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Hydrothermal carbonization (HTC) liquor of waste activated sludge generated during urban sewage biotreatment
contains high concentrations of phosphate and thus is an appropriate resource for phosphorus recovery. The
influence of proteins in the HTC liquor on vivianite crystallization, as a promising phosphorus recovery method,
was investigated in this study from the perspectives of removal efficiencies and product properties. The proteins
in the HTC liquor were observed to remain in unhydrolyzed forms with free amino acids having a negligible

concentration. For vivianite crystallization in the synthetic HTC liquor with bovine serum albumin (BSA)
mimicking the unhydrolyzed proteins, the efficiencies of phosphorus removal and crystallization at pH 6
decreased by 13.5 % and 18.4 %, respectively, compared with the BSA-free controls. The strong interaction
between Fe and the proteins was suggested to be responsible for the reduced efficiency of vivianite formation and
the variation of crystal growth mode from spirally expanding to x/z-axis extending.

1. Introduction

Phosphorus (P) is an essential and irreplaceable element for all living
organisms whilst is hardly renewable under current technological con-
ditions (Mew, 2016; Steiner and Geissler, 2018). In recent years, the
massive consumption of phosphorus resources without effective recov-
ery and reuse has led to fast reduction in the phosphate rock reserves
(Cordell et al., 2009). The global loss of phosphorus resources to
freshwater was estimated to be 9-14 Mt a-1 (Brownlie et al., 2021). It is
also reported that 22 % of world demand for phosphate rock could be
met by merely recycling phosphorus in human wastes (Chrispim et al.,
2019).

Urban sewage contains approximately 3-5 mg L™! of phosphorus
(King et al., 1983), most of which will be enriched in waste activated
sludge during the biochemical treatments in wastewater treatment
plants (Yu et al., 2021). Sludge reduction, treatment and utilization have
become mandatory in many countries to minimize its potential envi-
ronmental impact (Kelessidis and Stasinakis, 2012; Yang et al., 2015).
Among the sludge treatment technologies, hydrothermal carbonization
(HTC) has attracted increasing attention because of its potentials in
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facilitating waste sludge reduction and nutrients recovery (Huang et al.,
2018; Wang et al., 2019; Xu et al., 2020). At a hydrothermal temperature
of < 250 °C, the sludge is decomposed and is subsequently converted
into a solid with a wide range of resources (Khalaf et al., 2023). HTC
eliminates the need for sludge drying as a pretreatment step, allowing
for effective treatment even when the sludge has a high moisture con-
tent. During the HTC process, most of the sludge phosphorus would end
up in inorganic forms (Huang et al., 2017). Organophosphate com-
pounds, polyphosphates and pyrophosphates can be converted into or-
thophosphates with a considerable proportion (e.g., 49 %) being
solubilized in the liquid phase (Huang and Tang, 2015; Lithmann and
Wirth, 2020; Ovsyannikova et al., 2019; Shi et al., 2019; Aragon-Briceno
et al., 2021). As such, the resulting stream contains a large amount of
orthophosphate which is relatively easy to recover. However, because of
the complex nature of HTC liquor, such as the highly diverse organic
components that are difficult to identify and quantify (Xu et al., 2022),
methods for effectively recovering the enriched phosphorus need to be
developed.

As direct reuse of phosphorus-carrying waste streams and solids to
agriculture has been banned in most countries (Karunanithi et al., 2015;
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Senthilkumar et al., 2014), phosphate crystallization is believed to be a
practical option for phosphorus recovery with the products including
calcium phosphates, struvite and vivianite (Liu et al., 2021; Wang et al.,
2022; Zhang et al., 2020). Recently, crystallization of vivianite (3Fe?* +
2P03~ + 8H50 — Fe3(PO4)2-8H,0) has attracted particular attention
due to the circumneutral working pH and the cost effectiveness by using
inexpensive Fe2* salts (Wu et al., 2019; Wilfert et al., 2016). Priambodo
et al. (2017) employed a fluidized bed crystallizer to treat
phosphorus-rich wastewater generated during the manufacture of thin
film transistor-liquid crystal displays, and proved that a phosphorus
removal efficiency of 95 % with a crystallization ratio of 63 % was
achieved via vivianite formation under the optimized operating condi-
tion. From the perspective of thermodynamics, the vivianite pathway of
phosphate recovery was reported to be compatible with the conditions
in anaerobic sludge digestion systems (Liu et al., 2018). In fact, the
formation of vivianite has been observed in the activated sludge in
multiple locations, such as surplus sludge lines and anaerobic digesters
(Prot et al., 2021; Wilfert et al., 2016). The formation and stable pres-
ence of vivianite crystals was also reported in wastewater biotreatment
systems even with aerobic units (Deng et al., 2020). Additionally, in a
membrane bioreactor for the acidogenic co-fermentation of activated
sludge and food waste, effective recovery of phosphorus was reported in
the form of vivianite (Li et al., 2018).

For the real application of vivianite crystallization to recover phos-
phorus from HTC liquor, understanding of the influencing factors is
important for process optimization. Several recent studies have dis-
cussed the key factors influencing vivianite formation, such as pH and
dissolved oxygen (DO) (Gachter and Miiller, 2003; Liu et al., 2018). The
carbonization liquor generated during the HTC treatment of waste
sludge contains not only high concentrations of phosphorus but also a
considerable amount of organic compounds, including proteins as the
most abundant organic molecules in microbial cells (Huang et al., 2021).
It was observed that natural organic matter readily binds Fell under
circumneutral reducing conditions, forming primarily mononuclear
complexes with citrate-like groups (Daugherty et al., 2017). However,
the influence of organic matters, especially proteins on vivianite for-
mation has not been clarified. As macromolecules with a complex spatial
structure, proteins may strongly interact with Fell by forming organ-
ic-Fe!" complexes (Qiao and Xie, 2019), reducing the availability of Fe!'
for vivianite crystallization (Chen et al., 2022).

The aim of this study was to explore the influences of proteins in the
HTC liquor on vivianite crystallization for phosphorus recovery. Crys-
tallization experiments were conducted with proteins and the mono-
mers, i.e., the component amino acids, to discuss the mechanisms of
protein-interfered vivianite crystallization.

2. Materials and methods
2.1. Chemicals and HTC liquor

All the inorganic and organic chemicals were of analytical reagent
grade. The inorganic chemicals were purchased from Guangfu Co., Ltd
(Tianjin, China). The amino acids were purchased from Meryer Chem-
ical Technology Co., Ltd (Shanghai, China). The bovine serum albumin
(BSA, lyophilized powder, V900933) was purchased from Sigma-Aldrich
(St. Louis, USA).

The sample of HTC liquor of waste sludge was from Jinzhong
wastewater treatment plant in Shanxi, China. The HTC liquor was
generated during the carbonization of waste sludge with 80 % moisture
content under the conditions of <300 °C and <10 Mpa. The water
quality of the HTC liquor is detailed in Table S1. A phosphate solution of
4.13 mM, as synthetic HTC liquor, was prepared with NaaHPO4 and
NaH,PO,4 according to the measured concentration of PO4-P in the real
HTC liquor. Four thousand mg/L of BSA was added to the solution to
mimic the proteins in the HTC liquor. The synthetic HTC liquor was also
amended with glutamic acid (2.15 mM), alanine (2.71 mM), glycine
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(2.97 mM), phenylalanine (0.66 mM), methionine (0.32 mM) or histi-
dine (0.18 mM) in the experiments for studying the influences of these
individual amino acids. A concentrated Fe** solution of 123.9 mM,
prepared by using FeSO4-7H,0, was used to add Fe?" for the vivianite
crystallization experiments.

All the solutions for crystallization experiments and water sample
analyses in this study were prepared with oxygen-removed deionized
(DI) water in order to minimize the oxidation of ferrous ions. The DO
levels were below the detection limit, namely 2 %, of the Oxi3310 DO
meter (WTW, Germany) after the solutions were purged with high-
purity Ny gas.

2.2. Crystallization experiments

Vivianite crystallization experiments were conducted in a tightly
sealed continuous stirred-tank reactor with a working volume of 550 mL
(Fig. S1). To minimize Fe'! oxidation, aluminum foil was used to wrap
the reactor and the Fe!! solution flask to protect them from light expo-
sure during the entire experiment. The hydraulic retention time (HRT)
was 30 min by adjusting the flow rate of synthetic HTC liquor as the
feed. An Fell solution was introduced to the reactor for an Fe/P molar
ratio of 1.5 as in the formula of vivianite. The Fe'' solution was acidified
to pH 2 to minimize Fe'' oxidation before being added to the reactor. The
top space of the flasks of feed and Fe!! solution was connected to high-
purity N, gas bags to maintain oxygen-free conditions during the
experiment. Six amino acids (glutamic acid, alanine, glycine, phenylal-
anine, methionine and histidine), selected by considering the abundance
and structure of the component amino acids of proteins in the HTC li-
quor, and BSA were added in the feed to study the influences of proteins
on the crystallization of vivianite.

The experiment was conducted at pH 6 for efficiently recovering
phosphorus whilst keeping the alkali dosage relatively small for the
maintenance of pH according to previous studies (Lemos et al., 2007;
Martin et al., 2020). The pH maintenance was achieved by adding 1 M
NaOH continuously with a pH meter monitoring (PHS-3G, Leici, China).
The concentrations of aqueous Fel, Fe'® and PO4-P were followed for 50
h (100 HRTs) till a steady state was reached. Both sampling and mea-
surement were conducted in triplicates.

Aqueous species were measured after filtering the samples through
0.22-ym polyethersulfone membranes (Membrana, Germany). The
unfiltered samples, after being treated in 3 M HCl, were used to deter-
mine the total amounts of Fe and phosphorus (including the aqueous and
solid forms) in the mixture. Aqueous fractions and the total amounts
were labeled with “,¢” and “x”, respectively. During the experiment,
solid samples were collected from the reactor at different operating
times and were freeze-dried for further characterization.

2.3. Analyses and calculations

Concentrations of amino acids in the real HTC liquor were deter-
mined by a Hitachi amino acid analyzer (L-8900, Japan). Protein con-
centrations were analyzed by Folin-lowry method (Lowry et al., 1951).
Concentrations of PO4-P, Fe™* (Fe!! + Fe'") and Fe' were measured by
Hach reagent kits with a DR3900 spectrophotometer (Hach, USA). The
morphology of the precipitates was analyzed using a high-resolution
field emission scanning electron microscope (JSM-6700F, JEOL,
Japan). The mineral phase was analyzed by a powder X-ray diffrac-
tometer (XRD-7000, Japan) in the 20 range of 5°—80°. Particle size
distribution (PSD) was determined on a Malvern Master Sizer 3000 (U.
K.). Approximately 5 ml of vivianite-containing suspension collected
from the crystallization reactor was dispersed in 400 ml of
oxygen-eliminated DI water at room temperature. Size distribution was
quantified at 3500 rpm with each sample measured 5 times for an
average.

The efficiency of phosphorus removal (Egy) was used to evaluate the
performance of the reactor in reducing phosphorus in the aqueous
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Fig. 1. Influences of bovine serum albumin and the six component amino acids on efficiencies of phosphate removal and crystallization during vivianite crystal-
lization experiments (a: glutamic acid; b: alanine; c: glycine; d: phenylalanine; e: methionine; f: histidine; g: bovine serum albumin).

phase, while the efficiency of crystallization (Erc) refers to the recov-
erability of the formed vivianite (excluding those washed-out fines). The
two efficiencies were calculated by Egs. (1) and (2), respectively (Yang
et al., 2023).

[POs = Pagly e X Qe — [POs =Py X Qur

1
[PO4 - Paq} inf X Qinf ( )

Ery =

[POs — Pagl,r % Qunt [POs — Prer X Qege

2
[PO4 _me]inf X Qinf ( )

ERC =

where [PO4-Pyglinf and [PO4-Pyqlesr are the concentrations of aqueous
PO4-P in the influent and effluent, respectively; [PO4-Pmylesr is the
concentration of total amounts of PO4-P in the effluent; Qyyf is the flow
rate of the phosphate-containing influent; Q. is the flow rate of the
effluent, equaling to the sum of Qj,r and Q{:Ie (the flow rate of added Fel'
solution).

The degree of Fe'l oxidation during the reaction was determined by
the mass fraction of Fel! within Fe'®, ie., m(Fe)/m(Fe™). The

calculation of the mass of Fe (Fe' or Fe'®!) include the amounts of Fe

that remained in the reactor and that had been discharged via the ef-
fluents as shown in Egs. (3) and (4) (Yang et al., 2023).

t

m(Fell'xIIIX) = Qeff x / [Fegllx] effdt+ Vreac X [FelITIlIX] reac (3)
0
t

m(Fe) = Qup x / [Fe]_dt + Vieae x [Fe] )
0

where t is the reaction time and the Fe in the reactor is labeled with
“reac”.

The degree of supersaturation for vivianite in the reactor was eval-
uated by saturation index (SI) as can be calculated by Eq. (5).

IAP
SI =log (—) 5)
Ky
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alanine; c: glycine; d: phenylalanine; e: methionine; f: histidine; g: bovine serum albumin).

where IAP is the activity product of ions, namely, {Fe?*}3e{P0O3 }>; Ksp
is the solubility product. The activities of Fe?* and PO3~ ions and SI
values were determined using Visual MINTEQ 3.0.

3. Results and discussion
3.1. Influences of proteins and amino acids on vivianite crystallization

In the HTC liquor, the proteins were observed to remain in unhy-
drolyzed forms with the free amino acids present in low concentrations
(Table S2). After hydrolyzing the proteins in the HCIl solution, 17
component amino acids were detected with the most abundant three,
glycine, alanine and glutamic acid, accounting for 40.4 %. This obser-
vation suggests that unhydrolyzed proteins might play an important role
in the crystallization of vivianite from the HTC liquor.

In order to explore the influences of proteins and the incorporated
amino acids on the process of vivianite crystallization, BSA and six of the
component amino acids were added into the phosphate feed for the
crystallization experiments. BSA was chosen to mimick the proteins in

the HTC liquor because: (1) the proteins in the HTC liquor were fairly
diverse (Fig. S2 and Table S3), none of which was in a significantly
dominant level; and (2) BSA was readily available and, more impor-
tantly, its major component amino acids were consistent with the ones
detected within the proteins in the HTC liquor (Table S4). The chosen six
free amino acids included the three most abundant component amino
acids of the proteins in the HTC liquor and three of the others with
specific molecular structures, namely carbon rings and sulfur-containing
R groups.

As shown in Fig. 1a—f, none of the six amino acids imposed signifi-
cant influences on vivianite crystallization with glutamic acid and his-
tidine slightly inhibiting and phenylalanine improving the reaction. In
contrast, the inhibitory effect of BSA was evident. Since the concentra-
tions of BSA and the six amino acids were all mimicking the corre-
sponding levels for the HTC liquor proteins and the major component
amino acids in BSA were included in the investigated six free ones, the
significantly higher interference from the BSA in vivianite crystalliza-
tion could be attributed to its structure complexity (Fig. S3). The R
groups that were the same for the free amino acids and BSA were
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unlikely responsible for the influence of proteins on vivianite crystalli-
zation. The dehydration condensation of amino acids with the peptide
bonds forming and the spatial structure resulting from the polypeptide
chain folding in the proteins, could have reduced the Ery and Egrc via
vivianite crystallization. The presence of Fe in certain protein molecules,
particular enzymes, has been widely recognized with the redox trans-
formation of Fe''/Fe'! playing an important role in transferring electrons
in bioreactions (Mbughuni et al., 2010; Radisky and Kaplan, 1998). It is
evident that the interaction between Fe and the multiple R groups in
proteins is substantially stronger than that with individual amino acids
(Albetel and Outten, 2018; Murphy et al., 2020). This would explain the
observed higher interference in vivianite crystallization from BSA than
the free amino acids.

3.2. Influences of proteins and amino acids on Si and Fe' oxidation

In the crystallization reactors amended with the six amino acids, the
SI levels for vivianite did not differ markedly from that in the control
reactor with all the values remaining in 5-6 (Fig. 2a—f). These SI values

were at the low-level side within the metastable zone, favoring the
growth of vivianite crystal (Liu et al., 2018). The addition of glutamic
acid led to a limited degree of increase in the SI levels during the process
of vivianite crystallization. In contrast, the addition of BSA resulted in a
notable increase of 1.2 in the apparent SI (the reduction in the activities
of Fe?™ and PO~ in the presence of proteins lack quantification
methods), being ~6.6 at the stable state. Although the effects of BSA on
the activities of Fe?* and PO3~ are not considered in the SI calculations
as the loss of free Fe>™ and PO3 ™~ ions (e.g., by Fe-protein complexation)
and consequently the reduction in the activity coefficients are difficult to
calculate due to the structural complexity of protein molecules, it is still
likely that the real SI values had shifted substantially to certain lower
levels compared with those in the control and the six amino
acids-amended cases. This is reflected by the larger size of vivianite
crystals formed in the presence of BSA (discussed in 3.3). Also, the
relatively low SI level provided a reduced driving force for vivianite
crystallization and explains the reduction in both the Egy and Egc values
in Fig. 1g, especially in the early period of the experiment.

Oxidation of aqueous Fe!' occurs readily when Oy is present (Melton
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et al., 2014; Pham and Waite, 2008). Vivianite crystals were also re-
ported to be unstable with the structural Fe! being oxidized in ambient
air (Chiba et al., 2020). Even in the absence of oxygen, auto-oxidation of
vivianite has been observed with the production of Hy (Hanzel et al.,
1990; Pratt, 1997). Fig. 2 shows the ratios of Fe!! oxidation observed
during the long-term operation of the crystallization reactors. Although
the reactors were strictly sealed, it is found that completely avoiding Fe'l
oxidation was impossible. The ratios of Fe!! oxidation under all the
conditions were comparable, being in the range of 10-20 % regardless of
the presence of BSA and amino acids. Therefore, in spite of the possible
influence of proteins on Fe' oxidation via the formation of complexes,
the significant inhibition of BSA on vivianite crystallization in this study
was unlikely related to the occurrence and degree of Fe'' oxidation
which could lead to insufficiency of Fe! for vivianite crystallization and
formation of Fe'! flocs that interfere with vivianite growth, etc. (Miot
et al., 2009).

3.3. Influences of proteins and amino acids on recovered products

The XRD patterns of the crystallization products obtained in the
presence of different amino acids and BSA indicate that the recovered
solids were all vivianite (PDF#79-1928) although the crystallinity
differed to various extents (Fig. 3). The presence of the amino acids
lowered the crystallinity of the resulting solids except for histidine, with
which the crystallinity was close to that in the control reactor. The

addition of BSA significantly reduced the crystallinity of the obtained
vivianite, as indicated by the diffraction intensity of the major crystal
planes (e.g., (020) at the 2 theta angle of 13.14°), and the crystallinity
did not increase noticeably with the reaction proceeding (Fig. 3h). The
results suggest that BSA in the solution inhibited the growth of vivianite
crystals along the (020) plane for a flat morphology (Fig. S4).

The distinct influences of the amino acids and BSA were also evi-
denced by the microscopic images of the recovered products (Fig. 4).
Regardless of minor variations, vivianite crystals obtained in the pres-
ence of the six amino acids were all plate-shaped, being close to the
morphology of vivianite formed in the control reactors. With alanine in
the solution, the crystals tended to grow to rectangular sheets (Fig. 4c),
while in the presence of the other amino acids, the phosphorus products
obtained were essentially single or paired triangle crystals. Interestingly,
in the presence of BSA, the morphology of vivianite changed completely
to be needle-shaped clusters with high uniformity (Fig. 4h). According to
the XRD results, BSA interfered the mode of vivianite crystallization by
inhibiting the growth along the (020) plane (Fig. 3h). This inhibition
reduced the crystallization rate and consequently decreased the phos-
phorus removal efficiency with an increased apparent SI level (Fig. 2g)
(Li and Sheng, 2021; Li et al., 2022).

The PSD curves reflect the differences in growth modes between the
amino acids- and BSA-amended reaction systems (Fig. S5). The single-
direction growth of vivianite in the presence of BSA resulted in big
sizes and a narrower range of size distribution. In contrast, for the
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Fig. 5. SEM images of the obtained products at 100 HRTs in the presence of different amino acids and bovine serum albumin (white arrows indicate the kinks and

steps observed during the spiral growth of vivianite crystals).

vivianite products obtained in the amino acids-amended solutions, the
growth rates were lower with two peaks of crystal size observed, indi-
cating a two-stage growth/aggregation mode for the crystal enlarge-
ment (insets in Fig. S5). The increased size and uniformity of products
and reduced phosphorus removal efficiency for the BSA-amended sys-
tem both suggest that vivianite crystallization was, indeed, proceeding
at lower supersaturation levels regardless of the high values of apparent
SI as a result of the incapability in quantifying the reduction in the
concentrations and activities of Fe>* and PO3~ ions in the presence of
BSA.

The SEM images provide additional evidences for the distinct modes
of vivianite growth for the amino acids- and BSA-amended systems
(Fig. 5). Small amounts of floc-like materials were observed on the
surface of vivianite crystals formed in the presence of the amino acids,
which, according to the yellow color (observed in Fig. 4) and
morphology, were likely amorphous ferric oxyhydroxide (AFO) (Mao
et al., 2016). Nevertheless, the AFO did not markedly influence the
spiral growth of vivianite crystals as revealed by the kinks and steps
observed in Fig. 5a-g. Although the addition of BSA did not change the

ratio of Fe' oxidation during the crystallization (Fig. 2), it was found to
have inhibited the formation of Fe! flocs as seen in the amino
acids-amended systems. Because of the strong Fe-BSA interaction with
multiple binding sites in the protein structure and the increased
apparent SI levels for vivianite formation, it is likely that the Fe' from
Fel oxidation had been effectively complexed to BSA (Fukuzawa et al.,
2005; Hung et al., 2010). The complexation of Fe and Fe! with BSA is
expected to have interfered with free Fe?* and PO3 ™~ ions positioning in
the kinks and steps and consequently altered the mode of vivianite
growth to not expanding the plane (020) but extending along the x/z
axis (Figs. 3h, 5h and S7).

Based on the above results, it is evident that the decrease in Egy; and
ERgc via vivianite crystallization in the BSA-amended system is related to
the structure of this protein as a macromolecule, not the individual R
groups on amino acids. Although it is impossible to identify and quantify
the enormous types of proteins in the HTC liquor, the strong interactions
(e.g., complexation) between the proteins and Fe (including Fe'' and
Fe'') are expected (Chen et al.,, 2022). The Fe-protein interactions
lowered the supersaturation levels by reducing the concentration of free
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Fig. 6. Effects of bovine serum albumin on efficiencies of vivianite crystallization at pH 5.5 (a) and 6.5 (b).

Fe''ion and activities of Fe' and phosphate ions. As a result, the removal
and recovery of PO4-P from HTC liquor became less efficient. To elim-
inate the inhibition by proteins, it is suggested that pretreatments of
sludge HTC liquor should be conducted in order to degrade proteins to
monomers (with amino acids as the major components) prior to viv-
ianite crystallization by either optimizing the HTC process or adding a
treatment step for the HTC liquor.

3.4. Effects of pH on protein influences on vivianite crystallization

The level of pH plays a determinative role in the crystallization of
vivianite because the speciation of both ferrous and phosphate ions and
consequently the supersaturation are pH-dependent (Yang et al., 2023).
With the pH increasing from 5.5 to 6.5, the efficiency of phosphorus
removal and recovery increased significantly as expected (Figs. 1g and
6), while the inhibiting influence of BSA on vivianite crystallization
remained although the extent of the inhibition seems to reduce slightly
at high SIs (Fig. S6). This would exclude an explanation that the influ-
ence of BSA on vivianite crystallization was due to its surface charge,
which is pH-regulated (Sah and Kundu, 2017). Compared with the dif-
ficulty in effectively retaining vivianite crystals in the reactor at pH 5.5,
the continuous growth and accumulation of vivianite particles at pH 6.0
and 6.5 was found to reduce the inhibition of BSA on the crystallization
(Figs. 1g and 6). The PSD curves and SEM images of the products ob-
tained at pH 6.5 demonstrate that the increase in pH did not affect the
growth mode of the vivianite crystals in the BSA-amended system
addressed in Section 3.3 (Figs. S4, 5 and S7). The improved phosphorus
removal at pH 6.5 increased the size of the products whilst the growth of
vivianite crystals along the (020) plane was limited.

4. Conclusions

The influences of proteins in the HTC liquor of waste sewage sludge
on vivianite crystallization for phosphorus recovery were discussed in
this study. The freed sludge proteins during the carbonization treatment
were mainly maintained in unhydrolyzed forms. The proteins could
markedly decrease the efficiencies of vivianite crystallization in the HTC
liquor whilst the components amino acids did not show similar in-
fluences. The inhibition of vivianite crystallization and the increase in
the crystals size in the presence of proteins indicate that the Fe-protein
interaction lowered the supersaturation level in the solution. The pro-
teins also altered the mode of vivianite growth from spirally expanding
to x/z axis-extending with the product morphology varying from being
plate-like to radiating.
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