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INTRODUCTION

The annual production of urea fertilizer in In-
donesia is estimated to be approximately 9.36 mil-
lion tons, with an annual usage growth of 1.7%. 
This amount is supplied by various companies, 
such as PT Pusri, PT Kujang, PT Kaltim, PT PIM, 
and Petrokimia Gresik (Indonesia Fertlizer, 2023). 
In the process of producing urea, 0.3 tons of wa-
ter is generated for every ton, containing ammonia 

(2–99 wt%), carbon dioxide (0.8–6 wt%), and 
urea (0.3–1.5 wt%) (Rahimpour et al., 2010, 
Laghari et al., 2018). Previous studies have shown 
that the effluents from urea manufacturing facili-
ties lead to a decrease in water quality, exceeding 
permissible limits for parameters such as ammo-
nia content, urea concentration, and pH (Sanni et 
al., 2021, Scherger et al., 2021, Matijašević et al., 
2010). In Indonesia, urea fertilizer plants com-
monly use ammonia stripping towers to reduce 
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ABSTRACT
Ammonia recovery from wastewater is crucial for mitigating environmental impact and complying with regulatory 
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moved and recovered as struvite crystals, with a mean size of 0.1 to 1 mm, allowing for effective sedimentation and 
harvesting. This showed that the reactor could potentially handle higher loading and achieve greater removal rates. 
Furthermore, effluent concentration met the standards set by the Indonesian government for the urea fertilizer sec-
tor, specifically for discharge into seawater. The study showed the feasibility of using continuous flow crystallizer 
reactor for efficient ammonia recovery through struvite crystallization. This method reduced the ammonia levels 
in the effluent, thereby mitigating environmental impact, and produced struvite, which could be used as a slow-
release fertilizer to improve economic value. The promising results suggested the potential for further development 
and industrial application of this method to address the environmental and economic challenges associated with 
ammonia-containing wastewater.
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the ammonia levels in wastewater (Machdar et al., 
2018). However, the method can face difficulties 
in complete eradication of ammonia when the lev-
els in the wastewater fluctuate. These difficulties 
occur from the dependence on wastewater disper-
sion and air velocity during the elimination pro-
cess. The emission of ammonia into the air can 
also lead to unpleasant smells near the plant. Fur-
thermore, the use of the stripping towers is associ-
ated with various drawbacks, such as the need to 
add lime for pH control, high energy consumption 
and maintenance for pumping, as well as issues 
with air pollution (EPA, 2000).

Removal or recovery of ammonia nitrogen 
from wastewater is a crucial aspect of environ-
mental management, which has gained significant 
attention through various innovative methods. 
Previous studies have explored different methods, 
such as using gas-permeable membranes for effi-
cient removal and recovery of ammonia-nitrogen 
(Yan et al., 2023), negatively charged membranes 
in direct contact membrane distillation systems 
for high ammonia recovery rates (Kywe and 
Ratanatamskul, 2022). Other methods include the 
application of electrodeionization with supporting 
electrolytes to enhance threcovery efficiency (Xu 
et al., 2022), as well as ammonia removal by si-
multaneous nitrification and denitrification (Kon-
daveeti et al., 2022). Despite these advancements, 
there are still difficulties in identifying a suitable 
technology that effectively recovers ammonia to 
produce valuable materials, while simultaneously 
improving the quality of the wastewater effluent.

The majority of previous treatment meth-
ods have typically focused only on elimination. 
Recently, significant advancement was made to-
wards simultaneously removing and recovering 
ammonia nitrogen in the form of magnesium am-
monium phosphate hexahydrate, also known as 
struvite. According to the results, struvite showed 
great potential as a slow-released fertilizer, par-
ticularly beneficial for crops requiring low-sol-
ubility fertilizers. The solubility of struvite in 
wastewater was found to be 3.89 × 10⁻¹⁰ at 25 °C, 
while 4.330 × 10⁻¹⁴ at 25 °C in aqueous solution 
(Bhuiyan et al., 2007). Moreover, struvite does 
not have a negative impact on plant roots (Priest-
ley et al., 1997, Gaterell et al., 2000).

The production of struvite crystals from dif-
ferent wastewater types has been extensively dis-
cussed by Rahman et al., (2013). These crystals 
form under alkaline conditions, as shown in Equa-
tion 1 (Bouropoulos and Koutsoukos, 2000). In an 

aqueous solution, the formation occurs following 
the development of supersaturation, which is the 
driving force behind all crystallization processes 
(Pastor et al., 2008). This process occurs relative-
ly quickly due to the excess supersaturation in the 
liquid from the chemical reaction between mag-
nesium, ammonium, and phosphate. The kinetics 
of struvite crystal formation have been studied by 
Crutchik and Garrido (2016), who expressed the 
reaction using a first-order kinetic model.

	 Mg2+ + NH4
+ + H2PO4

- + 6H2O → 
	 MgNH4PO4 · 6H2O + 2H+ 	 (1)

The operational mode of the crystallization 
reactor is essential in struvite production. Sev-
eral efforts have been implemented to achieve 
high removal rates of ammonia and phosphate 
by precipitating struvite from wastewater using 
various reactor types. Le Corre et al. (2007) de-
signed a pilot-scale crystallization reactor with 
continuous feed of synthetic solution. The reactor 
was equipped with two concentric stainless steel 
mesh screens submerged at the top of reactor. It 
was found that by combining the two meshes, 
struvite could be accumulated at a rate of 7.6 g/
m² per hour under optimal conditions. 

Suzuki et al. (2007) developed continuous 
flow reactor with three layers of stainless steel 
mesh to provide aeration and sedimentation 
zones. The results showed that 65 kg of struvite 
was obtained over 70 days of operation with an 
influent rate of 5.3 m³ per day. Ali and Schneider 
(2008) designed a batch reactor equipped with 
an automatic temperature control and feed sys-
tem. The reactor had a volume of 44 liters and 
was made from acrylic sheets. A control system 
was used to maintain the pH level and adjustment 
was made when the value was below the set point. 
Two dosing pumps operated based on the output 
signal from the pH controller. 

Rahman et al. (2011) designed a continuous 
reactor made of plexiglass with a volume of 12.3 
liters. Wastewater influent and MgCl2 solution were 
fed into the reaction zone where air was introduced 
at a rate of 0.73 liters per minute. This system pro-
duced white crystals of irregular size and achieved 
removal efficiency of 93% for PO4 and 31% for am-
monia. Hunik et al. (2012) designed a crystallization 
reactor made from a glass cylinder equipped with a 
heating and cooling jacket. Reactor included a draft 
tube and three paddle-type stirrers. PO4, Mg, and 
NH4 were added in ratios of 1:1:1 and 1:1.2:1 under 
various pH values as well as constant temperatures. 
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Matynia et al. (2013) reported that struvite crystals 
were successfully produced in continuous opera-
tion using a jet-pump crystallizer. Ha et al. (2023) 
designed a fluidized-bed reactor for struvite granu-
lation, investigating various hydraulic parameters, 
such as pH and cross-sectional surface loading. De-
spite the modifications and improvements in recov-
ery efficiency, there is still a need to explore reactor 
designs that effectively treat ammonia-containing 
wastewater, such as the discharge from urea fertil-
izer industry to generate struvite.

On the basis of the description, this study 
aimed to design a continuous flow reactor with 
two sections, namely a reaction zone and a set-
tling zone. Before this study was carried out, 
batch experiments were conducted to determine 
the optimal operating parameters for setting up 
continuous pilot scale system (Machdar et al., 
2018). The specific objectives were to evaluate 
reactor’s performance at different ammonia influ-
ent concentration and hydraulic retention times 
using artificial wastewater, representing the efflu-
ent from a urea fertilizer industry. The result was 
expected to generate struvite and lower ammonia 
concentration in wastewater to comply with the 
ammonia effluent standards set by Indonesian 
government for urea fertilizer sector.

MATERIALS AND METHODS

Reactants (feed preparation)

Synthetic wastewater containing struvite con-
stituent ions was used as influent. Meanwhile, the 
salts used to prepare the influent feed were com-
mercial-grade magnesium chloride hex-anhydrate 
(MgCl2·6H2O), potassium dihydrogen phosphate 
(KH2PO4), and ammonium chloride (NH4Cl). 
Stock solutions were prepared by dissolving these 
reactants in distilled water. Depending on the de-
sired experimental conditions, different concen-
tration of KH2PO4 (0.404 and 3.865 mmol/L), 
NH4Cl (2.991–34.585 mmol/L), and MgCl2·6H2O 
(0.738–6.738 mmol/L) were prepared and fed to 
reactor every 1 to 2 days from a 60 liter influent 
holding tank. Subsequently, a 70% KOH solution 
was prepared to adjust the pH level.

Experimental set-up and operation

The pilot setup included a crystallization 
reactor, three peristaltic pumps, and three feed 

tanks containing stock solutions of MgCl2·6H2O, 
NH4Cl, and KH2PO4, respectively. The reactor 
was equipped with a pH meter and a small injec-
tion pump for KOH to adjust liquid pH to the de-
sired range of 8–9.

The crystallizer reactor was a cylindrical tank 
constructed from Plexiglas, with a total capacity of 
90 liters. It was divided into two sections, namely 
the upper part serving as the reaction and crystal 
growth area, measuring 40 cm in height and diam-
eter. Meanwhile, the lower part served as the set-
tling zone, measuring 40 cm in height and 30 cm in 
diameter. An internal circulator pushed the reactant 
downward through a draft tube installed in the up-
per section to prevent the loss of fine crystal struvite 
particles in the effluent. Effluents exited the top part 
through a circular V-notch weir. The reactor used 
a small axial flow propeller as an agitator to re-
duce resistance and enhance thrust (Samaras et al., 
2006). The agitator was operated at a speed of 100 
rpm. Struvite products were collected at the bot-
tom of reactor and were periodically discharged by 
opening the bottom valve. The schematic diagram 
and photograph of reactor are shown in Figure 1.

The reactor operation was divided into three 
distinct experimental periods to determine the 
impact of influent ammonia concentration on re-
moval percentage and methodology. These peri-
ods comprised varying concentration of 500 (day 
0–28), 750 (day 29–55), and 1000 mg/L (day 56–
86). The influent concentration of MgCl2·6H2O 
and KH2PO4 were adjusted to match ammonia 
concentration applied to reactor, maintaining a 
molar ratio of Mg:NH4:PO4 as 1:1:1, respectively. 
The performance of reactor in each experimen-
tal period was assessed under HRT of 3, 4, and 5 
hours by adjusting the reactant flow rates. Sub-
sequently, effluent samples were collected daily, 
filtered through a 0.45 mm membrane, and pre-
served for chemical analysis.

Tracer study	

A saturated aqueous solution of sodium chlo-
ride (NaCl) was used to examine the hydraulic 
properties of the crystallizer reactor. The solution 
was added to the reactor influent using a pulse in-
put. A high concentration of NaCl was selected to 
minimize the quantity used and avoid any disrup-
tion to the incoming flow. A digital conductivity 
meter was used to continuously measure the NaCl 
content at the reactor outlet, enabling the calcula-
tion of residence time distribution (RTD) curves. 
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Replicated experiments were carried out with 
flow rates ranging from 30 to 50 L/h and vary-
ing agitator speeds between 100 and 180 rpm. 
From RTD curves, Levenspiel (1999) provided 
the methods used to establish the average actual 
hydraulic retention time (HRT). Meanwhile, the 
theoretical HRT was calculated by dividing reac-
tor volume by the flow rate. The active volume 
percentage of reactor was determined by dividing 
the theoretical HRT by the actual value.

Analytical methods	

The filtered samples were examined for am-
monia concentration through a UV-VIS spectro-
photometer (Shimadzu UV-1700), followed by 
adding Nessler reagent and sodium potassium 
tartrate. SEM-EDS (JEOL JSM 6510) and FTIR 
(Shimadzu IRPrestige-21) were used to inves-
tigate the surface characteristics and chemical 
bonds in a molecule of struvite crystal.

RESULTS AND DISCUSSIONS

Tracer study	

This investigation included conducting du-
plicate tests for flow rates of 50, 40, and 30 L/h, 
which corresponded to HRT of 1.8, 2.25, and 3 

hours, respectively. Figure 2 shows the represen-
tative RTD curve and offers a detailed interpre-
tation of the summarized data. Theoretical HRT 
represents the ideal duration for fluid to pass 
through the crystallizer reactor based on design 
parameters. Meanwhile, the actual HRT shows 
the observed real-time duration during the opera-
tion. By comparing these two values, the active 
volume percentage provides insight into the ex-
tent to which reactor operates based on intended 
capacity, enabling the detection of deviations or 
inefficiencies in the system.

Figure 2 facilitates the analysis of how fluid 
dynamics influence the flow pattern within reac-
tor. The results showed that the actual HRT was 
generally shorter than the theoretical for each 
test. This discrepancy could be attributed to the 
presence of a flow pattern in the form of a short-
circuiting (Khaatoon et al., 2023) or a dead vol-
ume (Sheoran et al., 2018) within the reactor. The 
RTD curve showed the short-circuiting phenom-
enon in the reactor, showed by the rapid increase 
in concentration of the inert tracer to a maximum 
peak, along with continuous decrease back to the 
initial concentration. An in-depth review of short-
circuiting in a continuous stirred-tank reactor is 
provided by Nechita et al., (2023). Analysis of the 
tracer data showed that the active volume ranged 

Figure 1. Schematic diagram and photograph of reactor
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from 63.96% to 97.10%. The variation in agita-
tion speed between 100 and 180 rpm had no sig-
nificant impact on the active volume. However, 
a decrease in flow rate led to a reduction in the 
active volume. This phenomenon can be attrib-
uted to the diminished turbulence, which caused 
reduced impeller movement. Visual observations 
showed that increased turbulence had a negative 
effect on the sedimentation of struvite crystals, 
disrupting the settling process. This disruption 
could lead to decreased efficiency and potential 
operational concerns within the reactor. There-
fore, it is recommended to keep agitation levels at 
a minimum to promote proper sedimentation and 
ensure optimal reactor performance. By reducing 
turbulence, the reactor can achieve a more stable 
environment, facilitating the efficient separation 
and collection of struvite crystals. 

Effect of ammonia influent concentration 	
and HRT on removal efficiency	

The effects of varying ammonia influent con-
centration and HRT on the effluent concentration 
are shown in Figure 3. Specifically, Figure 3a 
shows ammonia effluent concentration when the 
influent concentration is maintained at 500 mg/L. 
The average effluent concentration observed at 
HRT of 3, 4, and 5 hours were 65.2 ± 10.1 mg/L, 
57.4 ± 14.4 mg/L, and 54 ± 9.5 mg/L, respectively. 
These results corresponded to average ammonia 
removal efficiencies of 87 ± 2%, 89 ± 3%, and 89 
± 2% for HRT of 3, 4, and 5 hours, respectively. 
The data showed that there was no significant dif-
ference in removal performance between the HRT 
of 3, 4, and 5 hours. Therefore, varying the HRT 
within this range did not significantly impact the 

Figure 2. Representative RTD curve and tracer summarized data

Figure 3. Effects of varying ammonia influent concentration and HRT on the effluent concentration
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effluent ammonia concentration or the overall re-
moval efficiency. Figure 3b shows the ammonia 
levels in the effluent with influent concentration 
fixed at 750 mg/L. At HRT of 3, 4, and 5 hours, 
the effluent ammonia concentration was recorded 
as 75.8 ± 19.1 mg/L, 68.4 ± 9.7 mg/L, and 47.4 
± 17.4 mg/L, respectively. Corresponding removal 
efficiencies were 90% ± 3%, 91% ± 1%, and 94% 
± 2%, for the 3, 4, and 5-hour HRTs. However, no 
significant differences were observed in removal 
efficiencies between the 3 and 4-hour periods. The 
5-hour period showed a slightly improved aver-
age removal efficiency, suggesting a modest im-
provement in performance with extended retention 
times, compared to shorter times of 3 and 4 hours.

Figure 3c shows the ammonia concentration in 
the effluent when the influent concentration is set 
at 1000 mg/L. At an HRT of 3 hours, the average 
ammonia effluent concentration was 149.7 ± 4.7 
mg/L. When HRT was increased to 4 hours, the 
average concentration dropped significantly to 80 
mg/L, with an SD of 8.3 mg/L. Further increase in 
the HRT to 5 hours led to 46.6 mg/L, with an SD of 
7.9 mg/L. This concentration corresponded to av-
erage ammonia removal efficiencies of 85 ± 0.5%, 
92 ± 0.8%, and 95 ± 0.8% at, 3, 4, and 5 hours. 
The data showed that extending the HRT from 3 to 
4 hours significantly increased removal efficiency, 
but no substantial difference was observed at 4 and 
5 hours. This showed that operating the system 
with an influent ammonia concentration of 1000 
mg/L had the most significant improvement in re-
moval efficiency when increasing the HRT from 3 
to 4 hours. Beyond this point, removal efficiency 
stabilized, and further extension did not have a sig-
nificant effect.  A comprehensive summary of how 
varying influent ammonia concentration impacts 
removal efficiency across different HRT is shown 

in Figure 4. The data showed the relationship be-
tween concentration of ammonia entering the sys-
tem and removal efficiency at retention times of 3, 
4, and 5 hours. For influent concentration of 500 
mg/L, the system achieved high efficiency across 
all tested HRT, with no significant differences be-
tween 3, 4, and 5 hours. This showed that at the 
shortest retention time of 3 hours, the system could 
maintain high removal efficiency.

As the influent concentration increased from 
500 mg/L to 750 mg/L, removal efficiency re-
mained robust but began to show more variation 
between the different HRTs. At this higher con-
centration, efficiency at a 3-hour HRT was slight-
ly lower compared to the 4-hour and 5-hour HRT. 
Efficiency improved significantly at a 4-hour 
HRT, and further enhancements were observed at 
5 hours, although at a lower rate.

For the highest influent concentration tested, 
1000 mg/L, the data showed more significant dif-
ferences in removal efficiency across HRT. Remov-
al efficiency was lower at a 3-hour HRT. Increasing 
to 4 hours substantially improved efficiency, while 
5-hour HRT offered additional gains at a lower rate. 
Figure 4 also shows that shorter HRT can maintain 
high removal efficiencies at lower influent concen-
tration. However, longer HRT is beneficial for high-
er influent concentration to achieve optimal am-
monia removal. The relationship between influent 
concentration and removal efficiency is dependent 
on HRT. This shows the importance of adjusting 
retention times in response to varying influent con-
centration to maintain high treatment performance.  
Typical ammonia stripping efficiencies range from 
65% to 99%, depending on operating conditions 
(Guštin and Marinšek-Logar, 2011). While poten-
tially comparable in efficiency, struvite crystalliza-
tion avoids air pollution and odors associated with 

Figure 4. Impact removal efficiency across varying influent ammonia concentration and different HRT
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stripping, as noted in the study. Moreover, ammo-
nia stripping poses environmental challenges due 
to ammonia emissions. Gas-permeable membrane 
technology, though effective, is associated with 
higher operational costs. Recent studies on gas-per-
meable membranes have shown ammonia removal 
efficiencies of 94–99% (Vanotti and Szogi, 2015). 
Conventional biological nitrification-denitrification 
treatments can achieve 60–90% ammonia removal 
(Metcalf and Eddy, 2014). The struvite crystalliza-
tion method adopted in this study appears to per-
form at the higher end of this range.

Loading rate vs removal rate	

The quantification ammonia removal rate for 
struvite production is essential to ensure compli-
ance with effluent limits. On the basis of the results 
presented in Figure 5, removal rate showed a strong 
correlation with ammonia loading rate. For all ex-
periments, ammonia removal rate increased with 
higher influent concentration. The experiments 
produced linear correlations with R² values of 0.99, 
0.85, and 0.99 for influent concentration of 500, 
750, and 1000 mg/L, respectively, showing a con-
sistent relationship. This consistency suggested that 
reactor performance remained stable at the higher 
influent ammonia concentration of 1000 mg/L. 
The linear relationship between ammonia loading 
rate and removal rate did not diminish across the 
tested ranges. This implied that the system could 
potentially handle higher ammonia loading rates to 
achieve greater ammonia removal rates.

Struvite crystal product characteristics

A typical example of struvite crystals product 
from this study including images from SEM-EDS 

analysis is shown in Figure 6. Struvite product 
appeared as a white crystalline powders, com-
posed of equimolar concentration of magnesium, 
ammonium, and phosphate, along with six water 
molecules. The crystals showed a distinctive or-
thorhombic structure, as well as cubic and needle-
like forms with an average size of 0.1 to 1 mm. 
Le Corre et al. (2007) also observed similar struc-
tures using a pilot crystallization reactor fed with 
synthetic liquor. Ariyanto et al. (2013) reported 
similar shapes using a laboratory-scale jacketed 
stirred batch crystallizer. Additionally, Machdar 
et al. (2018) using batch experiments observed 
identical crystalline structures. This consistency 
across various studies showed the typical mor-
phological characteristics of struvite crystals.

On the basis of the results of EDS examina-
tion, the phosphorus peak showed a slight eleva-
tion compared to the magnesium peak, as similar-
ly reported by Ariyanto et al. (2014). Struvite is 
composed of magnesium, ammonium, and phos-
phate in a balanced molar proportion of 1:1:1. 
However, variations from this precise stoichio-
metric ratio may arise during the struvite forma-
tion process, leading to unequal concentration of 
different elements. EDS analysis predominantly 
captures the surface constitution of the specimen. 
When the surface of struvite crystals is enriched 
with phosphorus due to the crystal growth or 
precipitation mechanisms, it could lead to an in-
creased phosphorus peak.

The analysis of potential alterations in the in-
ternal arrangement of struvite crystals was carried 
out using the FTIR pattern, as shown in Figure 7. 
The presence of O-H and N-H stretching vibrations 
was shown by the absorption at 3589 cm-1, indicat-
ing the existence of water molecules for hydration 
(Ariyanto et al., 2013). The absorption occurring 

Figure 5. Relation between ammonia loading rate and ammonia removal rate
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at approximately 2949 cm-1 and 2901 cm-1 was 
attributed to the presence of the ammonium ion 
(Chauhan et al., 2008). The faint band observed 
at 2360 cm-1 in the spectrum was correlated with 
the stretching vibrations of H-O-H from clusters of 
water molecules in the crystal. The absorptions at 
approximately 1688 cm-1, 1578 cm-1, and 1441 cm-1 
were associated with the bending vibration of N-H 
(Chauhan et al., 2008, Banks et al., 1975). Mean-
while, the absorption observed at 1009 cm-1 could 
be correlated with the presence of ionic phosphate 
(Suguna et al., 2012). A moderate absorption at 880 
cm-1 and 760 cm-1 corresponded to the rocking mo-
tion of the N-H bond, while the absorption at 571 
cm-1 could be to the metal-oxygen bond (Chauhan 
et al., 2008). Therefore, the FTIR spectrum showed 
the existence of N-H bond, P-O bond, ammonium 
ion, phosphate ion, water for hydration, and metal-
oxygen bond in struvite crystal. 

CONCLUSIONS

In conclusion, this study showed the feasibility 
and effectiveness of using a pilot-scale continuous-
flow crystallizer reactor to recover ammonia from 
urea fertilizer plant wastewater through struvite 

crystallization. The reactor was continuously op-
erated with parameters optimized from previous 
batch experiments. Maintaining a molar ratio of 
Mg:NH4:PO4 at 1:1:1 and a pH range between 9 and 
10 were crucial factors for achieving optimal stru-
vite production. HRT of 3–5 hours facilitated over 
90% ammonia removal, showing the efficiency of 
the reactor. The process achieved high recovery as 
struvite crystals, with average size of 0.1 to 1 mm, 
suitable for sedimentation and harvesting. This re-
duced the ammonia levels in the effluent and provid-
ed a valuable by-product for use as a slow-release 
fertilizer, adding economic value to the treatment 
process. Ammonia contents in the treated effluent 
complied with the discharge regulations set by the 
Indonesian government for urea fertilizer industry, 
ensuring the sustainability of industrial operations 
without harming marine ecosystems. The observed 
linear relationship between ammonia loading and 
removal rates suggests that the reactor could poten-
tially handle concentrations exceeding 1000 mg/L. 
However, further studies at concentrations above 
1000 mg/L are recommended to confirm perfor-
mance stability. The successful operation of reac-
tor showed the potential for scaling up to handle 
higher ammonia loads. Continuous operation mode 
showed the tendency for industrial applications 

Figure 6. Struvite crystals product and SEM photograph

Figure 7. FITR spectrum of struvite crystals
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requiring consistent performance. Implementing 
struvite crystallization offered environmental pro-
tection and economic gains. Reducing ammonia in 
effluents mitigated negative effects on aquatic eco-
systems, while struvite recovery provided a valuable 
agricultural resource to promote a circular economy 
in wastewater management.
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