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bstract

In this study, ammonia stripping was optimized for pretreating anaerobic digestion effluent from an anaerobic digestion plant, and the possibility
f using CO2 stripping and biogas injection for adjusting the pH of the effluent before and after the ammonia stripping process was also investigated.
or ammonia stripping, the results showed that an overdose of calcium hydroxide, i.e., 27.5 g/L wastewater, achieved higher ammonia, phosphorus,
hemical oxygen demand, suspended solids, and turbidity removal efficiency. An air flow rate of 5 L/min for 1 L of wastewater was thought as
uitable for engineering application. The pH of the anaerobic digestion effluent can be increased from about 7 to about 9 by CO2 stripping, however
hich is insufficient for ammonia stripping. For 1 L of wastewater treated after ammonia stripping, the pH can be neutralized to about 7 from greater
han 11 through biogas injection at 1 L/min for less than 30 min, and continuous injection does not decrease the pH. It was roughly estimated that
3 m3 of biogas (CH4:CO2 ≈ 60%:40%) produced daily could be purified to CH4:CO2 ≈ 74%:26% by neutralizing the pH of the 5 m3 anaerobic
igestion effluent pretreated by ammonia stripping.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Anaerobic digestion effluent typically contains high amounts
f ammonium, phosphate, suspended solid (SS), and persistent
rganic substrate, which has been generally applied as a fertilizer
or recycling the nutrients in agricultural field [1]. However, the
xcessive application of digested effluent in agricultural areas
s the probable cause of nitrogen pollution in farming areas [2].
n addition, this method is unsuitable for urban areas because
f the unpleasant odor of the effluent and limited agricultural
rea. A simple and effective process for removing nitrogen and
esidual organic substances is required for the post-treatment of
he effluents from anaerobic digestion.
The high ammonia, phosphate and SS contents of anaerobic
igestion effluent are generally difficult of access to conven-
ional biological treatment processes such as activated sludge

∗ Corresponding author. Tel.: +81 8054121741; fax: +81 298537496.
E-mail address: rain fields@hotmail.com (X. Lei).
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rocess [3,4], soil trench system, etc. [5]. In addition, the rela-
ively low chemical oxygen demand/total nitrogen (COD/TN)
atio (1–3) is insufficient to facilitate efficient TN removal.

einhold et al. [6] suggested that the COD/TN ratio for effi-
ient TN removal by nitrification and denitrification in an
ctivated sludge process should be between 4 and 5. Hence,
hysico-chemical pretreatments such as ammonia stripping,
on exchange, membrane processes, and chemical precipitation
re required to lower the concentration of ammonia, phos-
hate, and SS prior to application to biological treatment
rocesses.

Ammonia stripping has been successfully applied in pre-
reating pig slurry [7,8], landfill leachate [9], urea fertilizer
lant wastes [10], etc. However, researches on the application
f ammonia stripping to anaerobic digested effluent are lim-
ted. Further, the optimal Ca(OH)2 dosage must also be studied

ecause of the different C, N, and P concentrations and pH buffer
apacity of anaerobic digested effluent.

The biogas produced at the anaerobic digestion energy plant
onsists of 55–80% CH4, 20–45% CO2, 0–1.0% H2S, and

mailto:rain_fields@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2006.11.027
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nent gases in biogas – CH4, CO2, and H2S – were measured
92 X. Lei et al. / Journal of Hazar

–0.05% NH3, and it is saturated with water [11]. There are
hree primary compounds that must be removed to improve the
ombustibility of biogas. Besides water vapor and H2S, biogas
ypically contains a high percentage of CO2, which decreases its
aloric value [12]. Although there are some physico-chemical
13] and biological methods [12,14] used to decrease the per-
entage of CO2 in biogas, a method with a low cost and high
fficiency is still required.

In this study, firstly, ammonia stripping will be optimized
or pretreating anaerobic digestion effluent. The optimal dosage
f calcium hydroxide will be determined systematically based
n not only pH adjustment but also NH4

+-N, PO4
3−-P, COD,

nd SS removal efficiency. Then the effect of aeration rate
n NH4

+-N removal will also be studied. Secondly, the pos-
ibility of using CO2 stripping and biogas injection in the
djustment of the pH of the anaerobic digestion effluent before
nd after ammonia stripping will also be investigated by batch
xperiments.

. Materials and methods

The temperature during all experiments was about 15 ◦C.

.1. Anaerobic digestion plant

In 2005, an anaerobic digestion energy plant using pig exc-
eta and kitchen garbage as the substrate was built in Sanwa
ity, Japan. The plant produced 43 m3 of biogas and 5 m3 of
igested effluent daily from a two-phase plug flow anaerobic
igestion reactor. The anaerobic digestion effluent obtained from
he anaerobic digestion energy plant was taken to laboratory and
tored at 4 ◦C prior to the experiments. And all experiments using
iogas were accomplished in the plant.

.2. Ammonia stripping

.2.1. Optimal Ca(OH)2 dosage
Different dosages of calcium hydroxide – 3, 5, 7, 9, 11, 13,

nd 15 g – were added to 400 mL anaerobic digestion effluent
n 500 mL beakers, respectively. The mixtures were stirred for
0 min to dissolve the calcium hydroxide and facilitate the reac-
ion between calcium and phosphate. The resulting mixtures
ere then allowed to precipitate, and the pH, NH4

+-N, PO4
3−-

, and COD of the supernatants were measured over 2 days.
he precipitation (%, v/v) – sludge volume to total volume of
astewater – was also measured in order to determine the settling

ate of sludge.

.2.2. Optimal air flow rate
After adding an optimal dosage of calcium hydroxide to the

naerobic digestion effluent, the sludge was allowed to settle for
h. The supernatants were used in air stripping.
Air stripping experiments were carried out in 500 mL
eakers. Supernatants of 200 mL were added to the beakers,
nd ammonia stripping was started by aeration using diffusers
t different rates—0, 0.6, 1, and 2 L/min. The ammonium

w
(
b
T

Fig. 1. Device of biogas purification and pH decreasing of wastewater.

itrogen contents in the supernatant were analyzed during
day.

.3. Biogas purification and pH adjustment

.3.1. pH increase by CO2 stripping
Air was blown into 400 mL anaerobic digestion effluent in a

00 mL beaker at flow rate of 1 L/min. The pH variations with
ime were monitored during 1 day.

.3.2. pH decrease by biogas injection
The CO2 injection experiment device (Fig. 1) was composed

f two 2-L plastic bottles—one for biogas injection (bottle A)
nd the other containing H2SO4 (70%) for ammonia adsorption
bottle B). Ammonia reacts with H2SO4 to produce (NH4)2SO4
hat can be used as a fertilizer. The batch experiments were
arried out at the anaerobic digestion energy plant because of
he easy access to biogas. Biogas was collected by using a 100 L
edlar Bag (Tokyo Deodorant Co., Ltd., Japan), which was mea-
ured for CH4, CO2, and H2S percentages before experiments.
he biogas was blown into 1 L anaerobic digestion effluent pre-

reated after ammonia stripping at different flow rates of 0.5,
, and 2 L/min in bottle A. And the purified biogas was dis-
harged to atmosphere after sampling with 1 L Tedlar Bags
Tokyo Deodorant Co., Ltd., Japan) at 5, 15, 25, 35, and 60 min
fter the beginning of biogas injection.

.4. Analytical procedures

The analytical procedures for the determination of pH,
mmonia, ortho-P, COD, and SS of wastewater were con-
ucted according to Standard Methods [15]. The turbidity
as assayed at 860 nm by using Attenuated Radiation Method

16] with a Hach DR4000 spectrophotometer. The compo-
ith a gas analyzer model GA94A (Geotechnical instruments
UK) Ltd.). The total organic carbon (TOC) and inorganic car-
on (IC) of the wastewater were measured with a Shimazu
OC5000A.
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Table 1
Characteristics of anaerobic digestion effluent

Parameters Anaerobic
digestion effluent

pH 7.50
Temperature (◦C) 15
Total suspended solid (mg/L) 20,000
Turbidity (FAU) 51,700
COD (mg/L) 2,290
TOC (mg/L) 2,032
IC (mg/L) 1,014
TN (mg/L) 1,770
NH4

+-N (mg/L) 1,510
NH3

−-N (mg/L) 34
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[17]:

+

P (mg/L) 432
rtho-P (mg/L) 227

. Results and discussion

.1. Characteristics of anaerobic digestion effluent and
iogas

Characteristics of the effluent were analyzed before the
xperiments, and the results were shown in Table 1. The
H4:CO2:H2S volumetric ratio of the biogas used in the exper-

ment was 58.1:41.4:0.5.

.2. Ammonia stripping

.2.1. Optimal Ca(OH)2 dosage
The pH of wastewater showed irregular variations with the

issolution of calcium hydroxide; however, it became stable
fter 30 min, and the effect of different dosages on the pH is
hown in Fig. 2. It is evident that the pH became greater than
2 when 12.5 g/L calcium hydroxide was added, and no further
ncrease was found for higher dosages. To evaluate the settling
ate of the sludge (HAP and CaCO3 flocs), the sludge volumes
ere measured after 24 h, and the result is also shown in Fig. 2.
he sludge for the dosages of 22.5 and 37.5 g/L settled very

lowly; however, for the dosages of 7 and 27.5 g/L, the sludge
ettled very quickly, and the sludge volumes were almost stable
n 1 h. The sludge for the dosages of 7.5, 12.5, 17.5, and 22.5 g/L
ere almost black in color; however those for the over-dosages

ig. 2. Effect of calcium hydroxide dosages on pH and precipitation (%, v/v)
fter settlement for 24 h.

[

F
a

ig. 3. Effect of calcium hydroxide dosages on SS and turbidity in supernatant
fter settlement for 24 h.

f 27.5, 32.5, and 37.5 g/L were light black. Many small white
oints were also observed, which might indicate the saturation
f calcium hydroxide.

After settlement of sludge for 1 day, the SS and turbidity vari-
tions of different calcium hydroxide dosages in the supernatant
ere measured and are depicted in Fig. 3. It can be seen that all

he dosages had very good turbidity removal efficiency, decreas-
ng from the original 51,700 FAU to lower than 9000 FAU.
urther, when the dosage was increased from 7.5 to 17.5 g/L,

he SS and turbidity decreased sharply. On the other hand, when
he dosages were greater than or equal to 27.5 g, the SS and tur-
idity reached an almost stable value for additional increase in
he dosage.

After settlement of sludge for 2 days, the concentrations of
H4

+-N, PO4
3−-P, and COD in the supernatants were measured;

he final concentrations are shown in Fig. 4. The ammonium
itrogen removal efficiency remained at almost the same level
hen the pH became greater than 12, while, for a dosage of
.5 g/L (pH 9.4), it was relatively low. Because the proportion of
ree [NH3] of total ammonia–nitrogen [NH3] + [NH4

+] is a func-
ion of pH and temperature, as given by the following equation
NH3] = [NH3] + [NH4 ]

1 + [H+]/Ka
(1)

ig. 4. Effect of calcium hydroxide on NH4
+-N, PO4

3−-P, and COD removal
fter settlement for 48 h.
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ere [NH3] represents the free ammonia concentration (mol/L),
NH4

+] the ammonium concentration (mol/L), [H+] the hydro-
en ion concentration (mol/L) and Ka is the acid ionization
onstant of ammonia (mol/L). Using this formula, it can be cal-
ulated that for a pH of 12 and temperature of 15 ◦C, the ratio of
mmonia to total ammonia–nitrogen reaches 99.6%; however,
t reaches only 21.49% for a pH of 9.

ortho-Phosphorus reached a relatively low level (lower than
mg/L) for all dosages (Fig. 4) after the calcium phosphate
recipitation formed and settled for about 8 h. And during the
ettling of sludge, the concentration of NH4

+-N and PO4
3−-

in the supernatant decreased continuously (data not shown).
he COD removal efficiency increased with the increase in the
a(OH)2 dosage (Fig. 4); however, the COD level remained
lmost stable during the settling of the sludge (data not
hown).

From these results, it is evident that the limiting factor in
btaining optimal dosage of calcium hydroxide is not phospho-
us, but pH adjustment (higher than 12), COD, SS and turbidity
emoval, and the settlement of sludge. And the dosage of calcium
ydroxide, 27.5 g/L, was optimal for NH4

+-N, PO4
3−-P, COD,

S, and turbidity removal, which is greater than the value of 8 g/L
or landfill leachates obtained by Ozturk et al. [18]. Compared
ith our result, 8 g/L of calcium hydroxide is even insufficient

o bring the pH close to 12 that may be a result of the higher pH
uffer capacity of anaerobic digestion effluent as compared with
andfill leachates, and then a good ammonia stripping efficiency
ould not be achieved. Moreover, even a dosage greater than 8 g
s just sufficient for increasing the pH to 12, and a good ammo-
ia removal efficiency can then be obtained. However, the COD,
S, and turbidity removal will remain inferior and the settling
ate of sludge will be slow. The NH4

+-N, PO4
3−-P, COD, SS,

nd the turbidity removal rate for the optimal dosage of calcium
ydroxide after sludge formed and settled for 48 h was 78%,
9.9%, 82.1%, 91%, and 97.2%, respectively.

Calcium hydroxide Ca(OH)2 is usually selected for pH
djustment before air stripping because of the low cost and other
dvantages for phosphorus and SS removal. In addition, due to
he high Ca, N, and P contents of produced sludge, it can be easily
ransformed into compost to improve soil fertility and quality.
hosphorus removal is achieved by the direct precipitation of
alcium phosphate (hydroxyapatite (HAP) Ca5(PO4)3OH) [19].
urther, CaCO3 precipitation, which occurs due to the reaction
etween calcium hydroxide and CO2 absorbed from the ambient
ir, induces a sweep coagulation process and larger particles can
e entrapped [20].

.2.2. Optimal air flow rate
Based on previous result, after adding an optimal dosage of

alcium hydroxide, 27.5 g/L wastewater, to the anaerobic diges-
ion effluent and mixing for 30 min, the sludge was allowed to
ettle for 8 h. The supernatants were used in air stripping.

During the first 30 min, a large amount of foam was produced,

specially for the rate of 2 L/min, and it was broken manually
y a glass stick. Subsequently, however, the production of foam
ecreased very quickly. Since only 200 mL of supernatants was
sed in 500 mL beakers, the loss of solution caused by the foam

t

C

Fig. 5. Effect of aeration rate on NH4
+-N removal.

an be neglected. The ammonium removals for different aeration
ates over 24 h are shown in Fig. 5.

The ammonia stripping performance is highly dependent on
he air/water ratios. From the results of the air stripping, it is clear
hat for 1 L of wastewater, the ammonia removal rate reached

maximum of almost 95.3% after 12 h at an air flow rate of
0 L/min, which is very close to the ratio of free ammonia to
otal ammoniun–nitrogen (99.6%) calculated previously. Fur-
her, after air stripping for 12 h at an air flow rate of 5 L/min
or 1 L of wastewater, the ammonia removal rate also reached
9.9%. This result is similar to that obtained by Ozturk et al. [18]
or landfill leachates. However at an air flow rate of 3 L/min for
L of wastewater, the ammonia removal rate was only 72.1%
ven after 24 h. In the case of no aeration, the concentration
f NH4

+-N was over 600 mg/L and the ammonia removal rate
as only 25.1%. This result is because an increase of the air
ow rate increases the gas–liquid surface area, which in turn
ontrols the amount of NH3 diffused from water [17]. How-
ver, from the viewpoint of engineering applications, an air flow
ate of 5 L/min for 1 L of wastewater should be optimal because
he significantly more expensive method of using an air flow
ate of 10 L/min for 1 L of wastewater increases the ammo-
ia removal efficiency only about 5% compared with that of
L/min.

Further, the temperature of 15 ◦C was used in the experi-
ents, it can be expected that higher temperature would greatly

ncrease the ammonia stripping efficiency [8,21], and the air
tripping time would greatly reduced.

.3. pH increase by CO2 stripping

The most important step in ammonia stripping is to increase
he pH of treated wastewater by adding alkali. Considering
he significant relationship between CO2 and pH (pH of water
ncreases as the amount of CO2 dissolved in water decreases,
ice versa), it is possible to decrease the alkali quantity by CO2
tripping of the digested effluent (forcibly removing CO2 from

he digested effluent) for pH increasing.

CO2 dissolves according to the following reactions:

O2(g) ⇔ CO2(aq) (2)
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about 7, the IC of wastewater increased from 28 to about
900 mg/L. It means CO2 of about 3.2 g (or 1.6 L, ρCO2 =
1.9769 g/L) was absorbed from biogas for pH decreasing of
Fig. 6. Effect of CO2 stripping on pH of anaerobic digestion effluent.

O2(aq) + H2O(l) ⇔ H+(aq) + HCO3
−(aq) (3)

CO3
−(aq) ⇔ H+(aq) + CO3

2−(aq) (4)

It is shown that the pH of the anaerobic digestion effluent
an be increased by CO2 stripping (Fig. 6). The pH of a 400 mL
olution of the anaerobic digestion effluent can be increased
rom 7.4 to 9.3 by CO2 stripping at the rate of 1 L/min for 1 day.

During anaerobic digestion, a large amount of CO2 was
roduced, so the anaerobic digestion effluent had a high con-
entrated dissolved IC (Table 1). And CO2 is a main component
f IC. As CO2 is removed by CO2 stripping from the anaerobic
igestion effluent, reactions (2)–(4) proceed to the left direction;
s a result, more H+ is reacted and the pH increases.

Based on the previous results (Fig. 2), the pH is not suffi-
ient for efficient ammonia stripping. However, CO2 stripping
ould be a very good method for the pH adjustment of MAP
recipitation (magnesium ammonium phosphate hexahydrate
gNH4PO4·6H2O). Because the optimal pH range of this reac-

ion is from 8.5 to 9.5 [22–24], and the pH of the anaerobic
igestion effluent can be increased to the optimal range in a
hort time (2–4 h), and maintains below 9.5 even in the case of
ver-aeration. In fact, this method has already been successfully
pplied in pH adjustment for treating swine wastewater by MAP
recipitation [25].

.4. pH decrease by biogas injection

Further, after ammonia stripping, it is necessary to decrease
he pH of treated wastewater for subsequent biological treatment
r for discharge to a water body. A large amount of biogas is
eadily available for use in the plant. So it is also possible to
ecrease the acid quantity and purify biogas by injecting the
O2 in biogas into the ammonia stripping pretreated digested
ffluent for pH decreasing.

Biogas (CH4:CO2 = 58.1%:41.4%) was used for decreasing
he pH of anaerobic digestion effluent pretreated after ammonia
tripping. The variations of the CH4 and CO2 concentrations
n the effluent biogas are shown in Fig. 7. The CH4 and CO2

oncentrations of the purified biogas decreased and increased
ith time, respectively, and finally recovered to the original con-

entrations. At the beginning of the biogas injection, reactions
2)–(4) would proceed to the right direction at a high rate, leading

F
b

Fig. 7. Variation in CH4 and CO2 percentage in the biogas effluent.

o greater adsorption of CO2 per unit time under alkaline con-
ition, as a result, more H+ was produced and the pH decreased
Fig. 8). Further, the reaction rates decreased gradually with the
H of the anaerobic digestion effluent decreased; hence, less
O2 could be adsorbed per unit time. Finally, almost no CO2
ould be adsorbed, and the CH4 and CO2 concentrations of the
ffluent biogas recovered to the original concentrations.

Fig. 8 shows that as the biogas flow rate increased, the recov-
ry process of the biogas concentrations developed quickly,
nd the time required for decreasing the pH to 7 also greatly
ecreased. It is also observed that the pH and IC of the treated
astewater remained at relatively stable levels of about 7 and
20 mg/L, respectively, with continuous biogas injection.

In conclusion, as the pH of the wastewater decreased to
ig. 8. Variation of pH and IC in the treated wastewater after injected with
iogas.
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Fig. 9. Design of anaerobic digestion effluent pretreatment system.

L wastewater, if there are no losses in the biogas injection
rocess. For the anaerobic digestion energy plant, 43 m3 of
iogas (CH4:CO2 ≈ 60%:40%) produced daily can be puri-
ed to CH4:CO2 ≈ 74%:26% by neutralizing the pH of the
m3 anaerobic digestion effluent pretreated after ammonia

tripping.

.5. Design of anaerobic digestion effluent pretreatment
ystem

Based on previous results, an anaerobic digestion effluent
retreatment system was designed for future field application
s shown in Fig. 9. Firstly, the effluent is treated with calcium
ydroxide, after mixture and settlement, phosphorus, COD, SS,
urbidity and a part of ammonia could be removed from wastewa-
er besides the increasing of pH in wastewater. The sludge could
e made into compost, and the supernatant will be treated in
ollowing steps. Secondly, ammonia is stripped out from the
upernatant by air stripping, which is adsorbed by H2SO4 to
roduce (NH4)2SO4. Finally, pH of treated wastewater is neu-
ralized to about 7 by biogas injection (CO2 injection), biogas
s also purified simultaneously.

. Conclusion

Ammonia stripping was optimized for pretreating anaerobic
igestion effluent, and the possibility of using CO2 stripping and
iogas injection for adjusting the pH of the effluent before and
fter the ammonia stripping process was also investigated in this
tudy. The following conclusions can be drawn:

1) For 1 L anaerobic digestion effluent, by adding an optimal
quantity of 27.5 g of calcium hydroxide and aerating at an

aeration rate of 5 L/min for 12 h, NH4

+-N, PO4
3−-P, COD,

SS, and turbidity can be effectively removed. Further, the
treated wastewater can be directly applied to biological treat-
ment processes, and no further physico-chemical NH4

+-N

[

aterials 145 (2007) 391–397

and PO4
3−-P treatments are required, except for the pH

adjustment.
2) The high pH of the ammonia stripping treated wastewater

can be neutralized to about 7 through biogas injection in a
short time, and continuous injection does not decrease the
pH.
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