at 70 °C, pH 8.5, and
different L/G ratios.

4.3. The Comparison of Results with Literature

Table 4 shows the comparison of results for ammonia stripping system with the
literature. First, the stripping column results according to pH were compared. In this
study, the ammonia removal efficiency increased in proportion to ammonia fraction as the
pH increased. Zhu et al. [15] reported that an increase in pH increase leads to improve
ammonia stripping rate and mass transfer rate. When ammonia fraction and air supply are
similar, the removal rate and mass transfer coefficients are also similar to those derived
from literature [15].

Secondly, packed tower results were compared. It is difficult to compare the mass
transfer coefficient arithmetically because the interfacial area for the packed tower varies
depending on the design of the tower and the packed material. However, it is possible
to compare the approximate mass transfer rates by considering the ammonia fraction, air
supply, and liquid ratio.

Liu et al. [14] derived the mass transfer coefficient according to air flow rate. Although
there is no mention of the L/G ratio, it can be interpreted that the lower L/G, the higher
K1, NH,4, since the L/G decreases as the air flow rate increases. When compared with this
study, it was confirmed that K; np,a was almost same under similar air supply conditions.
It is considered that the calculated K;, yp,a values are within a reasonable range when
compared with the reports by Liu et al. [14] and Ferraz et al. [12]. Li et al. [16] reported
the highest value of K; yp,a values under very low L/G ratio when compared to other
literatures.

In addition, ammonia removal rate was also compared for the jet loop reactor and the
water-sparged aerocyclone. In these two reactors, as in the column and packed tower, the
mass transfer coefficient increased as the liquid to gas ratio decreased.
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Table 4. The comparison of removal rate and overall volumetric mass transfer coefficient based on the liquid phase of ammonia.
. T Time Air Supplied L/G? 7 Ky, NH,a
Equipment ©0) pH UV ) (L-Ait/L-Liquid)  (L-Liquid/m3-Air) (%) ) Ref.
8.9 0.260 13.9 0.219
9.4 0.527 38.0 0.340 .
Stripping 20 10.2 0.875 23 2250 624 0.462 This work
column without 10.8 0.965 72.6 0.574
circulation 10 0.864 1125 24.8 0.084
25 12 0.998 3 1125 - 55.4 0.24 [15]
12 0.998 2250 76.1 0.44
6 1572 4.5 57.1 0.194
6 262 26.8 63.0 0.222 .
70 8.5 0.761 12 262 53.6 773 0.174 This work
24 262 107.2 81.5 0.099
Packed tower 720 63.6 0.086
with circulation 50 10 0.970 12 1440 - 834 0.166 [14]
2880 98.7 0.368
25 11 0.985 24 4500 6.67 99 0.18 [12]
15 10.8P 0.937b 35 3000 0.332 75 0.42 [16]
7.8 930 2500 45.6 0.081
Jet loop reactor 20 11 0.978 7.8 1400 1667 87.2 0.299 [24]
6.8 2030 1000 96.3 0.629
Water-sparged b 1540 0.0032 98.9 0.78
aerocyclone 2 115 0.995 3.5 2660 0.0018 93.7 1.32 221

2 Liquid to gas ratio, L/G. ? Average value.
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5. Conclusions

Stripping experiments were performed using an air stripping column and a packed
tower on an ammonium hydroxide solution to calculate the major operating factors for each
device. For ammonia stripping with a column, an increase in pH resulted in higher recovery
efficiency and a larger mass transfer coefficient, and a proportional relationship was
observed between ammonia removal efficiency and ammonia fraction. However, ammonia
concentration did not affect ammonia removal rate or the mass transfer coefficient. For the
packed tower, the operating factors were analyzed at 70 °C, pH 8.5. As the liquid-gas ratio
decreased in the range of 26.8-107.2 L/m?, the mass transfer rate and air consumption
increased. The 26.8 L/m3 condition achieved the largest mass transfer coefficient and
63.0% of ammonia removal rate by only 6 h operation with 262 L-air/L-liquid. And at
L/G of 53.6 L/m?, ammonia removal was 77.3% for 12 h with same air consumption.
Therefore, the optimal liquid-gas ratio was chosen as 26.8-53.6 L/m?, by considering the
optimal mass transfer coefficient and air supply. In addition, through high-temperature
stripping, excellent ammonia removal rate was achieved with low NaOH consumption.
Finally, overall operating conditions such as temperature, pH, and air consumption were
optimized to ensure both performance and economics for ammonia stripping devices
design.
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