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A B S T R A C T   

Thermal hydrolysis process (THP) is a widely used pre-treatment method in the anaerobic digestion (AD) of 
waste municipal sewage sludge. A post AD dewatering step of the digestate produces a liquid stream called reject 
water. THP increases the concentration of humic substances (HSs) and nutrients in the produced reject water. 
Struvite precipitation is a widely used technique to remove and (potentially) recover PO4

3− -P and the corre-
sponding amount of total ammoniacal nitrogen from reject water. The chemical characteristics of the THP- 
produced HSs influence reaction yields and morphology of struvite. In our current study, struvite batch pre-
cipitation experiments were conducted at different pHs, and different concentrations of HSs, consisting of either 
melanoidins or humic acids. Our results showed that at pH 6.5 struvite precipitation was severely retarded. 
However, increased concentrations of melanoidins at pH 6.5 enhanced struvite precipitation. Batch experiments 
conducted at pH 7.25 and 8 with increased melanoidins concentrations showed PO4

3− -P precipitation yields over 
86 %. Humic acids negatively impacted struvite precipitation at all analysed pH values, presumably because of 
Mg2+ complexation. Morphological analysis showed that the presence of both HSs affected Feret diameters, 
aspect ratio, and cleavage pattern of struvite. Also, HSs rendered coloured crystals. Overall, our results showed 
that struvite precipitation is affected by HSs intrinsic characteristics, affecting yield, morphology, and colour of 
the formed precipitates.   

1. Introduction 

Pre-treatment technologies for waste municipal sewage sludge prior 
to anaerobic digestion (AD) in wastewater treatment plants (WWTPs) 
are implemented to enhance energy efficiency, reduce costs and resi-
dues, and sanitize AD digestates [1,2]. The thermal hydrolysis process 
(THP) is widely used in full-scale AD pre-treatments installations [3], 
using different configurations such as SUSTEC® (Netherlands), CAMBI® 
(CAMBI, Norway), Lysotherm® (Eliquo Technologies, Germany), Exe-
lys™, and Bio Thelis™ (Veolia, France). In all mentioned THP tech-
nologies, primary sludge, waste activated sludge, or a combination of 
both are exposed to elevated temperatures (160-180 ◦C) for a defined 
period of time to enhance the anaerobic digestibility and digestate 
dewaterability, to reduce pathogen concentrations, and to shorten the 

AD solids retention time [4,5]. Nonetheless, the use of high tempera-
tures during THP alters the chemical composition of the sludge matrixes, 
producing a particular type of humic substances (HSs) known as mela-
noidins via the Maillard reaction [6]. 

Melanoidins are coloured compounds, consisting of polymerised 
aromatic groups, and result from a series of reactions between reducing 
sugars and amino groups present in proteins [7,8]. The Maillard reaction 
already occurs at room temperature, but is pronounced at higher tem-
peratures [9] such as those occurring during THP. Melanoidins can be 
classified based on their pH-dependent solubility as a result of their 
variable isoelectric point in the same way as HSs [10]. The pH- 
dependent solubility of melanoidins allows us to classify them, like 
HSs, as fulvic acids, humic acids, and humins [11]. In addition, mela-
noidins behave as polydentate ligands, complexing cations in solution, 
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due to the presence of negatively charged ketone and hydroxyl groups in 
their structure [12,13]. Also, under AD conditions melanoidins may 
behave as recalcitrant substances, in the same manner as the rest of HSs 
[14,15]. The AD recalcitrance and partially soluble character of mela-
noidins might lead to problems in the AD-downstream processes, 
particularly during the treatment of reject water after digestate- 
dewatering [16,17]. 

During AD, nutrients are usually released from degraded substrates, 
thus the reject water contains elevated concentrations of total ammo-
niacal nitrogen (TAN) and PO4

3− -P. In various WWTPs, TAN and PO4
3− -P 

are removed before the reject water is recirculated to the WWTPs' 
headworks. In The Netherlands, several full-scale WWTPs apply struvite 
precipitation and subsequent partial nitritation/anammox (PN/A) to 
remove PO4

3− -P and TAN [18–21]. 
Struvite precipitation is a chemical process in which Mg2+ reacts 

with PO4
3− -P, water, and TAN to form a mineral, which precipitates, and 

can be separated from the liquid solution via sedimentation. The struvite 
stoichiometric reaction is shown in Eq. 1 [22]. Struvite precipitation is a 
two-step process until an equilibrium is reached: nucleation and crystal 
growth [23]. Nucleation is a first-order phase transition in which small 
embryos of a new solid phase are created in a large volume of the pre-
vious unstable phase [24]. Crystals growth is the step in which mole-
cules aggregate to the previously created nuclei. The crystal growth step 
can also be accompanied by agglomeration, in which, small crystals 
merge to create bigger aggregates [25]. 

Mg2+ + NH+
4 + HnPOn− 3

4 + 6H2O ↔ MgNH4PO4 • 6H2O + nH+

n = [1, 2, 3]
(1) 

The struvite precipitation process is pH dependent and requires strict 
control of the reactants, to ensure that the added amount of Mg2+ reacts 
with the PO4

3− -P in solution. However, when it comes to struvite pre-
cipitation in reject water, TAN is generally not monitored since it is 
commonly in excess compared to PO4

3− -P. The more-than-stoichiometric 
TAN concentration in reject water shifts the equilibrium towards the 
products formation, thereby enhancing precipitation (Eq. 1). The stru-
vite precipitation process is currently commercially available at full- 
scale with brand names, such as Airprex® (Centrisys-CNP, USA), 
PHOSPAQ™ (Paques, Netherlands) and Pearl® (Ostara, Canada). The 
application of the struvite precipitation process in wastewater treatment 
provides a triple benefit: 1) it removes PO4

3− -P and TAN from reject 
water, reducing the nutrient load in the mainstream treatment; 2) it 
reduces maintenance in the reject water pipelines and sludge dewatering 
equipment due to undesired precipitation and clogging; and 3) it pro-
duces a renewable slow-release fertiliser [26]. The use of struvite as 
fertiliser relies on its low solubility in water, which allows for a slow 
nutrient release, while it prevents leaching into underground water 
bodies [27]. 

The THP-AD recalcitrant HSs affect the struvite precipitation pro-
cesses [28], although the exact mechanisms are yet not fully understood. 
Chemical properties inherent to the HSs, such as pH-dependent solubi-
lity and complexation properties, may interfere with the precipitation 
process and may affect the struvite characteristics. To the knowledge of 
the authors the literature addresses HSs as a set of compounds with 
similar characteristics and not considering the singularities among 
them. In our present work, we investigated the influence of HSs as 
melanoidins and humic acids on the struvite crystallisation process, 
evaluating the effects on the yields of nutrients precipitated, and the 
morphology of the crystals produced. The results were used to build a 
conceptual model which considers the influence of specific character-
istics of HSs on the struvite precipitation process. 

2. Materials and methods 

2.1. Analytical measurements 

The ultraviolet absorbance at 254 nm (UVA 254) and colour were 
measured using a UV–Vis spectrophotometer (Genesys 10S, Thermo 
Scientific, USA) in quartz and plastic cuvettes of 1 cm path length, 
respectively. Colour was measured at 475 nm using a 500 mg Pt-Co/L 
colour reference solution (Certipur® Merck, Germany). UVA 254 and 
colour measurements were expressed in 1/cm and mg Pt-Co/L, respec-
tively. The concentrations of PO4

3− -P, TAN, total organic carbon (TOC), 
and Mg2+ were determined using Hach Lange kits (Hach, Germany: LCK 
350, LCK 303, LCK 386, and LCK 326, respectively). The spectropho-
tometer model DR3900 (Hach, Germany) was used to read the kits. 
Specific ultraviolet absorbance (SUVA) was calculated as the ratio of 
UVA 254 in 1/m to the concentration of TOC in mg/L (Edzwald and Van 
Benschoten 1990). Each sample was measured in triplicate, error bars 
are used to indicate the standard deviation of the measurements. 

To evaluate the level of significance between the differences of the 
samples, single-factor ANOVA plus Tukey's HSD at 95 % confidence 
were used. Additionally, a two-tailed single sample t-test at 95 % con-
fidence was used to compare experimental results with stoichiometric 
values. 

2.2. Struvite precipitation tests 

Struvite crystallisation tests were performed in triplicate using a 0.5 
L Jar test device (VELP Scientifica, Italy), at a mixing speed of 160 rpm 
for one hour at 20 ± 1 ◦C, following the procedure described by Li, 
Huang, Boiarkina, Yu, Huang, Wang and Young [29]. The pH was 
measured online and manually controlled by adding 5 M NaOH. The 
volume of added NaOH was considered negligible, as it was <1 % of the 
total reaction volume. The term HSs refers to the melanoidins and humic 
acids used in our present study. The experimental design is shown in 
Table 1, where the samples were named after the concentration and type 
of HSs present, including: i) No-HSs, absence of HSs; ii)MEL-1, mela-
noidins 1 g TOC/L; iii) MEL-2, melanoidins 2 g TOC/L; iv) HA-1, humic 
acid 1 g TOC/L; i) HA-2, humic acid 2 g TOC/L. Table 2 shows humic 
acid and melanoidins stock solutions' preparation and characterisation. 
The reagents' concentrations in the crystallisation tests were 15 mM, 
66.45 mM and 15 mM for Mg2+, TAN and PO4

3− -P, respectively. The 
nutrients and HSs concentrations were chosen to resemble typical values 
of reject water from WWTPs that aim for biological nutrient removal 
(BNR), having phosphate accumulating organisms in the waste activated 
sludge [30–35]. The reagents were added as NaH2PO4⋅H2O (CAS: 
10049-21-5, Sigma-Aldrich, Germany), NH4Cl (CAS: 12125-02-9, 

Table 1 
Experimental design of crystallisation tests at different pH and HSs 
concentrations.  

Run 
(triplicate) 

pH Melanoidins concentration 
g TOC/L 

Humic acid concentration 
g TOC/L 

1  6.50  0  0 
2  7.25  0  0 
3  8.00  0  0 
4  6.50  1  0 
5  7.25  1  0 
6  8.00  1  0 
7  6.50  2  0 
8  7.25  2  0 
9  8.00  2  0 
10  6.50  0  1 
11  7.25  0  1 
12  8.00  0  1 
13  6.50  0  2 
14  7.25  0  2 
15  8.00  0  2  
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Merck, Germany) and MgCl2 (CAS: 7786-30-3, Sigma-Aldrich, Ger-
many). After the crystallisation experiments, PO4

3− -P and TAN were 
measured in the solution, and in the crystals formed. The soluble con-
centrations were measured directly using the Hach-Lange kits described 
in Section 2.1. The nutrients in the crystals were measured by dissolving 
0.1 g of the precipitated solids in 5 mL of 1 M HNO3 (Merck, Germany) 
[36], and then diluting the solution 100 times in demineralised water 
before measuring with the respective kits. 

2.3. Solubility analysis of solubility of HSs at different pHs 

HSs can be characterised based on their humic acid fraction (HAF) 
and fulvic acid fraction (FAF), which were measured as described by 
Klavins, Eglite and Serzane [37], using the method described by Zah-
matkesh, Spanjers, Toran, Blánquez and van Lier [38]. The commercial 
humic acid used in our present study was obtained from humic acid 
sodium salt (CAS: 1415-93-6, Sigma-Aldrich, Germany), and a stock 
solution of melanoidins was prepared according to Dwyer, Starrenburg, 
Tait, Barr, Batstone and Lant [6]. A characterisation of the stock solu-
tions is shown in Table 2. HAF and FAF in HSs, were measured by 
decreasing the pH to 2 using 5 M HCl, followed by separation of the 
precipitate using a Microspin 12 centrifuge (Biosan, Latvia) at 14,000 
rpm (11,500 rcf) for 20 min. TOC was measured in both the original 
samples and the supernatant after acidification and centrifugation. In 
addition, solubility tests were performed at pH levels of 6.5, 7.25, and 8, 
corresponding to the pH levels used in the crystallisation experiments. 
The precipitated fraction was separated using the aforementioned 
methodology. Duplicate experiments were conducted, and the results 
are presented as the percentage of TOC that is soluble and particulate at 
the experiment pHs. 

2.4. Microscopy and particle size distribution analysis (PSD) 

Struvite samples produced during the crystallisation experiments 
were filtered through a 1.2 μm filter and dried to a constant weight in a 
vacuum desiccator at 20 ± 1 ◦C and − 600 mbar. Digital Microscope 
(Keyence VHX-5000, Belgium) and an environmental scanning electron 
microscope (ESEM) model QUANTA FEG 650 (FEI, USA) were used to 
capture images of the produced struvite at different magnifications. The 
software of the digital microscope was utilized to measure the particle 
size distribution (PSD) of the crystals in the images, including the 
minimum and maximum Feret diameters. The aspect ratio was deter-
mined as the ratio of the maximum to minimum Feret diameters of each 
crystal. An aspect ratio of 1 means that the maximum and minimum 
Feret diameters are equal (perfect circle/sphere), and larger aspect ra-
tios indicate elongated shapes. The results were plotted as “box and 
whisker” plots, with the boxes indicating the quartiles and the whiskers 
indicating the maximum and minimum values. The median and average 
were represented by a horizontal line in the middle and an “X”, 
respectively. Particles with a zero value for one of the Feret diameters in 
the images were excluded from the analysis and considered experi-
mental errors. 

2.5. Shear rate-induced breakage in struvite crystals 

To investigate the effect of humic acid and melanoidins on struvite 
breakage, crystallisation experiments were performed under specific 
shear rates. A modular compact rheometer model MRC 302 (Anton Paar 
GmbH, Austria) was used to conduct the experiments. Struvite crystal-
lisation tests were carried out in a measuring cup C-CC27/SS/AIR 
(Anton Paar GmbH, Austria) using a concentric cylinder CC27 (Anton 
Paar GmbH, Austria) at 20 ◦C. The volume of the 5 M NaOH solution, 
which was required to maintain the pH at 7.25 at the end of the reaction, 
was determined through preliminary experiments. The humic acid and 
melanoidins concentrations used in the experiments were the same as 
those in the struvite crystallisation experiments described in Section 2.2. 
The chosen shear rates for the experiments were 1-10-100-1000 1/s. The 
precipitates were analysed by measuring the minimum and maximum 
Feret diameters, and the aspect ratio was calculated using the method 
described in Section 2.4. 

2.6. Complexation of reagents with HSs 

Solutions of 15 mM of Mg2+ and PO4
3− -P with 0, 1 and 2 g TOC/L (No- 

HSs, MEL-1, MEL-2, HA-1 and HA-2) were prepared and filtered in 
triplicate using nominal pore 1 kDa ultrafiltration membranes (Ultra-
cel® regenerated cellulose, Merck Millipore, Germany) in a 50 mL 
AMICON® stirred cell (Merck Millipore, Germany). During filtration, 10 
mL of permeate were collected and colour, UVA 254 and Mg2+ or PO4

3− - 
P (depending on the assay) were measured. The results were expressed 
as the percentage of the fraction of ions of Mg2+ or PO4

3− -P in the 
permeate over the initial concentration in the entire solution. The 
fraction that passed the ultrafiltration membrane over the initial con-
centration was called Mg2+ or PO4

3− -P fraction in the permeate (Mg2+

-FP or PO4
3− -P-FP, respectively). 

3. Results and discussion 

3.1. Characterisation of HSs solubility and results of complexation assays 

The solubility of HSs and their complexes varies with the pH of the 
solution or suspension in which they are present [39,40]. Table 3 shows 
a solubility characterisation of the melanoidins and humic acid stock 
solutions used in our experiments. As shown in Table 3, melanoidins 
were completely soluble at all the pH values studied. Additionally, the 
melanoidins' structure contained 97 % FAF, which is soluble at any pH 
[37]. On the other hand, the humic acid stock solution was less soluble 
than the melanoidin solution, and its solubility slightly decreased at 
lower pH values used in the experiments. As anticipated for humic acid, 
the FAF only amounted to 6.4 % (soluble fraction at pH 2). SUVA results 
showed that the humic acids had a roughly three times higher degree of 
aromaticity than the melanoidins. In their study on natural freshwater, 
Kikuchi, Fujii, Terao, Jiwei, Lee and Yoshimura [41] found a positive 

Table 2 
Characterisation of the stock solutions of HSs used in the experiments.  

HSs stock 
solutions 

UVA 
254 (1/ 
cm) 

Colour (g 
Pt-Co/L) 

TOC (g 
TOC/L 

Preparation method 

Melanoidins 605 ±
33 

239 ± 33 24 ± 2 Autoclaving glucose 0.25 M, 
glycine 0.25 M, and NaHCO3 

0.5 M at 121 ◦C for 3 h. 
Humic acid 297 ±

17 
183 ± 11 3.6 ±

0.2 
Suspending 20 g/L of humic 
acid sodium salt in 
demineralised water.  

Table 3 
Solubility and aromaticity characterisation of the HSs used in our present study 
at the studied pHs.  

Characteristic Melanoidins stock Humic acid 
stock 

Solubility at pH 6.5 Soluble: 100 ± 2 
% TOC 

87 ± 1 % TOC 

Solubility at pH 7.25 Soluble: 100 ± 2 
% TOC 

89 ± 2 % TOC 

Solubility at pH 8 Soluble: 100 ± 1 
% TOC 

91 ± 2 % TOC 

Characterisation as HSs at pH 2 based on 
Klavins, Eglite and Serzane [37] 

FAF: 97 ± 2 % 
TOC 
HAF: 3.4 ± 0.1 % 
TOC 

FAF: 6.4 ±
0.3 % TOC 
HAF: 94 ± 4 
% TOC 

SUVA (L/m/mg TOC) 2.5 ± 0.2 8.0 ± 0.6  
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correlation between SUVA and metal complexation in the case of Fe and 
Cu. Therefore, it is reasonable to expect that humic acid complexes 
metals to a greater extent than melanoidins. 

3.2. Complexation of HSs with Mg2+ and PO4
3− -P 

The complexation of cations with HSs depends on the presence and 
density of cation binding sites present in HSs moieties, which are mainly 
associated with hydroxyl, and carboxylic groups [42]. Fig. 1 shows the 
results of Mg2+ and PO4

3− -P complexation assays performed at 1 and 2 g 
TOC/L of HSs. TAN was not tested because it was present in excess in the 
synthetic reject water. Expectedly, the complexation of PO4

3− -P was not 
affected by the presence of melanoidins or humic acid at all pH levels 
studied, attributable to the negative charges of melanoidins, humic acid, 
and PO4

3− -P repelling each other [43]. However, PO4
3− -P can form binary 

complexes with HSs in the presence of multivalent cations such as Ca2+

[44]. Multivalent cation-mediated complexation was not tested in our 
study, but it is expected to occur in full-scale struvite precipitation in-
stallations, as AD reject water contains multiple multivalent cations 
[45]. Furthermore, in the assays without HSs only 92 % of PO4

3− -P 
passed through the ultrafiltration membranes, while in the samples 
containing HSs, >95 % of the PO4

3− -P reached the permeate. The 
observed differences were significant in all cases as shown by statistic 
tests (shown in the appendix, Table A1). The lower PO4

3− –P concen-
tration in the permeate likely can be attributed to the repulsion of the 
negatively charged regenerated cellulose ultrafiltration membrane [46] 
and the PO4

3− -P anions. Nonetheless, and despite the abundant presence 
of negatively charged groups related to the melanoidins and humic acids 
in the solution, the available Na+ ions present in HSs solutions may have 
partly neutralised the negative PO4

3− -P charges, allowing membranes 
passage. 

Conversely to PO4
3− -P, Mg2+ was strongly complexed by HSs at all 

studied pH values (Fig. 1-b). Mg2+ complexation increased with the 
increased TOC concentration in both melanoidins and humic acid so-
lutions. HSs-cation complexation varies with the specific characteristics 
of the HSs present [13,47,48]. Enhanced Mg2+ complexation may be 
associated with HSs aromaticity and the humic or fulvic acid character 
of the HSs used in our present study. Mantoura, Dickson and Riley [49] 

found that in general, fulvic acids complexed cations to a lower extent 
compared to humic acids. In our present study, the FAF in the purchased 
humic acid was substantially lower than in the experimentally produced 
melanoidins solution (Table 3). Additionally, the SUVA in humic acid 
was around three times higher than the SUVA of melanoidins (Table 3), 
suggesting higher aromaticity and complexing capacity in humic acid. 
The complexation of Mg2+ with HSs was not affected by pH, and the p- 
values in a single-factor ANOVA at 95 % confidence, comparing all used 
concentrations, were not statistically different, i.e., 0.51, 0.67, 0.99, 
0.83, and 0.78 in the case of No-HSs, MEL-1, MEL-2, HA-1, and HA-2, 
respectively. This indifference to pH contradicts other studies that 
have found a clear correlation between pH and HSs complexation ca-
pacity [50,51]. However, our researched pH range of 6.5–8.0 was quite 
narrow and far from the theoretical neutralisation pH of HSs, which is 
around pH 3.0–4.5 [52]. The complexation of Mg2+ in reject water is of 
considerable importance for practice, since it would lower the degree of 
supersaturation of the struvite precipitation reaction (Eq. 1 and Eq. 2, 
respectively), and thus could hinder struvite formation. 

Colour and UVA 254 were analysed to quantify the fraction of HSs 
that passed through a 1 kDa ultrafiltration membrane (shown in ap-
pendix Table A2 and A3). Around 15 % of the colour and 38 % of UVA 
254 passed through the 1 kDa membrane in the case of MEL-1 and MEL- 
2, and 1 % and 3 % passed it in the case of HA-1 and HA-2, respectively. 
The lower fraction of colour and UVA 254 of humic acids in the 1 kDa 
permeate compared to melanoidins at the same concentrations, evi-
denced that the humic acid in the solution had higher MW. 

3.3. Nutrients mass balances 

Fig. 2 shows the levels of precipitated (P-) and soluble (S-) nutrients 
at the studied pH values and incremental concentrations of HSs. Our 
results indicated that an increase in pH led to an enhancement in struvite 
precipitation; molar ratios indeed confirmed the presence of struvite 
(Mg2+:NH4

+:PO4
3− ≈ 1; appendix Fig. A1). The enhanced struvite for-

mation at pH 7.25 and 8 is attributed to the higher degree of supersat-
uration induced by the elevated pH. For struvite, the degree of 
supersaturation (Ω) is defined in Eq. 2. 

Fig. 1. Complexation experiments using PO4
3− -P and Mg2+ with an incremental 

concentration of melanoidins and humic acid; a) PO4
3− -P fractions; b) Mg2+

fractions. “TC” represents total concentration and “FP” represents the fraction 
in the permeates. 

Fig. 2. Nutrients mass balances at different concentrations of melanoidins and 
humic acids at different pH values. a) PO4

3− -P mass; b) TAN mass. “P” represents 
the nutrient mass in the precipitates, and “S” is the mass in the supernatants; the 
red-dashed lines represent the stoichiometric mass of nutrients. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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Ω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a1 •

[
Mg2+] a2 •

[
NH+

4

]
a3 •

[
PO3−

4

]

Ksp

3

√

(2)  

where a1, a2, and a3 represent the activity coefficients of Mg2+, NH4
+ and 

PO4
3− and “[]” their molar concentrations, respectively; Ksp is the ther-

modynamic solubility product, which may vary between 4.37⋅10− 14 to 
3.89⋅10− 10 depending on the method used for its determination [53]. 
Our results showed that variations in pH affected the speciation of re-
agents, which in turn affects Ω and the amount of produced struvite. 
Considering the speciation of the reagents in solution, Desmidt, Ghy-
selbrecht, Monballiu, Rabaey, Verstraete and Meesschaert [54] found 
that the optimum range for struvite precipitation is at pH 8–10; which is 
consistent with the lower precipitate yields at pH 6.5 found in our study. 
Barber [5] stated that the THP-AD-reject water tends to have a slight 
alkalic pH due to the elevated concentration of TAN, which may increase 
Ω, promoting uncontrolled struvite precipitation. 

We also examined the effect of HSs on struvite precipitation. The 
presence of melanoidins at pH 7.25 and 8 did not significantly alter the 
fraction of TAN and PO4

3− -P in the precipitates. However, at pH 6.5 the 
incremental melanoidins concentrations resulted in a higher percentage 
of PO4

3− -P in the precipitates, from 43 % (No HSs) to 53 % and 55 % in 
the case of MEL-1 and MEL-2. The ANOVA test at 95 % confidence 
showed significant differences at pH 6.5 in the samples No-HSs, Mel-1 
and Mel-2 samples (p-value = 0.0039), and Tukey HSD- test showed that 
the PO4

3− -P measurements in MEL-1 and MEL-2 were equal (p-value =
0.53) and significantly higher than No-HSs (p-value = 0.013 and p- 
value = 0.004, respectively). At pH 6.5, MEL-1 and MEL-2 promoted 
struvite formation, presumably due to the addition of nucleation centres 
(seeding material), resulting from the partial solubility of melanoidins at 
lower pH values. Despite the high solubility of melanoidins (shown in 
Table) the impurities formed at decreased pH may act as seeding ma-
terial and promote nucleation and further precipitation [55–58]. Likely, 
the formed impurities had a colloidal nature and thus remained in sus-
pension during sample centrifugation for assessing the solubility. 

In contrast to melanoidins, humic acid hindered struvite precipita-
tion (Fig. 2) particularly at pH 6.5, in which only 6 % (HA-1) and 17 % 
(HA-2) of the PO4

3− -P precipitated, compared to 43 % in No-HSs. Also at 
pH 7.25 and 8, the presence of humic acid reduced precipitation; how-
ever, this effect was much less than at the lowest pH tested. Previous 
studies also have reported inhibitory effects of humic substances on 
struvite precipitation. For instance, Zhou, Hu, Ren, Zhao, Jiang and 
Wang [59] found inhibition in struvite formation caused by 40 mg/L 
HSs, using HSs containing ≥90 % fulvic acid. Furthermore, Wei, Hong, 
Cui, Chen, Zhou, Zhao, Yin, Wang and Zhang [60] also found that humic 
acid caused inhibition of struvite nucleation and moderately hindered 
crystals growth; the study suggests that Mg2+ complexation in the humic 
acid matrix might have caused the inhibition. Complexation of HSs and 
Mg2+ has already been reported in literature [51,61]. Moreover, the 
experiments in our present work strongly suggested that HSs and 
particularly the humic acid – Mg2+ complexes, hindered struvite 
precipitation. 

Finally, we assessed the mass balance of nutrients in each experiment 
and found that the discrepancy between supernatant plus precipitate 
was within 10 % of the initial nutrient mass (mean difference t-test at 95 
% of confidence showed in Table A1 of appendix). Also, a single-factor 
ANOVA analysis at 95 % of confidence, showed that all summed 
masses deviated slightly (p-values of 1.52⋅10–4 and 3.28⋅10–9 in the 
case of PO4

3− -P and TAN, respectively). The small differences are 
attributed to the heterogeneity of suspended samples and the interfer-
ence of the PO4

3− -P measurement with humic substances. TAN mass was 
found to be slightly higher than the expected value, possibly due to 
deamination of glycine in the melanoidins stock solution under high- 
temperature conditions. Deamination of proteins caused by exposure 
to high temperatures has been described before. Wilson and Novak [62] 
found ammonia production in thermal hydrolysis with bovine serum 

albumin already at 130 ◦C, which increased with the reaction 
temperature. 

3.4. PSD and morphology of the produced crystals 

The PSD and morphology of the produced crystals in the presence of 
melanoidins at different pH values are presented in Fig. 3. Crystals 
produced in presence of humic acid, could not be analysed, since humic 
acid precipitates clogged the filters, while the attached non-soluble 
humic particles influenced the crystal size (additional material, 
Fig. A2). Crystallisation experiments showed that in the absence of HSs 
(No-HSs), the size average and variability of crystals decreased with an 
increased pH. Minimum Feret diameters in No-HSs averaged 53 ± 36 
μm, 50 ± 27 μm and 39 ± 18 μm at pH 6.5, 7.25 and 8 respectively; and 
maximum Feret diameters averaged 105 ± 68 μm, 94 ± 53 μm and 88 
± 43 μm at the same pH values, respectively. Increased pH resulted in 
smaller crystals, even though the mass balance showed a higher degree 
of TAN and PO4

3− -P crystallisation under these conditions (Fig. 1). Su-
persaturation is described to be positively correlated with nucleation 
[58], and it defines the size of crystals [63]. In our present study, 
elevated pH induced elevated supersaturation indexes, which led to the 
formation of more nuclei producing more and smaller crystals. Shaddel, 
Ucar, Andreassen and Østerhus [63] described similar behaviour at pH 
7.5, 8.5 and 9.5. 

Furthermore, MEL-1 and MEL-2 solutions rendered smaller crystals 
compared to No-HSs, at all analysed pH values. However, the decrease in 
size with increasing pH was not consistent, and the largest crystals 
among MEL-1 were formed at pH 7.25, with average minimum and 
maximum Feret diameters of 39 μm and 61 μm, respectively. MEL-2 
rendered decreased Feret diameters and higher size variability with 
increasing pH. The observed smaller Feret diameter of the formed 
crystals in presence of melanoidins, could jeopardize the separation of 
crystals and reject water in full scale struvite reactors. A low crystal 
diameter might lead to the need of different settling velocities in 
completely stirred systems or fluidised bed systems [64]. Also, small 
diameters are not efficient for secondary nucleation, which, according to 
Cayey and Estrin [65], only occurs with particles bigger than 220 μm, 

Fig. 3. PSD analysis of the crystallisation experiments: a) Minimum Feret 
diameter; b) Maximum Feret diameter; c) Aspect ratio (logarithmic scale). HSs 
data are not shown, since precipitates could not be determined. 
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due to their greater contact probabilities [66]. 
Crystal morphology was expressed by its aspect ratio (Fig. 3-c). The 

presence of melanoidins decreased the averaged aspect ratio regardless 
of the melanoidins concentration, compared with the No-HSs assays. 
The pH did not show a clear influence on the aspect ratio, except in MEL- 
2 where the crystals became less elongated with increased pH. Fig. 4 
shows pictures of the crystals formed under the different conditions 
studied. No-HSs samples returned semi-transparent crystals with elon-
gated blade-like shapes. These elongated shapes are in line with the 
observed aspect ratio data (Fig. 3-c). On the other hand, the addition of 
melanoidins, rendered more square-like shaped crystals with a distinc-
tive brownish colour (Fig. 4), indicating the presence of melanoidins 
either at the surface or incorporated throughout the crystals, following 
the hypotheses of Zhou, Hu, Ren, Zhao, Jiang and Wang [59] and Abel- 
Denee, Abbott and Eskicioglu [67]. After nucleation, crystals-growth 
may occur following 2 processes, i) growing atom by atom, and ii) by 
aggregation of smaller crystals into bigger ones [25]. Melanoidins 
adsorbed on the struvite crystals during the growth process can be ex-
pected to interfere with both growth processes. This phenomenon was 
illustrated by the microscopic observations (Fig. 4); the presence of 
melanoidins led to brownish crystals. The same processes are proposed 
for other HSs, albeit, due to their lower solubility, the effects might be 
more pronounced. HSs might either act as a “glue” to aggregate the 
smaller particles into bigger ones (Fig. 6), or as a solid particle that 
hinders the aggregation process, decreasing the crystal size as described 
by Wei, Hong, Cui, Chen, Zhou, Zhao, Yin, Wang and Zhang [60]. The 
struvite growth process in presence of HSs is likely driven by the nature 
of the HSs and the crystals shear stress-induced breakage during the 
crystallisation process. 

Fig. 5 shows a magnification of the crystals formed under the 
different applied conditions. In case of No-HSs, optic and ESEM micro-
scopy showed that the increased pH caused so called “dendrites” for-
mation in the crystal structure [68,69]. Dendrites are hierarchical 
structures, which grow far from the plane front in preferential direction, 
like a tree. Dendrites formation was observed in samples without HSs at 
elevated pH, likely due to the increased supersaturation index that 
produced more nuclei, from which the crystals grew from multiple sites 
[70]. Conversely, in the samples with melanoidins, optic microscopy 

showed homogenous pigmentation in struvite crystals, likely due to the 
high melanoidins' solubility (Fig. 5). In additional material, Fig. A2 
shows humic acid precipitates using optical microscopy and ESEM. 
Humic acid formed a compact cake on the filters when the crystals were 
separated from the supernatant. The cake was characterised by a 
compact rigid structure and the cake particles differed distinctly from 
the crystals formed in the solution. ESEM revealed that the compact and 
rigid cake was likely formed due to adhesive forces between humic acid 
and the formed crystals. Optical microscopy clearly revealed the brown- 
coloured crystals and the tight interaction of particulate-humic material 
in the struvite crystals (Additional material, Fig. A2). The presence of 
HSs led to smaller-sized struvite crystals, but results could not reveal 
whether HSs hindered the crystals' growth or increased the crystals 
weakness, inducing breakage of the struvite formed. 

3.5. Shear rate-induced breakage of the struvite produced 

Experiments at increasing shear rate were conducted to further 
research the stability of the formed crystals. We assumed that the sta-
bility is inverse to the susceptibility of struvite crystals to break 
(breakage), which can be a combination of abrasion and cleavage. The 
breakage of formed crystals was indirectly measured by conducting 
struvite crystallisation experiments in the presence of melanoidins and 
humic acid at various shear rates ranging from 1, 10, 100, to 1000 1/s. 
The experiments were performed at pH 7.25. HA-2 was not analysed, 
because the produced precipitate remained adhered to the filters and 
yielded a low quantity. Figs. 6-a and b show the minimum and maximum 
Feret diameters of the formed struvite crystals at the different shear rates 
and HSs concentrations. The results showed that in the case of No-HSs, 
increased shear rate prevented the crystals to grow. No-HSs samples 
showed drastically reduced minimum and maximum Feret diameters, i. 
e., from 91 ± 108 μm to 8 ± 6 μm and 227 ± 207 to 22 ± 12 μm, 
respectively, with increased shear stress during crystal formation, from 1 
to 1000 1/s. Also, the occurrence of big crystals (represented in Fig. 6 by 
upper whiskers) decreased, characterised by decreasing minimum and 
maximum Feret diameters from 742 to 13 μm and 1159 to 24 μm, at 1 
and 1000 1/s, respectively. The aspect ratio of the crystals was not 
affected by the shear rate and crystal morphology remained mildly 

Fig. 4. Struvite pictures in presence of melanoidins at different pH conditions.  
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elongated. 
Melanoidins prevented breakage of the crystals, and possibly led to 

aggregation of particles that might have been broken without mela-
noidin addition. The minimum and maximum Feret diameters increased 
with the melanoidins concentration, particularly at 10 1/s, and 
decreased with shear rate. However, the size reduction induced by the 
increased shear stress was less prominent in MEL-1 and MEL-2 than in 
No-HSs, referring to both maximum and minimum Feret diameters. 
Melanoidins also decreased the aspect ratio at increased concentration, 
possibly due to breakage of needle-shaped particles and subsequent 
aggregation in non-preferential directions. 

HA-1 showed the smallest particle size among the studied HSs 

samples. These small particles were probably a mixture of struvite and 
humic acid, as shown in Additional material Fig. A2. However, HA-1 did 
not show a clear trend regarding the size of maximum and minimum 
Feret diameters at shear rates of 10 and 100 1/s, while larger particles 
were formed at shear rates of 1 and 1000 1/s. The aspect ratio in HA-1 
samples hardly changed with shear rate; nevertheless, the low values 
indicated the presence of rounded particles. 

The observed results clearly showed that HSs addition increased the 
stability of the struvite crystals and rendered particles with a smaller 
aspect ratio. Compared to samples without HSs, the resulting particles 
with melanoidin addition had larger Feret diameters, whereas they were 
smaller with HAs addition. These results suggest that there are 

Fig. 5. Optic microscopy and ESEM pictures of specific crystals formed in the presence of melanoidins at different pH conditions.  
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differences in the adhesive forces of melanoidins and HAs on struvite 
crystals causing different degrees of breakage. Such forces are most 
likely size and shape-dependent, as described by Carvill [71]. 

In the struvite-HSs interaction, two types of interactive forces play a 
prominent role. The struvite-struvite interactive forces have been 
described previously by Fromberg, Pawlik and Mavinic [72] as Van der 
Waals/electrostatic forces that are dependent on the distance between 
the crystals, as stated in the DLVO theory. In addition, the HSs-struvite 
forces are attributable to either adsorption as described by Zhang, Zhao, 
Ye and Xiao [73] and Wei, Hong, Cui, Chen, Zhou, Zhao, Yin, Wang and 
Zhang [60], or to DLVO-related forces, causing adsorption of the par-
ticulate/colloidal organic matter on, or in, the crystals. The latter is 
more apparent for humic acid containing a particulate fraction of 11 % 
(at pH 7.25), while melanoidins were fully soluble (Table). DLVO forces 
can be described by measuring zeta potential of the analysed suspen-
sions, which is determined by the composition and ionic strength of the 
solution [72,74,75]. HSs have a negative zeta potential, however, 
Rodrigues, Brito, Janknecht, Proença and Nogueira [76] found that the 
presence of Mg2+ was able to elevate the zeta potential of HSs solutions 
at pH 4, 7, and 9 and created molecular aggregates. Besides, struvite zeta 
potential is predominantly negative and tends to decrease with 
increasing pH and Mg2+ concentration [72,77]. Considering that the 
zeta potentials of struvite and HSs are both negative, cations in solution 
(Mg2+ and NH4

+), likely facilitated the formation of HSs-embedded 
crystals. Fig. 7 shows a schematic representation of the observed 

struvite crystal growth phenomena in the (non-) presence of HSs. 

3.6. Implications of THP-formed HSs on full-scale PO4
3− -P removal 

The formation of HSs during THP through the Maillard reaction 
generates HSs with a wide range of molecular weights and solubilities 
[6,78], capable of forming complexes with cations in solution. Mela-
noidins present in the THP-reject water may complex Mg2+, increasing 
the amount of Mg2+ salts required to achieve the desired Mg2+/PO4

3− -P 
molar ratio. Therefore, part of the PO4

3− -P might not be removed due to 
Mg2+-HSs chelation, or more Mg2+ salts may be needed to reach the 
desired concentration. Additionally, the colloidal or particulate fraction 
produced during THP may reach the struvite crystallisation reactors 
[5,16], leading to intercalation in the struvite crystals, affecting their 
sizes and settling times. HSs-intercalated struvite may compromise 
adoption of struvite as a fertiliser, because of the non-conventional 
colour of the crystals. Moreover, the adsorbed and/or embedded HSs 
on, or in, the struvite crystal might contain other cations, such as heavy 
metals [79–81], which might also compromise its use as fertiliser. The 
environmental implications of HSs and heavy metals in struvite is a 
subject of interest for further research. Furthermore, another observed 
consequence of THP pre-treatment is an increase in TAN concentration 
in anaerobic digesters [82,83]. The increase in TAN concentration 
during AD also increases the reactors' pH; this increase is commonly 
moderate since the anaerobic process occurs in a pH range suitable for 

Fig. 6. Particle size distribution of struvite crystals in shear rate breakage tests at different HSs concentrations. a) Minimum Feret diameter (logarithmic scale); b) 
Maximum Feret diameter (logarithmic scale); c) Aspect ratio. The dotted lines represent a linear data fitting between the measured average values and the logarithm 
of the shear rate. 
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the microorganisms to grow (pH 7–8). The elevated TAN concentrations 
and the THP-induced pH increase might benefit struvite precipitation, 
since they both increase the supersaturation index and promote 
crystallisation. 

4. Conclusions 

Our present study led to the following conclusions:  

• Melanoidins moderately, and humic acid strongly complexed Mg2+. 
The complexing capacity of HSs is related to the HSs origin, partic-
ularly the soluble fraction of HSs, and its aromaticity.  

• Humic acid strongly hindered struvite formation, likely due to Mg2+

complexation. The struvite crystallisation inhibition was higher at 
pH 6.5 compared to pH 7.25 and 8.  

• Melanoidins presence decreased the maximum and minimum Feret 
diameters and the aspect ratio of the formed struvite crystal. In 
addition, melanoidins enhanced the stability of struvite crystals to-
wards breakage at elevated shear rates, particularly when exceeding 
10 1/s. Conversely, humic acid did not affect the struvite crystal 
stability towards abrasion or breakage and reduced the Feret di-
ameters and aspect ratio.  

• Adsorption of HSs on, or in, the produced struvite resulted in an 
evident change in colour. 

Abbreviations 

AD anaerobic digestion 
ESEM environmental scanning electron microscope 
FAF fulvic acid fraction 
HA-1 experiments in presence of humic substances as humic acids 

in a concentration of 1 g/L of total organic carbon 
HA-2 experiments in presence of humic substances as humic acids 

in a concentration of 2 g/L of total organic carbon 

HAF humic acid fraction 
HSs humic substances 
MEL-1 experiments in presence of humic substances as melanoidins 

in a concentration of 1 g/L of total organic carbon 
MEL-2 experiments in presence of humic substances as melanoidins 

in a concentration of 2 g/L of total organic carbon 
No-HSs experiments without the presence of humic substances 
PN/A partial nitritation/anammox 
PSD particle size distribution 
SUVA specific ultraviolet absorbance 
TAN total ammoniacal nitrogen 
THP thermal hydrolysis process 
TOC total organic carbon 
UVA 254 ultraviolet absorbance at 254 nm 
WWTPs wastewater treatment plants 
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