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Abstract. This study investigated the effect of organic matter on the precipitation of struvite and calcium phosphate for
phosphorus recovery from synthetic dairy wastewater. Batch precipitation experiments were performed to precipitate
phosphorus from solutions containing PO,* and NH,4* by the addition of Mg?* and Ca?*, separately, at varying pH, Mg/P and
Ca/P molar ratios, and organic matter concentrations. Soluble total organic solids exhibited more inhibition to precipitation due
to potential interaction with other dissolved ionic species involved in phosphorus precipitation. Xylan with low total acidity only
exhibited significant inhibition at very high concentrations in synthetic wastewater (at up to 100 g/L). No significant inhibition
was observed for Mg and Ca precipitation at relatively lower concentrations (at up to 1.2 g/L). MINTEQ simulations show that
dissolved organic matter (DOM) as humic substances (HS) can cause significant inhibition even at relatively low concentrations
of 0.165 g/L fulvic acid. However, scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis suggested that
xylan altered the crystal structure of both precipitates and had caused the formation of smaller sized struvite crystals with slightly
rougher surfaces This could be due to xylan molecules adhering on the surface of the crystal potentially blocking active sites and

limit further crystal growth. Smaller particle sizes will have negative practical impact because of poorer settleability.
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1. Introduction

Phosphorus, apart from being an element essential to all
life, is also a valuable element in the chemical industry as it
is used, in one form or another, for the manufacture of a
wide range of products essential to modern society. Most of
the phosphorus supply, however, comes from rock
phosphate, which is a limited resource that is predicted to
deplete within the next century (Cordell et al. 2009, Oelkers
and Valsami-Jones 2008). The most important use of
phosphorus is the production of fertilizers. About 90% of
mineral phosphorus is used in agriculture, but only about
20% of it reaches the food consumed globally, while most
of it is wasted and end up in rivers and oceans (Childers et
al. 2011). This further adds to the problem because
excessive phosphorus is a serious pollutant in surface
waters due to its role in causing eutrophication (Smith and
Schindler 2009).

The two most promising alternative sources of
phosphorus are municipal wastewater treatment plant and
livestock farm effluents (Naidu et al. 2012). Approximately
40% of rock phosphorus ends up in animal wastes (Cordell
et al. 2009, Rittmann ef al. 2011). Several studies have been
devoted to developing processes for recovering the
phosphorus from these waste sources. The most well-
studied method is through chemical precipitation by the
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addition of metal salts, most notably Mg and Ca because of
the applicability of their precipitates directly as fertilizers
(Rittmann et al. 2011). Precipitation of phosphorus with Mg
as magnesium ammonium phosphate hexahydrate
(MgNH4PO4 6H>0) or struvite is most preferred because it
recovers two important nutrients (P and N), simultaneously,
and is known to have ideal fertilizer properties. The study
of struvite precipitation first gained attention when it was
found to cause scaling in pipes thus necessitating its
removal (Petzet and Cornel 2012, Sharp et al. 2013).
Alternatively, precipitation with calcium as hydroxyapatite
(HAP) (Cas(PO4);0H) is also common due its similarity to
rock phosphate in form thus making it a viable replacement
for it as raw material in the chemical industry (Cornel and
Schaum 2009).

Dairy industry waste is the most abundant nutrient
source in the agricultural sector (Hung et al. 2005,
Karunanithi et al. 2016) and thus is one of the most
promising alternative sources for recovered phosphorus.
The challenge, however, is that these wastes can contain
high amounts of metal ions and suspended solids (SS) that
can  potentially  inhibit = phosphorus  precipitation
(Huchzermeier and Tao 2012, Acelas et al. 2014, Tao et al.
2016). For struvite precipitation, one of the major inhibitors
is the calcium ion (Acelas et al. 2014, Ye et al. 2011), which
is present in dairy wastewaters at high concentrations
(Kataki et al. 2016). A few studies have found that organic
matter can also potentially inhibit phosphorus precipitation.
However, most of the already limited existing studies have
focused on natural organic matter particularly HS (Zhou et
al. 2015, Song et al. 2006, Zhang et al. 2015).
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Fig. 1 Schematic diagram for cellulose and xylan experiment

In practice, post-anaerobic digestion streams are the
prime targets for phosphorus recovery due to high nutrient
concentrations and relatively stable flow rates (Egle et al.
2015). However, for dairy manure and wastewater, other
organic substances such as fiber, in the form of cellulose,
hemicellulose and lignin can be present in high amounts
(Burke et al. 2005, MacConnell and Collins 2007).
Although these volatile organic matters are expected to
degrade after anaerobic digestion, studies have found that a
significant amount remains undigested (Pelacz-Samaniego
et al. 2017, Tambone et al. 2009).

At present, little information is known about the effect
of these organic matter on phosphorus precipitation. The
aim of this study was to understand and compare the effect
of and hemicellulose on phosphorus precipitation as struvite
and calcium phosphate with respect to the quantity of
phosphorus removed and quality of the precipitates. The
effect on precipitate quality was studied by analyzing the
changes in structure and morphology using XRD and SEM
analysis, respectively.

2. Material and methods
2.1 Chemicals

Potassium phosphate tribasic (K3POs, > 98.0%) was
purchased from Junsei Chemical Co., Ltd., Japan.
Ammonium chloride (NH4Cl, > 98.5%) and magnesium
chloride hexahydrate (MgCl,'6H,0, > 98.5%) were
purchased from Samchun Pure Chemical Co., Ltd., South
Korea. Calcium chloride (CaCl,, > 93.0%) was purchased
from Daejung Chemicals and Metals Co., Ltd., South
Korea. Cellulose (= 98%) was purchased from Sigma-
Aldrich Co., Ltd., USA. Xylan from corn core (= 75%
xylose residue) was purchased from Tokyo Chemical
Industry Co., Ltd., Japan.

2.2 Batch tests

Phosphorus precipitation was achieved through batch
tests using synthetic wastewater solutions (SWS). The
solutions were to contain 250 mg/L of PO4*, 500 mg/L
NH4*, and varying concentrations of Mg?" or Ca?* based on
selected Mg/P and Ca/P molar ratio. The three selected
molar ratios were based on stoichiometric equivalent, 50%
and 100% excess of the metal ion concentration based on
struvite and HAP precipitation with magnesium and

calcium, respectively. For example, since 1 mol of PO4*
stoichiometrically requires 1.67 mol of Ca®" to form 1 mol
of HAP (or 1.0 Ca:P molar ratio), therefore 50% excess of
Ca?" is equivalent to 2.5 mol Ca®" for 1 mol of PO+* (or 2.5
Ca:P molar ratio). Stock solutions were made by dissolving
potassium phosphate tribasic (K3PO4), ammonium chloride
(NH4CI), magnesium chloride hexahydrate (MgCl,:6H,0),
and calcium chloride (CaCly) in ultrapure water to produce
the SWS for POs*, NH,", Mg?" and Ca?', respectively.
Initial solution pH was also varied by the addition of
appropriate amounts of 1.0 M and 2.0 M NaOH or 2.0 M
HCl solutions.

2.2.1 Struvite precipitation test in the presence of
cellulose and hemicellulose

Two major components of organic matter (OM) present
in dairy manure, cellulose and hemicellulose, were selected
to understand the effect of OM on struvite precipitation.
Varying amounts of cellulose and hemicellulose (as xylan)
were added to SWS containing PO4** and NH;" in 50 mL
conical tubes. Each SWS were then spiked with appropriate
volumes of Mg?" stock solution corresponding to the Mg/P
molar ratio being tested. The solutions were then allowed to
reach equilibrium by continuous mixing using a tube
rotator. The equilibrium concentration of free reactive PO4>
was then measured to quantify phosphorus removal. Fig. 1
shows a schematic diagram of this experimental procedure.
All experiments were done in triplicates.

2.2.2 Struvite and hydroxyapatite precipitation in the
presence of low soluble xylan concentration

After investigating struvite formation in the presence of
two different types of OM, the effect of relatively low xylan
concentration on phosphorus removal by struvite and
hydroxyapatite precipitation was studied. Variable
concentrations of xylan (0, 0.6 and 1.2 g/L) based on typical
hemicellulose concentrations in anaerobically digested
dairy manure filtrate (Tambone ef al. 2009, Huchzermeier
and Tao 2012, Tao et al. 2016) was tested. Batch
precipitation tests were conducted using a jar tester at
ambient temperatures. Immediately before the start of the
reaction, one set of SWS was spiked with Mg stock
solution, and the other with Ca stock solution. Upon the
addition of Mg and Ca, the solutions were stirred at 260
rpm for 120 min. The pH was measured using Thermo
Scientific Orion 4-Star pH meter after 60 min and
appropriate amounts of 2.0 M NaOH or 2.0 M HCI solution
was added to maintain the designated pH.
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Fig. 2 Schematic diagram for xylan experiment on struvite and hydroxyapatite precipitation

Table 1 Parameters set for the experiments performed

Molar ratio

H Xylan (g/L
P ylan (/L) Mg/P Ca/P

Variable pH

0
0.6 1.5 2.5
11 1.2

Variable molar ratio

0 1 1.67
9 0.6 1.5 2.5
1.2 2 333

Two sets of experiments were performed. In the first
experiment, the solution pH was varied while maintaining
constant Mg/P and Ca/P molar ratios. The two sets of
synthetic solutions were spiked with Mg and Ca stock
solutions to attain 1.5 and 2.5 Mg/P and Ca/P molar ratios,
respectively. In the second experiment, the Mg/P and Ca/P
molar ratios were varied while maintaining constant
solution pH. For the Mg precipitation, each solution was
spiked with Mg stock solution corresponding to 1, 1.5 and 2
Mg/P molar ratio. For the Ca precipitation, they were spiked
with Ca stock solution corresponding to 1.67, 2.5 and 3.33
Ca/P molar ratio. Table 1 summarizes the parameters for
this experiment. All experiments were done in triplicates.

After 120 min, the final solutions were then filtered
using a vacuum filtration system and GF/C grade glass
microfiber filters (Whatman, UK). The residues collected
were dried in a desiccator cabinet at ambient conditions for
24 hours. The filtrates were collected for compositional
analysis. Fig. 2 shows the schematic diagram for the entire
experimental procedure.

2.3 Chemical and instrumental analyses

Phosphorus removal efficiency (PRE) was quantified
based on the concentration of residual PO4* which was
measured using molybdovanadate methods (HACH, USA)
with a DR6000 UV/VIS spectrophotometer (HACH, USA).
The precipitates were characterized by SmartLab X-ray
diffractometer (Rigaku, Japan). The morphology of the
collected precipitates was analyzed using JSM-6500
scanning electron microscope (Jeol, Japan).

2.4 Visual MINTEQ

Visual MINTEQ 3.1 was used to simulate the effect of

dissolved organic matter (DOM) on phosphorus
precipitation with Mg?" and Ca?". The Stockholm Humic
Model (SHM) was used to simulate effects of humic
substances as fulvic acid. Initial conditions were set to be
the same as in the batch experiments for low xylan
concentrations. Fixed pH and molar ratio of Mg/P and Ca/P
were varied. DOM concentration was set at 0, 50, 100, 600,
1200 and 2000 mg/L. Equilibrium concentration data
particularly that of PO4* was then analyzed.

3. Results

3.1 Effect of cellulose and hemicellulose on struvite
precipitation

First, the effect of insoluble cellulose and soluble xylan
on phosphorus removal by struvite precipitation was
studied. Residual PO* was measured after precipitation in
the presence of varying amounts of cellulose and xylan to
measure their influence on phosphorus removal efficiency
(PRE). Fig. 3 shows the PRE after struvite precipitation at
varying pH, Mg/P molar ratio, and cellulose and xylan
concentration. From Figs. 3(a) and 3(b), varying the amount
of cellulose from 0 to 100 g/L did not significantly affect
residual PO4** concentrations regardless of Mg/P ratio and
pH. On the other hand, Figs. 3(c) and 3(d) shows that 100
g/L of xylan in solution resulted in reduced PRE, except at
Mg/P molar ratio of 0.5 at pH 9.

3.2 Effect of low soluble xylan concentrations on
struvite and hydroxyapatite precipitation

3.2.1 Variable pH

To study the potential inhibitory effects of relatively low
soluble fiber xylan on the precipitation of phosphorus using
Mg?" and also its alternative Ca®*, the amount of phosphate
removed from the solutions were measured and the
phosphorus recovery efficiency (PRE) was computed. The
concentrations used were based on typical hemicellulose
concentrations in anaerobically digested dairy manure
filtrate (Tambone et al. 2009, Huchzermeier and Tao 2012,
Tao et al. 2016). PRE was computed based on the measured
residual reactive phosphate in the collected filtrates. Fig. 4
shows the measured PREs at different pH and xylan
concentrations after Mg and Ca precipitation at 1.50 and
2.50 Mg/P and Ca/P molar ratio, respectively, at pH 9 and
11.
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Fig. 6 XRD patterns for Mg and Ca precipitates at varying pH and xylan concentrations along with reference pattern

Based on the results, no significant differences were
observed between the PRE in the absence and presence of
0.6 and 1.2 g/L of xylan at both pH. However, PRE
improved at higher pH for Ca®" precipitation.

The inhibitory effects of xylan on P precipitation using
Mg and Ca was tested on low and high Mg/P and Ca/P
molar ratios. Fig. 5 shows the measured PREs for both Mg
and Ca precipitation at pH 9 at varying molar ratios. At
stoichiometric ratios (1.00 for Mg and 1.67 for Ca), xylan
did not significantly affect the removal of P for both Mg
and Ca precipitation. At twice the stoichiometric molar
ratios (2.00 for Mg and 3.33 for Ca), the same results were
found.

3.3 Effect of soluble xylan on precipitate quality

3.3.1 X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed to
identify and analyze the crystal structure of the collected
precipitates. Figs. 6(a) and 6(b) shows the results from the
XRD analysis of the precipitates for Mg and Figs. 6(c) and
6(d) for the Ca precipitates. The precipitates were identified
to be struvite and amorphous hydroxyapatite for the Mg and
Ca precipitates, respectively. For both precipitates,
alterations in the relative intensities of some peaks were
observed as the concentration of xylan increased. The
diffraction peaks for the hydroxyapatite precipitates were
very broad compared to struvite precipitates with sharp
peaks.

3.3.2 Scanning electron microscopy analysis

Scanning electron microscopy (SEM) analysis of the
precipitates was done to further understand the effect of
xylan on the quality of the precipitates. Fig. 7 shows images
of the struvite precipitates at pH 9 with 0 and 1.2 g/L xylan

concentrations. The struvite precipitates for both with and
without xylan were observed to be needle-shaped, which is
consistent with findings from other studies (Ye ef al. 2014,
Shih and Yan 2016, Li et al. 2015). Observation of Figs.
7(a) and 7(b) clearly suggests that the presence of xylan
caused a decrease in the average particle size. At higher
magnification as shown in Figs. 7(c) and 7(d), it can be
observed that the precipitates in the presence of xylan had a
slightly rougher surface compared to those precipitated in
its absence. For the Ca precipitates, no valuable information
could be collected on the effect of xylan on the average
particle sizes due to the large variability of the particle
sizes. A closer look at the surface of the precipitates shows
no significant difference exists between those precipitated
in the presence and absence of xylan.

4. Discussion

In the first experiment, a comparison was made on the
effect of cellulose and hemicellulose on phosphorus
removal by struvite precipitation. Natural cellulose
biopolymer is made up of glucose residues and is known to
be insoluble in water (Medronho et al. 2012).
Hemicellulose, specifically xylan from corn core, on the
other hand, is comprised of 4-O-methyl-D-glucuronic acid,
L-arabinose and D-xylose residues in approximately 2:7:19
ratios, respectively (Oliveira et al. 2010, Kumar and Negi
2012), and is soluble in water. Residual PO4> concentration
was used as an indirect measure of phosphorus removal
such that lower values meant more phosphorus was
precipitated. As shown in Fig. 3, up to 100 g/L of xylan in
solution resulted in less phosphorus precipitation, while
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increasing the amount of cellulose to the same amount
caused no significant effects even at a higher Mg/P molar
ratio. This indicates that up to 100 g/L of xylan caused more
inhibition compared to cellulose. This could be attributed to
intermolecular interactions between the ions involved in
phosphorus precipitation, such as PO4*, NHs" or Mg?" and
the carboxylic acid group in the glucuronic acid residues of
the dissolved xylan (Fig. 8).

To further explore the influence of xylan, especially at
relatively lower concentrations common in dairy
wastewaters, its effect on phosphorus precipitation with
Mg?* and additionally the alternative Ca’* was studied.
Although calcium phosphate precipitation does not recover
nitrogen, it remains an attractive alternative for phosphorus
recovery because of lower operational costs (de-Bashan and
Bashan 2004), its similarity to rock phosphate, the
abundance of Ca?" in dairy wastewaters (Cornel and Shaum

COOH

Me0
HO R
OH|
OH 3]
4 [ o HO O--..
o H H
OH

HOH;CQ/

OH
Fig. 8 Structure of (L-arabino)-4-O-methyl-D-glucurono-
D-xylan (Heinze and Daus 2011)

2009) and its ability to inhibit struvite precipitation (Yan
and Shih 2016). Phosphorus removal was measured at
different conditions in the presence of 0, 0.6 and 1.2 g/L
xylan, which are values that correspond to typical
hemicellulose concentrations in anaerobically digested
dairy manure filtrate (Tambone et al. 2009, Huchzermeier
and Tao 2012, Tao et al. 2016). At constant molar ratio and
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variable pH, no significant inhibition was observed at pH 9
and 11 for both Mg?* and Ca®" precipitation in the presence
of up to 1.2 g/L of xylan. At constant pH, and variable Mg/P
and Ca/P molar ratio, increasing xylan concentration to up
to 1.2g/L also did not cause significant inhibition even at
low molar ratios for both Mg?* and Ca?" precipitation. No
precipitates were recovered at pH 6 due to increased
solubility of precipitates. It was evident, therefore, that at
1.2 g/L of xylan, intermolecular interactions between xylan
molecules and relevant ionic species were not sufficient to
cause significant inhibition despite having low Mg?" and
Ca®" concentrations at low Mg/P and Ca/P molar ratios,
respectively.

To better understand how DOM and the functional
groups present affect phosphorus precipitation, equilibrium-
based computer simulations were conducted using visual
MINTEQ. These simulations probed the effect of DOM as
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fulvic acid (FA), the more soluble component of HS, on the
chemical equilibrium for the precipitation of struvite and
hydroxyapatite. Fig. 9 shows how varying DOM
concentrations affected phosphate precipitation for both Mg
and Ca precipitation.

Based on the simulation results, a decrease in PRE could
be observed even at 0.05 g/L concentration of both Mg and
Ca precipitation (Fig. 9). Evidently, phosphorus
precipitation further decreased at higher HS concentrations.
However, higher Mg/P and Ca/P molar ratios decreased the
effect of HS on the precipitation due to increased supply of
Mg?" and Ca?" ions. This is because HS is well known to
have high tendency to complex with metallic ions, such as
Mg?* and Ca?*, due to the presence of carboxylic and
phenolic acid groups (JanoS$ et al. 2008). The soluble
component of HS, fulvic acid, contains several acidic
functional groups amounting to 900 to 1400 mmol/100 g
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Fig. 10 Change in PRE in the presence of different DOM concentrations

total acidity (Pefia-Méndez et al. 2005). This has also been
observed in other experimental studies. Zhou et al. (2015)
found that dissolved HS caused significant inhibition by
complexing with Mg?* species at weak alkaline pH,
lowering the amount available for crystallization. However,
inhibition was minimized at higher Mg/P molar ratios and
higher pH. Song et al. (2006) found the same results with
HS in Ca?* precipitation. This tendency for HS to bind with
metal ion species is due to the presence of carboxylic and
phenolic acid groups (Zhou et al. 2005, Janos et al. 2008)
because of their high affinity to such ions.

However, as shown in previous Fig. 8, xylan from corn
core roughly has about 200 mmol carboxylic acid per 100 g
of monomer based on the approximate 2:7:19 ratio of 4-O-
methyl-D-glucuronic acid, L-arabinose and D-xylose,
respectively (Oliveira et al. 2010, Kumar and Negi 2012). It
is therefore predicted that xylan would have lesser

affiliation with cationic species such as Mg and Ca.

PRE for Mg precipitation peaked at pH 10 for all Mg/P
molar ratios before plummeting to zero beginning from pH
10.5 to 11.5. This decrease was because Mg(OH), (brucite)
was predicted to precipitate at higher pH by the simulation.
It was also predicted that higher Mg/P molar ratio decreases
the pH required to favor brucite precipitation. For Ca
precipitation, on the other hand, only hydroxyapatite was
predicted to precipitate. Higher Ca/P molar ratio decreases
the pH required to reach peak PRE, after which the value
remains constant. In comparing the effect of HS between
Mg and Ca precipitation, it was clear that Ca precipitation
of phosphorus was less affected. This could be due to the
higher affinity of fulvic acid, the soluble component of HS,
for Mg compared to Ca (Murray and Linder 1984).

In Fig. 10, the difference between the PRE in the
presence and absence of HS was plotted. Consistently, the
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magnitude of the effect of HS on Ca precipitation was less
compared to Mg precipitation. Again, minimum change in
PRE for Ca precipitation was reached at lower pH as Ca/P
molar ratio was increased. For Mg precipitation, minimum
change in PRE was attained at pH 9.5 on all Mg/P molar
ratio, which is around the optimum pH for struvite
precipitation (Li et al. 2012, Kim et al. 2017, El Diwani et
al. 2007).

For the effect of organic matter on precipitate quality,
analysis of the XRD patterns for both Mg and Ca
precipitates showed that increasing xylan concentration
caused changes in the relative intensities of some diffraction
peaks. This suggests that that the presence of xylan caused
changes in the crystal structures of the precipitates.
Furthermore, the observed decrease in crystal size based on
SEM analysis for Mg precipitates in the presence of xylan
supports the idea that it may have blocked active sites on
the crystal surface, thus limiting further crystal growth
(Zhang et al. 2015, Borsos et al. 2015).

Therefore, although xylan did not complex with the
metal ion species, there is evidence that they may have
adhered on the crystal surfaces thereby causing the
precipitation of smaller crystals. This has many negative
implications, particularly for engineering applications. For
example, precipitate collection methods involving gravity
could be affected by the smaller particle sizes. Furthermore,
the adhesion of foreign matter on the precipitates could
yield lower quality products. The mechanism of the
adhesion of xylan, considering its chemical structure, on the
crystal surfaces, however, is not clearly understood and will
be explored in future studies.

5. Conclusions

Experiments have found that soluble total organic solids
exhibit more inhibition to precipitation due to potential
interaction with other dissolved ionic species involved in
phosphorus precipitation. Soluble OM with higher total
acidity, however, is more inhibiting than others with lower
total acidities. In this case, xylan with low total acidity only
exhibited significant inhibition at very high concentrations
in synthetic wastewater (at up to 100 g/L). No significant
inhibition was observed for Mg and Ca precipitation at
relatively lower concentrations (1.2 g/L). Based on
simulation results, the presence of acidic functional groups
in OM is important for the limitation of phosphorus
precipitation. Examination of the quality of the Mg and Ca
precipitates formed in the presence of xylan, however,
suggested that its presence altered the crystal structure of
both precipitates and had caused the formation of smaller
sized struvite crystals. Crystal sizes for Mg precipitates
were also observed to be smaller when precipitated in the
presence of xylan. A slight change in crystal surface was
also observed on the surface of struvite crystals. This could
have been due to xylan molecules adhering on the surface
of the crystal potentially blocking active sites and limit
further crystal growth. Smaller particle sizes will have
negative practical impact, for instance in the collection of
the precipitates by gravity settling because of poorer
settleability of the precipitates.
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