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A B S T R A C T   

Previous researches have primarily emphasized the deleterious impacts of NH4
+ on anaerobic granular sludge due 

to its biotoxicity. Despite this, the role of NH4
+ as a monovalent cation in leaching multivalent Ca2+, thereby 

hindering granule formation and undermining its stability, remains underappreciated. This study investigated 
the potential of NH4

+ to leach Ca2+ from anaerobic granular sludges. The results indicated that a shock loading of 
NH4

+ at a concentration of 900 mg/L caused a Ca2+ leaching of 57.1 mg/L at pH 7.0. In an acidified environment 
(pH 5.0), the shock loading resulted in a Ca2+ release of 127.3 mg/L, a magnitude 5.24 times greater than the 
control group. The leaching process modestly affected granular sludge activity and size but markedly compro-
mised granular strength due to calcium loss. Subsequent to the NH4

+ shock, the granular strength manifested a 
significant reduction, as evidenced by a 15-fold increase in protein release from the granules compared to the 
intact ones. Additionally, NH4

+ shock altered the calcium partitioning within the granular sludge, resulting in a 
decrease in residual calcium and a concomitant increase in bound calcium, further affecting granular strength. 
This study underscores the overlooked significant phenomenon of NH4

+ shock-leaching Ca2+ in anaerobic 
granular sludge, which warrants significant attention given to its rapid and deleterious effects on granular 
strength and the shift in calcium state.   

Introduction 

Anaerobic granular sludge technology, which includes processes 
such as up-flow anaerobic sludge bed and expanded granular sludge bed, 
has gained significant attention in biological wastewater treatment due 
to its superior settling characteristics and bioactivity (van Loosdrecht 
and Brdjanovic, 2014). Representing over 90 % of industrial wastewater 
treatment processes, it is increasingly considered to be a promising 
wastewater treatment technology (van Lier et al., 2015). Granular 
sludge plays a crucial role in this technology as it forms densely packed 
microbial aggregates through self-assembly by physical, chemical, and 
biological forces (Ran et al., 2022). 

Ca2+ ions significantly influence the granules by acting as coagu-
lative nuclei (Liu et al., 2002; Wang et al., 2018), providing structural 
bridges (de Graaff et al., 2011; Ren et al., 2008; Zhang et al., 2018), and 
enhancing cell hydrophobicity through surface dehydration (Pevere 
et al., 2007). It is crucial to maintain an appropriate concentration of 

Ca2+ to ensure the proper functioning of the reactor. An inadequate 
concentration of Ca2+ can hinder granulation and lead to granule 
disintegration (Grotenhuis et al., 1991), while an excessively high con-
centration of Ca2+ can severely suppress microbial activity and result in 
sludge mineralization (Wang et al., 2018; Xia et al., 2016). Therefore, 
maintaining a stable Ca2+ concentration in anaerobic granular sludge is 
crucial for efficient reactor operation (Morais et al., 2018; Zhang et al., 
2021a, 2021b). 

Ammonia, while essential for bacterial growth, can inhibit meth-
anogenesis when present in high concentrations, necessitating careful 
management to ensure optimal functionality (Yenigün and Demirel, 
2013). Within the wastewater treatment, where normal ammonium 
concentrations can range from 50 to 1000 mg/L, maintaining the right 
balance is particularly critical (Wu et al., 2022). Ammonia nitrogen in 
wastewater predominantly exists as free ammonia (NH3⋅H2O) and 
ammonium ions (NH4

+), depending on pH and temperature (Hansen 
et al., 1998). Considering that bioreactors typically operate within the 
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pH range of 5.0–7.0 and temperature range of 25–35 ◦C, ammonium 
ions (NH4

+) are the predominant form of ammonia species. It is recog-
nized that monovalent cations, e.g., K+ and Na+, can leach bivalent 
cations like Ca2+ (Pevere et al., 2007), posing potential risks to granular 
sludge stability (Jeison et al., 2008). Some studies have used granular 
sludge to absorb NH4

+ without accounting for potential calcium leaching 
(Bassin et al., 2011; Yan et al., 2016). While previous research in 
wastewater treatment has emphasized ammonium removal and its bio-
toxicity (Liu and Sung, 2002), the role of ammonium as a monovalent 
cation and its leaching effects have been largely overlooked. In other 
fields like hydrometallurgical processes, ammonium is commonly used 
as an efficient leaching agent due to its low environmental toxicity and 
cost, rapid recovery, and superior selective metal recovery (Chao et al., 
2017; Chen et al., 2016; Xiao et al., 2016). Therefore, NH4

+ in waste-
water has the potential to disintegrate granules, leading to deteriorated 
treatment processes by replacing Ca2+. This gap in understanding Ca2+

leaching by NH4
+ might be a significant reason to explain why 

high-strength ammonia impedes granules (Vavilin et al., 1995). By 
leaching Ca2+, NH4

+ might further exert significant impacts on extra-
cellular polymeric substances (EPS), which are integral to granular 
formation and settling. Proteins, in particular, have been identified as 
the primary component of EPS, and they exhibit properties closely 
correlated with settling, hydrophobicity, cell aggregation and granular 
strength (McSwain et al., 2005). The loss of protein from granular sludge 
would weaken the structural stability of them (Kobayashi et al., 2015; 
Wan et al., 2013). 

This work aimed to explore the Ca2+ leaching from granular sludge 
under NH4

+ shocks at different pH levels. The fractions of calcium 
involved in the leaching, and the impacts to the granular activity and 
strength were also explored. This study could provide valuable insights 
into the potential shock-leaching effects of NH4

+ on Ca2+ and offer a new 
perspective on maintaining the stable operation of granular sludge 
systems. 

Results 

NH4
+ shock loading leached Ca2+

As shown in Figs. 1a and S1, the findings align with previous research 
on NH4

+ leaching Ca2+ from soil and ore (Chao et al., 2017; Xiao et al., 
2016), highlighting an enhancement of Ca2+ leaching under high NH4

+

shock loading. Simultaneously, Ca2+ dissolution was notably expedited 
at lower pH levels, which can be attributed to a shift in equilibrium 
between Ca2+ dissolution and precipitation owing to an increased con-
centration of protons (Tang et al., 2020). Under neutral conditions (pH 
7.0), 900 mg/L NH4

+ concentration instigated a Ca2+ release of 57.1 
mg/L, approximately 2.35 times higher than the control group. This 
effect was amplified under acidic conditions (pH 5.0), where the Ca2+

release reached 127.3 mg/L, a staggering 5.24 times higher than the 
control group. Notably, this significant leaching effect was observed 
within a short time (Table 1), with a peak in Ca2+ leaching within 5 min, 
followed by a slow decline over the subsequent 12 h. Most NH4

+ existed 
in supernatant but not in granular sludge (Fig. 1c), and the Ca2+

leaching and NH4
+ concentration revealed a linear correlation (Figs. 1d 

and S2). 
Comparative analysis of Ca2+ leaching by other monovalent cations, 

such as K+ and Na+, showed a weaker but similar leaching effect 
(Fig. 1b). Hence, it could be concluded that monovalent cations, and 
particularly NH4

+, can effectively leach Ca2+ from granular sludge. The 
strong leaching effects of NH4

+ may be owing to the small hydration 
radius (Chen et al., 2020; Jalali, 2008). 

Distribution and forms of Ca in granular sludge 

The spatial distribution of divalent Ca within the granules from four 
distinct groups (0 and 900 mg-NH4

+/L at pH 5.0, 0 and 900 mg-NH4
+/L at 

pH 7.0) were sliced and observed by SEM‒EDS (Figs. 2, S3 and S4). The 
Ca distribution across granules corroborates its pivotal role as a stabi-
lizing agent for granular sludge, both in its exterior and interior layers 
(van Langerak et al., 1998). The modified Tessier graded extraction was 
applied to fractionate the Ca in the granules (Tan et al., 2017). This 
technique classified Ca into three different states: exchangeable, bound 
(potentially associated with phosphate and carbonate), and residual 
(primarily organic and other components) forms (Fig. 3). The residual 
form emerged as the dominant form, accounting for approximately 80 % 
of total Ca, while the bound and exchangeable forms constituted around 
10 % and 5 %, respectively. Interestingly, high NH4

+ concentration and 
low pH reduced residual Ca content in granular sludge, possibly due to 
enhanced Ca2+ dissolution (Dauer and Perakis, 2013). Meanwhile, an 
increased concentration of NH4

+ corresponded to elevated contents of 
bound Ca. A lower pH seemed to diminish these bound Ca contents, 
possibly due to the instability of these forms under acidic conditions. 
Conversely, the exchangeable Ca content demonstrated relative stabil-
ity, irrespective of fluctuations in pH and NH4

+ shocks. 

Correlation between functional groups and Ca2+ leaching 

Raman spectra of the functional groups in the bulk liquid are out-
lined in Figs. S5, S6, and S7. A correlation matrix between Ca2+ leaching 
concentration and functional groups was also established to elucidate 
their relationship (Table S1). In the initial 5 min, the Raman spectra of 
functional groups exhibited an erratic correlation with Ca2+ release due 
to the weak peak intensity. Subsequently, the corresponding biomole-
cule peaks i.e., ν(CN) and ν(C = O), ν(CN) and ν(NH) and ν(Ring), 
increased in bulk liquids (van Langerak et al., 2000). This indicated an 
elevation in granules disintegration in the supernatant. After 3 h, the 

Table 1 
Ca2+ leaching in the different groups at 5 min and 1 h.  

5 min 1 h 

pH NH4
+ (mg/ 

L) 
Ca2+@@@@ 
(mg/L) 

Improved folds vs. control group of 0 mg/L 
NH4

+ at pH 7.0 
pH NH4

+ (mg/ 
L) 

Ca2+@@@@ 
(mg/L) 

Improved folds vs. control group of 0 mg/L 
NH4

+ at pH 7.0 

5.0 0 78.0 321% 5.0 0 80.1 305% 
5.0 300 103.8 427% 5.0 300 96.9 369% 
5.0 600 117.3 483% 5.0 600 110.0 419% 
5.0 900 127.3 524% 5.0 900 106.2 405% 
6.0 0 25.5 105% 6.0 0 25.5 97% 
6.0 300 43.6 180% 6.0 300 41.4 158% 
6.0 600 58.3 240% 6.0 600 53.3 203% 
6.0 900 62.6 258% 6.0 900 54.0 206% 
7.0 0 24.3 100% 7.0 0 26.2 100% 
7.0 300 36.5 150% 7.0 300 34.0 129% 
7.0 600 52.4 216% 7.0 600 44.3 169% 
7.0 900 57.1 235% 7.0 900 47.3 180%  
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Fig. 1. Ca2+ leaching under NH4
+ shocking at different pH. (a) Different improved folds of Ca2+ dissolution vs. control group at 0 mg/L NH4

+ and pH 7.0. (b) Ca2+

leaching under wash and aeration operation and different equivalent concentrations of monovalent cations. The red dashed line and two-way arrow indicated the 
dissolved Ca2+ concentration at 20 h in the group with NH4

+ addition. (c) Average NH4
+ concentration in supernatant of each group. (d) Relationships and linear fit 

between dissolved NH4
+ concentration and dissolved Ca2+ concentration. 

Fig. 2. SEM‒EDS photographs of sliced granular sludge at 5 min and 12 h of different groups.  
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Ca2+ concentration demonstrated a pronounced negative correlation 
with phosphate, carbonate, and acyl concentrations, with an absolute 
value of the coefficient nearing 0.8. This correlation diminished after 12 
h, with the absolute value of the coefficient dropped to approximately 
0.45. 

Impact of Ca2+ leaching on granular sludge 

A comparative analysis of granular sludge size before and after NH4
+

shock loading revealed negligible differences in the average granule 
diameter (Figs. 4 and S8). The mean diameter of the granules in each 
group consistently maintained around 0.12 cm. The minute variation in 
granule size with Ca2+ leaching could be ascribed to swelling and 
strength reduction due to the loss of repulsive electrostatic forces 
resulting from the substitution of Ca2+ by NH4

+ (Ismail et al., 2010). 
NH4

+ shock loading significantly impaired the structural integrity of 
granular sludge (Fig. 5). A higher NH4

+ concentration led to further 
destabilization of the granular sludge structure. For instance, an 
ammonium loading of 900 mg/L triggered nearly a 15-fold increase in 
protein release from the granules, indicating a severe decline in granular 
strength. On the other hand, the pH displayed a relatively minor effect 
on granular sludge strength, with slightly higher protein release at pH 
7.0 compared to pH 5.0 (Jeison et al., 2008). 

The biological activity of granular sludge post NH4
+ shock loading 

was found to be comparable to the initial granules. The tested groups 
showed similar substrate degradation rates and total methane produc-
tion (Figs. S9 and S10). Each group accomplished nearly 94 % substrate 
degradation, and their methane production reached nearly 65 L/kg 
COD. 

Discussion 

NH4
+ shock loading is recognized to elicit rapid calcium leaching in 

granular sludge, a phenomenon documented in related domains like 
hydrometallurgical processes and soil remediation. However, the im-
pacts of NH4

+ leaching on granular sludge in wastewater treatments have 
often been underestimated. In this study, we have quantified the process 
of calcium leaching from granular sludge. While inhibitory effects of 
NH4

+, such as a decline in methanogenic community abundance and 
slowed granulation, typically appear after several days or months 
(Vavilin et al., 1995). Interestingly, this study did not observe an 
obvious difference among methane production levels, a finding that was 

inconsistent with some previous research (Yenigün and Demirel, 2013). 
Under varying ammonia and pH conditions, the groups demonstrated 
similar methane production rates (about 65 L/kg COD) within a 12 h 
timeframe. There are two potential reasons for these observed phe-
nomena: First, the threshold for ammonia inhibition can widely differ 
among various microorganisms and operational conditions. In this case, 
the chosen concentration might have been within the tolerable limits for 
the specific microbial community involved (Yenigün and Demirel, 
2013). Second, the granular sludge’s activity might not have altered 
significantly within the test timeframe (Zhang et al., 2021a, 2021b), and 
a longer exposure to high ammonia levels might have yielded different 
results. In contrast to the consistent methane production activity, cal-
cium leaching occurred rapidly, leading to a marked decrease in gran-
ular strength. Previous researches focusing on long-term adverse effects 
of high NH4

+ loading has overlooked this swift leaching effect. Over-
looking the instability instigated by calcium leaching could pose chal-
lenges to biotechnological applications, hindering the development of 
strategies to mitigate acute calcium leaching. 

NH4
+ demonstrated a stronger leaching impact than other mono-

valent cations, potentially due to its small hydration radius that facili-
tates its penetration into the granules (Chen et al., 2020; Jalali, 2008). 
This Ca leaching by NH4

+ occurred in all granular depths, resulting in a 
dramatic decrease in granular strength. After NH4

+ shock loading, cal-
cium distribution amongst various forms changed, with residual calcium 
decreasing while bound calcium increased. Insights from studies on NH4

+

leaching in soil and hydrometallurgical processes suggest that an NH4
+

shock might alter the form of metal ions, facilitating their dissolution 
(Dauer and Perakis, 2013; Xiao et al., 2016). The decrease in residual 
calcium, typically tightly bound form, partially accounts for the granular 
structure weakening under NH4

+ shock loading. Besides, high concen-
trations of ammonium have been reported to stimulate the secretion of 
extracellular polymeric substances, which could further affect the form 
of calcium within the granules (Wang et al., 2022). However, given the 
dearth of information regarding the contribution of different calcium 
fractions to granular strength, there is a clear need for additional 
research. It is crucial to elucidate the relationship between the observed 
shifts in the proportions of Ca forms and the corresponding changes in 
granular strength. 

In anaerobic wastewater treatment, high NH4
+ concentrations and 

low pH levels are commonly encountered, leading to frequent occur-
rences of Ca leaching (Srisowmeya et al., 2020). Historically, the 
instability of granular sludge under high NH4

+ loading has been mainly 
attributed to biological toxicity. However, this study offers a fresh 
perspective by investigating NH4

+-induced instability of granular sludge 
from a physicochemical standpoint, thereby highlighting the need for 
further attention to this mechanism. Within the anaerobic digestion 
process, granular sludge often encountered high-strength NH4

+ and low 
pH wastewater like landfill leachate (Jung et al., 2017). As such, the 
potential effects of NH4

+ leaching must be acknowledged as a source of 
system instability (Dapena-Mora et al., 2004; Gonzalez-Gil et al., 2015). 
Research employing granular sludge as an adsorbent for ammonium has 
often overlooked the potential loss of calcium and the release of sub-
stances from granules, factors that could diminish NH4

+ adsorption ef-
ficiency and introduce new contaminants into the wastewater. Above 
all, future research should explore targeted remediation strategies such 
as pH control and Ca replenishment to mitigate the acute Ca loss insti-
gated by NH4

+ shock loading. 

Conclusions 

This study provides critical insights into the phenomenon of Ca2+

leaching in granular sludge, induced by a high concentration of NH4
+. 

Intriguingly, the loss of Ca2+ occurred within a short time and was found 
to be expedited by low pH. The NH4

+ shock loading instigated a shift in 
the forms of calcium within the granules. Alongside the loss of calcium, a 
noticeable transition in the proportion of residual to bound calcium was 

Fig. 3. Calcium fraction in granular sludge at 12 h under NH4
+ shock loading.  
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evident, potentially contributing to the diminishment of granular 
strength. Although the bioactivity of the granules was not significantly 
affected by the NH4

+ shock loading, the structural strength of the gran-
ules greatly declined, as evidenced by the remarkable increase in protein 

release. This work highlighted the overlooked leaching effects by high 
concentration of NH4

+, effects that have frequently been eclipsed by the 
ammonium’s biotoxicity. Therefore, the study recommends more 
attention should be allocated to the Ca2+ leaching induced by NH4

+

shock loading and new strategies should be devised to promptly mitigate 
such leaching. These findings are valuable for the advancement of 
granular sludge technology and provide a new perspective on the NH4

+- 
induced instability in bioreactors. 

Materials and methods 

Batch tests 

Granular sludge was collected from a UASB operated for over one 
year. The synthetic wastewater consisted of CH3COONa, NH4Cl and 
KH2PO4 as sources of chemical oxygen demand (COD), nitrogen (N), 
and phosphorus (P), respectively. The COD: N: P ratio was maintained at 
2000 (mg/L): 50 (mg/L): 10 (mg/L) to ensure the sufficient nutrients for 
granular activity. The concentration of CH3COONa was converted into 
COD unit according to the Equation 1, i.e., 1 mg CH3COONa is equiv-
alent to 0.78 mg COD (Aboutalebi et al., 2012). The characteristics of the 
granules are given in the supplementary materials (SM). The experi-
mental medium used in the batch tests was prepared by adjusting pH 

Fig. 4. Mean diameter (cm) of granular sludge at 12 h after different treatments (a). The violin plot depicted the relationship between mean diameter of granular 
sludge with pH (b) and NH4

+ concentration (c). 

Fig. 5. Ratio of protein release from the 12 h-granules after shaking (PNafter) to 
that before shaking (PNbefore) in the tests for the granular strength. 
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and adding extra ammonium (in the form of NH4Cl) to the synthetic 
wastewater (Table S2). According to the pH range within which UASB 
reactors are commonly operated, the batch tests were carried out at the 
pH range of 5.0 to 7.0 (Leitão et al., 2006). To compare the leaching 
effect of NH4

+ with that of other typical monovalent cations, the Na+ and 
K+ induced Ca2+ leaching was also tested at pH 7.0. In the tests, 
equivalent concentration of KCl or NaCl, instead of NH4Cl, was added 
into the medium. Two levels of concentration of KCl, NaCl and NH4Cl, i. 
e., 200 and 500 mg/L, were examined for their capability of leaching.  

CH3COONa + 2 O2 = 2 CO2 + NaOH +H2O                                     (1) 

The batch tests were performed in serum bottles. The granular sludge 
was washed with deionized water, after which 10 g wet-weight granular 
sludge and 40 mL experimental medium were introduced into a 125 mL 
serum bottle. Anaerobic conditions were maintained by purging with 
high-purity N2 for 5 min and sealing the bottles with butyl rubber 
stoppers. Thereafter, the bottles were incubated at 30 ◦C without 
agitation to eliminate any impact of shaking (Nancharaiah and Ven-
ugopalan, 2011). 

Biogas was collected at different time intervals (5 min, 1 h, 2 h, 3 h, 6 
h, and 12 h) and analyzed for gas volume and methane content. 
Concurrently, the supernatant in the serum bottles were drawn to 
determine the concentrations of Ca2+, NH4

+, and Raman spectra. The gas 
volume was measured using a glass syringe with graduations that was 
lubricated with Vaseline to minimize resistance and maintain a proper 
seal. Methane was analyzed by a gas chromatography (GC) (GC7920, 
CEAuLight Beijing, China) (Zuo et al., 2023). Ca2+ concentration was 
measured by inductively coupled plasma optic emission spectrometry 
(ICP-OES, Opmita 7300 DV, PerkinElmer Corp., U.S.). Acetate and NH4

+

concentrations were analyzed by an Agilent GC (7890A, Agilent CA. 
USA) (Wen et al., 2020) and Nessler’s reagent (Al-Thubaiti and Khan, 
2020), respectively. 

Evaluating Ca distribution in granular sludge 

To assess the effect of pH and NH4
+ on Ca distribution in granular 

sludge, two parallel tests were carried out (see Table S2 for details). 
Samples of granular sludge from each group were collected at various 
time points (5 min, 1 h, 2 h, 3 h, 6 h, and 12 h), fixed in 4 % para-
formaldehyde at 4 ◦C for 12 h, and then sliced into 10 µm thick sections 
using a M1950 cryostat (LeiCa Microsystems GmbH, Germany) at 
− 20 ◦C. Next, the Ca distribution in granules were determined by 
scanning electron microscopy combined with energy dispersive spec-
trometry (SEM‒EDS, Phenom ProX, the Netherlands) operated at 15 kV 
in mapping detection mode. 

Ca fractionation in granular sludge 

The forms of bivalent Ca state were fractionated by a modified 
version of the Tessier graded extraction (Tan et al., 2017). Granular 
sludge samples were taken from each group after 12 h, dried at 105 ◦C to 
constant weight, and then treated with solutions of 1 mol/L MgCl2 (pH 
7.0) and 1 mol/L CH3COONa (pH 5.0). These solutions extracted 
exchangeable Ca and bound Ca (which might be phosphate and car-
bonate), respectively. The residual bivalent Ca primarily of organic and 
other fractions. The extraction process details can be found in Table S3. 

Identification of functional groups associated with Ca2+ release 

Raman spectroscopy was employed to identify functional groups of 
molecules that could potentially influence Ca2+ leaching. The functional 
groups were identified from three types of molecules: medium compo-
nents including phosphate, ammonium, and acetate; molecules that 
might combine with Ca, such as carbonate; and biological molecules, 
like acyl and benzene rings (Cui et al., 2022; Drapanauskaite et al., 

2021). Details are given in SM. 

Measurement of granular size and strength 

The granular sludge from each group at 12 h was collected and 
imaged. Image-Pro-Plus (version 6.0.0.260, Media Cybernetics Co., 
USA) was used to calculate the mean diameter of granules. Granular 
strength was evaluated by comparing the dissolved protein in the bulk 
liquid before and after agitation (Chen et al., 2021; Xiao et al., 2008). A 
sample of 1 g wet-biomass granular sludge from the 12 h group was 
placed into a 10 mL centrifuge tube and shaken at 200 rpm for 5 min. 
Granular sludge strength was evaluated by the increased folds of dis-
solved protein during shake, which showed a negative relationship with 
granular sludge strength (Qian et al., 2021). Instability was measured by 
comparing the amounts of released protein after shaking to that before 
shaking. The dissolved protein concentration was detected by a BCA 
acid kit (C503061–1250, Sangon Biotech Co., China). 
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