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Abstract 

Controlled precipitation of struvite-K is of interest in the treatment of kidney stones, for 

phosphorous and potassium recovery from wastewaters, and in the chemistry of magnesium 

phosphate cements. The effect of citric acid in the growth of struvite-K from solution has been 

studied at room temperature and pH = 9 under different conditions of energy of mixing and 
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concentrations of the reactants. The time-evolution of pH during the precipitation reaction 

evidenced that the citric acid increased induction time and decreased the apparent growth rates of 

crystals. Chemical speciation analysis, measurements of citrate concentration, zeta potential and X-

ray photoelectron spectroscopy indicated that crystallization is controlled by the formation of 

complexes with magnesium ions in solution and adsorption of citric acid at the growing surfaces. In 

analogy with Ca-carbonates and Ca-phosphates, the latter process impairs formation of nuclei of 

critical size. Crystal habit is dictated by supersaturation conditions and selective adsorption at 

crystal faces in reason of their residual charge density; consequently, alteration in the crystal shape 

is observed, and the average size of crystals and the amount of precipitate are reduced.  
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1. Introduction 

Struvite and struvite-K (MgNH4PO4·6H2O and MgKPO4·6H2O, respectively), are components of 

the so-called infectious urinary (kidney) stones. Their precipitation occurs when the urinary tract is 

colonized by bacteria. The growth of stones can have serious consequences as it is frequently 

associated with a renal tissue damage (Mclean et al., 1988). 

Precipitation can also occur on pipe walls and equipment of the wastewater treatment industry; the 

formed scale deposits are the cause of significant problems (Mohajit et al., 1989).  

On the other hand, crystallization of phosphates has been devised as a sustainable and economical 

method for phosphorus recovery from wastewaters and from ashes of biomass combustion (Gao et 

al., 2018). In fact, this method is adopted to compensate for the increasing demand for phosphorus 

and mitigate the exploitation of phosphate rock deposits (Shaddel et al., 2020). 
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In these different contexts, there is interest in controlling/inhibiting crystal growth by acting on 

thermodynamic parameters, such as pH and temperature, the supersaturation level, or by exploiting 

additives. Compounds containing carboxylic groups were found to reduce crystal growth in struvite 

(Kofina et al., 2007; Prywer et al., 2015; Polat and Sayan, 2020; Bayuseno et al., 2020). Between 

them, citric acid (CA) and citrates are of great interest also because of their biocompatibility 

(Mclean et al., 1990; Wang et al., 1993; Kofina et al., 2007; Perwitasari et al., 2017). During 

crystallization experiments, induction times and precipitation rates were found to be directly and 

inversely related to the concentration of the additive, respectively (Wang et al., 1993; Kofina et al., 

2007; Prywer et al., 2015). Along with changes in crystal shape, both a reduction  and an increase in 

crystal size have been reported (Wierzbicki et al., 1997; Kofina et al., 2007; Prywer et al., 2015). 

Such effects were related to complexing ability of citrate in solution and adsorption at the surface of 

growing nuclei and crystals. 

A large body of literature is available for struvite, whereas much less efforts have been devoted to 

the isomorphic modification, struvite-K, despite its similar occurrence. Struvite-K is also of interest 

because it is a major phase in magnesium phosphate cements employed as bone substitute materials, 

in civil engineering as alternative to Portland cement, or as matrices for waste encapsulation 

(Wilson and Nicholson, 1993). Recent works pointed to CA as an effective and biocompatible 

additive for mitigating the fast reaction rates and excessive heat evolution during hardening (Wang 

et al., 2019; Wu et al., 2020). Nonetheless, there is insufficient information about its mechanism of 

action.  

In this work, we have investigated the effect of the presence of citrate ion on the spontaneous 

precipitation of struvite-K from solution at room temperature and pH = 9, under different conditions 

of energy of mixing, concentrations of the reactants and additive. 

Results from the time evolution of pH during the precipitation experiments, observation of obtained 

crystals with scanning electron microscopy (SEM), speciation analysis, concentration of CA in 
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solution, measurements of zeta potential (ξ), and X-ray photoelectron spectroscopy (XPS), allowed 

to propose a mechanism involving the intervention of ion complexation in solution and adsorption 

at the newly formed surfaces to explain the impact of CA on the rate of the precipitation reaction, 

the induction times, the amount of precipitate, the average size of crystals and crystal habit. 

 

2. Experimental  

2.1. Materials and methods 

The precipitation of struvite-K was obtained by mixing two 25 mL solutions of MgCl2 and KH2PO4 

(KDP). Reagents were purchased from Merck and used as received. The deionized water was boiled 

before use in order to eliminate the effect of the dissolved CO2 on the pH. The pH was brought to 9 

by adding dropwise a 9M solution of NaOH and KOH to the MgCl2 and KDP solutions, 

respectively. To investigate the effect of CA, the compound has been dissolved in the KDP solution 

before pH correction. The experiments were performed with a Metrohm 907 Titrando automatic 

mixing and titration unit (Metrohm, Switzerland), equipped with a pH probe and a thermal bath to 

ensure the attainment of the nominal temperature. The precipitation was monitored at 22 °C by 

continuous measurement of pH of the solution. Mixing was obtained by means of a magnetic stirrer 

operated at nominal speed 625 rpm and 375 rpm. The pH probe was calibrated before each 

experiment using ISO standard buffers.  

For each stirring speed, the precipitation was obtained using two sets of solutions with Mg:K:P 

molar ratio 1:4:4: the first one containing 12.5 mM of Mg and 50 mM of K and P and the second 

one containing 25 mM of Mg and 100 mM of K and P. For each solution and stirring speed, the 

experiments were performed in the absence and in the presence of CA. The experimental plan is 

summarized in Table 1. 

 

Table 1. Starting solutions employed in the precipitation experiments. 
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Sample identification Mg K P Citric acid 
 mM mM mM mM 

MKP_12.5_50_CA0 12.5 50 50 0 
MKP_12.5_50_CA3 12.5 50 50 3 

MKP_12.5_50_CA6 12.5 50 50 6 
MKP_12.5_50_CA12 12.5 50 50 12 

MKP_25_100_CA0 25 100 100 0 
MKP_25_100_CA5 25 100 100 5 
MKP_25_100_CA10 25 100 100 10 

MKP_25_100_CA20 25 100 100 20 

 

2.2.Materials characterization 

The nature of the crystalline product was assessed with X-ray powder diffraction (XRPD) collecting 

spectra of the precipitate after filtration with isopropyl alcohol and drying overnight at 37 °C, by 

means of a Bruker D8 Advance diffractometer (Bruker AXS, USA). The Cu Kα wavelength was 

selected by means of a Ni filter and generated at 40 mA and 40 kV. Diffraction data were recorded 

in the angular range 5–70° 2θ with a virtual step scan of 0.0102° 2θ with 0.25 s/step counting time 

and spinning the sample at 15 rpm. After phase identification, the full profile fitting approach 

offered by the Rietveld method, implemented in the software TOPAS 4.2 (Bruker AXS, USA), was 

adopted to confirm the crystal structure. 

Crystal size and morphology were observed with a Quanta 450 FEG (FEI, Czech Republic) 

scanning electron microscope operated at 20 kV accelerating voltage, 100 Pa pressure and adopting 

a gaseous backscatter electron detector, in order to limit the water loss from the samples. The 

crystals were dispersed on carbon adhesive tape and coated with a 10 nm thick gold film to 

minimize charging effects. 

The amount of CA in solution after the precipitation experiments was determined by the 

spectrophotometric method based on Cu2+−NH3 complex decomposition by the citrate, as described 

elsewhere (Farajzadeh and Nagizadeh, 2002). The reagent blank Cu2+−NH3 complex solution was 
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employed to build a calibration curve (R2 = 0.999) and perform the measurements of samples, by 

measuring absorbance at 600 and 750 nm. Details of the method and calibration results are available 

as Supplementary Material. The concentration of CA was measured on the samples obtained after 

the precipitation experiments with 25 mM of Mg and 100 mM of K and P, under fast stirring speed 

conditions, at the initial concentration of CA 5, 10, 20 and 30 mM. After 30 min, the experiment 

was considered concluded and the concentration of CA in the supernatant was measured after 

centrifugation for 10 min at 4000 rpm, with a spectrophotometer DR3900 (HACH, USA). 

Distribution diagrams of formed species were plotted using Hyperquad HYSS simulation and 

speciation software (Alderighi et al., 1999). 

Zeta potential (ξ) of mineral particles was measured by dynamic light scattering by means of a 

Litesizer 500 instrument (Anton Paar, Austria). The measurements were performed at 25 °C, 

dispersing 0.1 wt.% of solid in water. Results were reported as average of 6 replicates. 

X-ray photoelectron spectra (XPS) were collected adopting AlKα radiation (1486.6 eV) by means 

of a lab-based system (SPECS Surface Nano Analysis, GmbH), equipped with a multichannel 

electron energy analyser (Specs Phoibos 150) coupled with a differentially pumped electrostatic 

pre-lens system. Samples were pressed into a 0.5 mm thick indium foil (purity 99.99%). The core-

level spectra of Mg 1s, O 1s, K 2p, C 1s, and P 2p were recorded with a pass energy of 20 eV, step 

size of 0.05 eV, and dwell time of 100 ms. The XPS signal was deconvoluted using Voigt-type 

function after background subtraction with KolXPD software. 

 

3. Results and discussion 

Fig. 1 illustrates the typical trend for the time-evolution of pH of the studied reactions. In the first 

minutes the pH drops sharply to gradually approach a plateau. Such behavior is compatible with the 

precipitation of the struvite family crystals (Babić-Ivančić et al., 2006). The latter is the dominant 

process, since CA is fully deprotonated in the range of pH of the experiment (see the distribution 
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diagram in the Supplementary Material Fig. S1). Under such conditions, a reaction, according to 

Eq. 1, proceeds, and, as has been shown for struvite crystallization experiments, the release of H+ 

ions is related to the decrease in concentration of the Mg2+ ions and to the crystallization rate of the 

first struvite crystals formed (Bayuseno et al., 2020). 

 

Mg2+ + K+ + HnPO4
n -3 + 6H2O → MgKPO4·6H2O + nH+     (1)  

 

In the range of pH observed during the experiment, the stable dominant form of phosphate is 

HPO4
2-. Therefore, in Eq. 1 n = 1. The amount of Mg2+ ions subtracted from the solution is obtained 

from the pH change, as detailed in the Supplementary Material. This information can be used to 

derive an apparent rate of crystallization assuming a kinetic model for the process. A number of 

struvite crystallization experiments indicated that the process can be described with a first-order 

kinetic model (Ohlinger et al., 2000; Quintana et al., 2005; Bayuseno et al., 2020). Considering that 

struvite and struvite-K are isostructural, the same first-order equation was adopted to calculate the 

rate constant (k): 

−𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝐶𝐶 − 𝐶𝐶𝑒𝑒𝑒𝑒)         (2) 
 

Where C is the molar concentration of Mg2+ ions at any time t (min), Ceq is the molar concentration 

at equilibrium. An example of the nonlinear fit of the kinetic equation to the data is illustrated in 

Fig. 1, whereas the results are reported in Table 2.  

When the precipitation in the absence of the additive is considered, an increase in the concentration 

of the reactants at the same starting pH led to an increase of the precipitation rates. This is related to 

the increase in supersaturation level (i.e. higher concentration of reactants) (Kofina et al., 2007; 

Rahaman et al., 2008). Higher rates are also observed increasing the mixing speed. In general, the 

rates are higher with respect to other experiments of struvite precipitation reported in the literature, 
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but lower respect to the results obtained in case of precipitation of struvite-K from synthetic urine at 

pH 9 (Zhang et al., 2018). Apart from the ionic strength of the solution, the higher supersaturation 

degree attained in the latter set of experiments is likely the main reason for this difference. 

The effect of CA addition is apparent in the decrease of the overall precipitation rates and the delay 

in the onset of struvite-K crystallization. The nearly flat shape of the first part of the pH vs. time 

curve, indicating an induction time, is more marked at lower supersaturation levels. The length of 

the induction time increases with the amount of CA, a behaviour already observed during 

precipitation of struvite in presence of citrate (Kofina et al., 2007). Similarly, more effective mixing 

shortens the induction time (Ohlinger et al., 1999; Rahaman et al., 2008). 

In struvite, the inhibiting effect of CA was attributed to adsorption at the surface of the growing 

crystals; a mechanism which has been considered the driving force for the morphological changes 

observed (Wierzbicki et al., 1997), although the measurement and simulation of chemical speciation 

indicated that complexation of cations in solution should also be involved (Prywer et al., 2015). 

 

Figure 1. pH vs. time plots during the precipitation experiments at low stirring speed for the 

samples at different citric acid content (left). Example of nonlinear fit (red line) of the kinetic curve 

(black dots) of MKP_25_100_CA0 according to the first-order reaction model (right). 

 

Table 2. Rate of the precipitation reaction with standard error of the nonlinear fit. 
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Sample Slow stirring R2 Fast stirring R2 
 k / min-1  k / min-1  

MKP_12.5_50_CA0 1.285±0.004 0.986 5.28±0.03 0.978 
MKP_12.5_50_CA3 1.278±0.003 0.992 4.05±0.01 0.985 

MKP_12.5_50_CA6 0.632±0.002 0.986 2.49±0.01 0.975 
MKP_12.5_50_CA12 0.622±0.002 0.977 2.11±0.01 0.951 

MKP_25_100_CA0 4.176±0.008 0.997 4.27±0.01 0.995 
MKP_25_100_CA5 2.582±0.006 0.995 4.25±0.01 0.992 
MKP_25_100_CA10 1.945±0.003 0.996 4.35±0.01 0.991 

MKP_25_100_CA20 1.517±0.006 0.985 4.14±0.02 0.986 

 

In all experiments, struvite-K was the only precipitate observed. An example of graphical output 

from the Rietveld refinement of XRPD spectrum of the precipitate, confirming the good agreement 

with the structure model of struvite-K, is reported as Supplementary Material Fig. S2. 

Figs. 2 and 3 illustrate examples of the crystal morphology and size of the products as observed 

with SEM. When no CA was employed, at lower concentration of Mg, K and P reactants, the 

dominant crystal habit of struvite-K obtained during the experiment was prismatic, with maximum 

elongation along the b-axis; this shape is graphically rendered in Fig. 4. These morphologies have 

been frequently reported in the precipitation experiments of struvite (Wierzbicki et al., 1997; 

Prywer et al., 2015), which possesses the same space group symmetry. The needle-like morphology, 

obtained in some batch experiments aimed at precipitate struvite-K for nutrient recovery (Gao et al., 

2018; Zhang et al., 2018), was not observed, most likely because of the less extreme hydrodynamic 

conditions of our tests. At the highest concentration of reactants, more prismatic individuals with 

dominant (001) faces joined together in a cockade (Fig. 3b, f-h); dendritic or X-shaped (twinned) 

crystals appeared (Fig. 3a, e). The latter morphology is also observed in struvite at high growth 

rates (Wang et al., 1993). In fact, these were the experiments exhibiting the highest rates (Table 2).  
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Figure 2. Gallery of SEM micrographs collected at same magnification for the struvite-K obtained 

increasing the concentration of CA at two stirring speeds. Low stirring speed: a-d, high stirring 

speed: e-h. MKP_12.5_50_CA0, a, e; MKP_12.5_50_CA3, b, f; MKP_12.5_50_CA6, c, g; 

MKP_12.5_50_CA12, d, h. 

 

 

Figure 3 Gallery of SEM micrographs collected at same magnification for the struvite-K obtained 

increasing the concentration of CA at two stirring speeds. Low stirring speed (same magnification): 

a-d, high stirring speed (same magnification): e-h. MKP_25_100_CA0, a, e; MKP_25_100_CA5, b, 

f; MKP_25_100_CA10, c, g; MKP_25_100_CA20, d, h. 
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Figure 4. Schematic representation of the common crystal habit of struvite-K crystals with some of 

the faces indexed. 

 

The gradual addition of CA induced changes in crystal morphology and size. The average size of 

the precipitated crystals appeared inversely related to the concentration of CA (see Fig. 2 and 3, a-d 

and e-h), indicating a strong inhibiting effect of CA on crystal growth. At the same time, CA seems 

to reduce crystal elongation, resulting in individuals relatively larger along the a-axis and shorter 

along the b-axis. Reduction in size and alteration of crystal shape have been described upon 

addition of citrates or compounds containing carboxylic groups during the precipitation of Ca-

phosphates (Tenhuisen and Brown, 1994; Bohner et al., 1996; López-Macipe et al., 1998; Fukuda et 

al., 2017) and struvite (Kofina et al., 2007; Prywer et al., 2015; Perwitasari et al., 2017; Polat and 

Sayan, 2020). However, few papers reported on detailed morphological studies. An arrow head 

morphology, dominated by (101) and (101) faces, with (001) face virtually not expressed, was 

documented for struvite growing in the presence of phosphocitrate (Wierzbicki et al., 1997). 

Conversely, in the presence of sodium citrate, the (012) face was suppressed and the (001) face was 

progressively more expressed (Prywer et al., 2015). Such effects were related to the interaction at 

the molecular level between the additive and the crystal surfaces, that is, selective adsorption at 

crystal faces. In our precipitation experiments, at the lower concentration of the reactants Mg, K and 

P, the increase in CA content essentially brought about the decrease in crystal elongation ((001) face 
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more expressed) and size mentioned above. Occasionally, a coffin-lid habit, missing the (001) face, 

was also observed (Fig. 4d and h, red arrows). In a similar fashion, at high concentration of 

reactants, the crystal shape (mostly prismatic with more expressed (001) face terminated by (101) 

and (101) faces) is preserved irrespective of the increase in the concentration of CA and only the 

size of crystals is reduced. It is worth noting that formation of large (001) faces was also observed 

during the spontaneous precipitation of struvite, when fast crystallization kinetics are attained 

(Abbona and Boistelle, 1979), which is the case of our experiments at higher concentration of 

reactants (Fig. 3). Therefore, it can be inferred that in our experiments, the conditions of synthesis, 

and especially the degree of supersaturation, influence the crystal habit, and CA emphasizes the 

character of the crystal form, mostly enhancing the expression of the (001) face. Adsorption of an 

inhibitor at specific crystal faces leads to the enhanced expression of such faces, because their 

relative growth rate is decreased. It is thus proposed that the modifications in struvite-K 

morphology may be explained by preferential binding of citric acid at the (001) face, thanks to the 

residual negative charge of the molecule. A similar mechanism was invoked to explain the habit of 

struvite growing in the presence of sodium citrate (Prywer et al., 2015). 

The complexing ability of citrate ion in solution and its adsorption behaviour will be now 

considered in turn with reference to the precipitation of struvite-K. 

According to the dissociation constants of CA and the distribution of species as a function of pH 

and temperature, in the pH interval 7.5−9, covered during our experiments, the dominant form of 

citrate in solution is the fully deprotonated ion Cit3- (López-Macipe et al., 1998).  

With respect to Mg2+ ions, the following equilibria are therefore established: 

𝑀𝑀𝑀𝑀2+ + 𝐶𝐶𝐶𝐶𝐶𝐶3− ⇄ 𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶−       (3) 

𝐻𝐻+ + 𝑂𝑂𝑂𝑂− ⇄ 𝐻𝐻2𝑂𝑂        (4) 

 

Similar equations hold for potassium ion (Zelenina and Zelenin, 2005). 
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Although the complexation in solution depends also on ionic strength and pH (which affect the 

thermodynamic stability constant of the complexes (Piispanen and Lajunen, 1995; Wyrzykowski et 

al., 2010)), as a general rule, the stability is much higher for Mg complexes than for K ones 

(Blaquiere and Berthon, 1987; Zelenina and Zelenin, 2005). Simulation of distribution diagrams 

confirmed that at pH >7 a large part of Mg is in the form of the MgCit- complex (Fig.5 and 

Supplementary Material Fig. S3), in analogy with previous results from crystallization of struvite 

(Prywer et al., 2015). Likewise, complex formation in solution may be invoked to explain the 

inhibiting effect of CA on crystallization of struvite-K because of the progressive decrease in 

apparent concentration of Mg2+ ion increasing the amount of the additive. 

 

Figure 5. Relative amount of magnesium complexes as a function of pH at two concentrations of 

Mg ions and CA. 

 

As mentioned in the foregoing discussion, CA may also interfere with the crystallization process 

through surface adsorption. This mechanism has been found to control the crystallization of Ca-

carbonate, hindering crystal growth (Wada et al., 2001; Reddy and Hoch, 2001), or impairing the 

formation of nuclei of critical size (Westin and Rasmuson, 2005). Similarly, during the synthesis of 

Ca-phosphates, the decrease in crystal size and modifications of crystal habit were attributed to 

citrate adsorption at crystal surface (Tenhuisen and Brown, 1994; Sarda et al., 2002). It is well-
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documented that upon adsorption of the negatively charged carboxylate ion (COO-), the mineral 

surface exhibits more negative values of zeta potential (Kallay and Matijevic, 1985; Mudunkotuwa 

and Grassian, 2010). The results obtained from our samples were: −13.1±1.0 mV and −16.2±0.4 

mV for MKP_25_100_CA0 and MKP_25_100_CA20 precipitated at low stirring speed, 

respectively, substantiating the view that CA is adsorbed on struvite-K. Such mechanism was 

confirmed by the measurement of the amount of CA left in solution after the precipitation 

experiments of MKP_25_100. As reported in Table 3, the citrate is effectively subtracted from the 

solution, indicating its adsorption on the crystal surface. The amounts are in general agreement with 

those reported for Na-citrate adsorbed at hydroxyapatite (López-Macipe et al., 1998). These results 

also show that, along with the reduced average crystal size, the total amount of precipitated struvite-

K decreases with increasing the amount of additive. The eventuality of incorporation of CA into the 

crystal structure of struvite-K seems unlikely, given the big size of the molecule. All in all, the 

evidence of the presence of citrate into the crystal structure of precipitated carbonates or phosphates 

are not conclusive (Tobler et al., 2015; Chatzipanagis et al., 2016), whereas, in such systems, 

surface adsorption effect was recognized to retard nucleation, yielding smaller crystals and lower 

amount of precipitate (Tobler et al., 2015).  

 

Table 3. Amount of precipitated struvite-K, initial (C0) and equilibrium (Ceq) concentration of citric 

acid in the series of samples MKP_25_100 precipitated at low stirring speed. 

struvite-K C0 Ceq 
g mM mM 

0.1577 0 - 
0.1417 5 3.49 
0.1178 10 6.48 

0.0652 20 15.03 
0.0208 30 24.51 
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Being a highly surface-sensitive technique, XPS may provide further insights into the nature of the 

interaction of CA with the mineral surface. The background subtracted XPS spectra and the binding 

energy (BE) components, obtained through signal deconvolution, are illustrated in Fig. 6; the results 

of the analysis are summarized in Table 4. The phosphorus BE P 2p, provided as Supplementary 

Material Fig. S4, was found to be 132.8 eV in MKP_25_100_CA0 and 132.7 eV in 

MKP_25_100_CA20. These values are ascribed to the P=O bonds, in line with BE measured in 

struvite (Polat and Sayan, 2020). 

 

 

Figure 6. Background subtracted XPS spectra from the investigated samples with results of signal 

deconvolution (continuous red line). Components are displaced vertically for the sake of clarity. 

 

The interpretation of the O 1s signal is hampered by the overlap of broad components in a narrow 

range of BE. The main peak was disentangled into two components; one at 530.9 eV, assigned to 

oxygen in the struvite-K, and one at 532.6 eV, attributed to oxygen from adsorbed species 

(Ardizzone et al., 1997). In the sample synthesized in the presence of CA, the signal is, in complex, 

slightly broader, and BE increases to 531.2 eV in the component accounting for reticular oxygen, 
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and to 533.1 eV in the one related to the adsorbed species. This is in agreement with the effect of 

surface adsorption of citrate, as previously observed in struvite prepared in the presence of 

carboxylic acids (Polat and Sayan, 2020). In previous studies on struvite synthesized in the presence 

of additives containing carboxylic groups, Mg was considered the target of the adsorption 

processes. In agreement with this view, the BE of Mg 2p increases of 0.6 eV in the sample 

synthesized in the presence of CA. 

As illustrated in Supplementary Material Fig. S4, compared to struvite, in K-struvite, the analysis of 

the region of C 1s BE is further complicated by severe peak overlap with the signal from K 2p3/2 BE 

at 292.8 eV (Moulder et al., 1992). The –O–C=O component ascribed to carboxylic groups, 

diagnostic of the interaction of the mineral surface with CA, is detected at BE > 288 eV (Frydman 

et al., 1997; Wei et al., 2019). This means that this tiny C 1s signal falls under the high intensity K 

2p3/2 peak, preventing from its accurate quantification. 

 

Table 4. Results of XPS analysis of the investigated samples. 

Sample  O 1s   Mg 1s  P 2p 
        

MKP_25_100_CA0 530.9 532.6   1304.0  132.8 
MKP_25_100_CA20 531.2 533.1   1304.6  132.7 

 

The results presented so far indicate that the reaction rate during precipitation of struvite-K from 

solution without additive can be satisfactorily described with a first-order kinetic model. The 

reaction is accelerated by increasing the mixing energy and the supersaturation degree. CA seems to 

interfere with the precipitation reaction by exploiting complexing ability in solution (lowering the 

activity of the ions, with large prevalence for Mg2+) and be adsorbed at the surface of the forming 

solid. The complex interplay between these processes results in a decrease of the apparent rates, a 

reduction in average crystal size and in the amount of precipitated product when the content of CA 
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increases. The reaction path is also affected, as evidenced by the decrease in the R2 values of the fit 

increasing the content in CA. Similar results were obtained when precipitating struvite in the 

presence of carboxylic groups (Perwitasari et al., 2017; Bayuseno et al., 2020). This indicates that 

the single-step first-order reaction model is insufficient to describe the system, and more advanced 

approaches, which are outside the scope of the present work, are required. 

When the influence of CA adsorption on crystal nucleation and growth is concerned, 

thermodynamic parameters, such as interfacial energy, are often only indicative of the role of 

additives, since they reflect average values from different surfaces possessing complex structure 

and not necessarily in equilibrium, especially during nucleation (Westin and Rasmuson, 2005). In 

this scenario, during precipitation of struvite-K, citrate adsorption may be thought to occur in the 

nucleation stage and/or, as proposed for Ca-carbonate and Ca-phosphate systems, as early as in the 

pre-nucleation stage, by hindering the integration of lattice ions, impairing the formation of nuclei 

of critical size (Westin and Rasmuson, 2005; Chatzipanagis et al., 2016). When critical nuclei are 

formed, the growth of crystals is influenced by the selective adsorption of CA on the different 

crystal faces, in reason of their different affinity for the additive.  

 

4. Conclusions 

Precipitation of struvite-K from solution has been studied in the presence of citric acid at room 

temperature and pH 9, under different concentrations of the reactants and stirring speeds.  

- The apparent rates of struvite-K precipitation were reduced in the presence of the additive 

with respect to the control. As for the control, the rates decreased decreasing stirring speed 

and reactant concentration. 

- Under all conditions, the additive increased induction time with respect to the control. The 

extent of this effect was directly related to the amount of the additive and inversely related 

to the intensity of mixing and concentration of reactants. 
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- Citric acid caused a reduction in the total amount of precipitate with respect to the control. 

The extent of this effect was directly related to the amount of additive, in analogy with other 

experiments conducted on struvite, Ca-carbonate and Ca-phosphate. 

- Formation of citrate complexes, with MgCit- by far the most represented under the 

conditions of the experiments, is thought to be an inhibiting factor, contributing to the 

increase in induction times and decrease in the total amount of precipitate. 

- Adsorption of citric acid at the surface of the growing nuclei, and, perhaps, of pre-nucleation 

clusters, as well as at the crystal faces, is also occurring, and exerts control on the size and 

shape of the growing crystals. 

- According to the modifications induced by CA on the crystal habit of struvite-K, it is 

proposed that the additive strongly binds to the (001) faces. 
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