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Insight into the effect of pH-adjusted acid on thermodynamic
properties and crystallization sequence
during evaporative-crystallization process of hydrolyzed urine
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Abstract
The evaporative-crystallization process (ECP) is a frequently used approach for complete nutrient recovery from human urine,
and crystallization sequence is related to the selection of seed and the optimization of crystallization process. In this study, three
hydrolyzed urine (HU) samples, which were acidified to an initial pH of 4 with HCl, H2SO4, and H3PO4, were used to recover
crystallized products by ECP, their crystallization process and thermodynamic properties during ECP were compared, and the
detailed crystallization sequence was analyzed using the PHREEQC-2 simulation. The results showed that the pH-adjusted acid
has a significant effect on crystal precipitation, and the new crystal in HCl-4-HU, H2SO4-4-HU, and H3PO4-4-HU first appeared
at volume concentration factors (CFV) of 19.61, 9.90, and 9.96, respectively. Furthermore, the simulated crystallization process
characteristics of HU by PHREEQC-2 have a good fit with the actual experimental data, and crystallization sequence of HCl-4-
HU, H2SO4-4-HU, H3PO4-4-HU during ECPwere NH4Cl (CFV from 10.25 to 100) / NaCl (CFV from 71.43 to 100), NH4NaSO4

(CFV from 10.25 to 55.56) / NH4Cl (CFV from 20 to 100) / (NH4)2SO4 (CFV from 40.45 to 100), NH4H2PO4 (CFV from 10.25 to
100) / NaH2PO4 (CFV from38.46 to 55.5) / NaCl (CFV from 45.46 to 100), respectively. The present study clearly reveals the
crystallization sequence and thermodynamic properties of nutrient elements in acidified HU, which provides an important
theoretical basis for the optimization of crystallized products obtained from HU for future study.
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Abbreviations
ECP Evaporative-crystallization process
HU Hydrolyzed urine
CFV Volume concentration factors
Vcon. Volume of concentrated HU
CFD Detected concentration factor
CFN Normalized concentration factor

IAP Ion activity product
Ks Solubility product
TAN Concentrations of total ammonia

Introduction

Human urine is part of the domestic sewage, which contains
the main nutrient with approximately 80% nitrogen (N), 50%
phosphorus (P), and 70% potassium (K) (Chipako and
Randall 2020; Volpin et al. 2019). Moreover, the content of
N, P, and K in urine is balance, and their proportion is consis-
tent with the nutrient demands of general crops, which can be
directly utilized as a liquid fertilizer after 6 months of storage
and was widely used in some rural and suburban areas, such as
Tai Lake Region in China (Karak and Bhattacharyya 2011;
Pronk and Koné 2009). Thus, the urine separation and nutrient
recovery are consistent with sustainable development; they
can reduce almost 20% of agricultural fertilizer requirements
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and over 80% of the total load of N and P in sewage plants
(Alemayehu et al. 2020; Malila et al. 2019). However, the
large storage capacities and high transportation cost limit the
direct use of liquid urine as fertilizer on a large scale
(Alemayehu et al. 2020). Therefore, technologies for on-site
nutrient recovery as solid products from urine are favorable
and urgently required.

Till now, various techniques are used for the in situ recov-
ery of nutrients from urine, such as ammonia stripping (Jiang
et al. 2016; Tao et al. 2019), struvite crystallization (Barbosa
et al. 2016; Huang et al. 2019a; Huang et al. 2019b), and
adsorption (Jiang et al. 2016; Liu et al. 2020; Xu et al.
2018). Ammonia stripping can recover only N in urine (Tao
et al. 2019); struvite crystallization can recover N, P, and K as
precipitates of MgNH4PO4·6H2O and/or MgKPO4·6H2O, but
the recovery rate of N and K is less than 10% without a P
source (Barbosa et al. 2016; Huang et al. 2019a; Huang et al.
2019b). Different ionic charges between NH4

+/K+ and PO4
3−

make it difficult for adsorption materials to simultaneously
adsorb N, P, and K (Liu et al. 2020; Xu et al. 2018).
Combination of two or three techniques, such as ammonia
stripping followed by a struvite-K precipitation or ammonia
stripping combinedwith an adsorption of P and K, can recover
N, P, and K together, but the combination processes will bring
complex operation problems. On the other hand, dehydration
techniques such as evaporation (Antonini et al. 2012; Jiang
et al. 2017), freeze-thaw (Gulyas et al. 2004; Randall and
Nathoo 2018), alkaline dehydration (Simha et al. 2020), and
membrane technology (Volpin et al. 2020; Wang and Wei
2020) also can obtain solid products that contain nearly full
N, P, and K in urine by concentrating the dissolved salts to
their solubility limitation. Among them, evaporation is con-
sidered be the most suitable for large-scale application in prac-
tice due to its easy operation. Additionally, solar thermal
equipment can be applied for urine evaporation in the regions
with sufficient sunlight, which can reduce energy consump-
tion, and ultraviolet radiation in sunlight plays a positive role
in the degradation of micropollutants and pathogens in urine
(Antonini et al. 2012; Jiang et al. 2017).

Human urine usually exists in the form of hydrolyzed urine
(HU) with a pH of approximately 9.2 because there are urease-
active bacteria in the actual collection and storage system. Thus,
minimizing ammonia volatilization is the key to the evaporation
process of urine hydrolyzation (Ledezma et al. 2015). Presently,
nitrification is used to oxidize 50% NH4

+ in urine to NO3
− to

stabilize NH4
+ (Udert and Wächter 2012). However, many

ammonia-oxidizing bacteria and nitrite-oxidizing bacteria are re-
quired, and strong anti-shock loading capability of system was
required, which result in the strict operation and difficult imple-
mentation. Compared with nitrification, adding acids such as
HCl, H2SO4, and H3PO4 to hydrolyze urine is the most direct
and convenient method to inhibit ammonia volatilization. The
optimal initial pH of 4 was determined by considering both N

retention and acid consumption in our previous study (Jiang et al.
2017). Furthermore, the final crystallization products of HU acid-
ified by different pH-adjusted acids were significantly different
due to the changes in ion composition, which also affects the
crystallization process of HU (Jiang et al. 2017). As we know,
the addition of a seed to the concentrated urine with the same
composition as the crystalline intermediate is beneficial to the
crystallization process. Thus, it is necessary to clarify the detailed
crystallization sequence during the evaporative-crystallization
process, which is related to the thermodynamic properties of
the electrolyte (Abdel Wahed et al. 2015). However, till now,
few studies clearly revealed this question.

Therefore, the primary objective of this study is to deter-
mine the crystallization sequence during the evaporation-
crystallization process (ECP) of hydrolyzed urine acidized
by three different pH-adjusted acids (HCl, H2SO4, and
H3PO4). More specifically, the main ion concentrations of
three acidized hydrolyzed urine at different volume concen-
tration factors were experimentally studied. The thermody-
namic characteristics of the crystallization process were ana-
lyzed. PHREEEQC-2 was used to simulate the changes in ion
concentration in the urine evaporation-crystallization process
and analyze the theoretical crystallization sequence. This
study provides an important theoretical basis for the optimi-
zation of HU crystalline products.

Materials and methods

Collection and pretreatment of urine

Undiluted fresh urine was collected from a modified ordinary
urinal (no water flush) in a public male toilet on campus of
Xi’an University of Architecture and Technology in China.
The urine was completely hydrolyzed after 5~7 days of stor-
age, and it was defined as HU. HU was divided into three
portions, and its pH was adjusted to 4 by HCl, H2SO4, and
H3PO4 to make the samples of HCl-4-HU, H2SO4-4-HU, and
H3PO4-4-HU. Their specific physico-chemical properties are
shown in Table 1.

Evaporation-crystallization experiments

The installation drawing of evaporation-crystallization exper-
iments is shown in Fig. 1. To reduce the effect of subsequent
sampling processes on the accuracy of the experimental data,
multiple sets of 1-L flask evaporators were set up and num-
bered; 500 mL HCl-4-HU, H2SO4-4-HU, and H3PO4-4-HU
were added into the flask evaporators, and their temperature
was controlled at 65 °C by heating the bottom of the flask, the
generated vapor was condensed by tap water in the cooling
coil, and the condensate was collected in a 250-mL beaker
containing 50 mL 2% H3BO3.
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Sampling: pH, EC, and volume of concentrated HU (Vcon.)
were detected accurately while residue volume of concentrat-
ed in flask evaporators was approximately 400, 350, 300, 250,
200, 150, 100, 50, 25, 15, 10 ml, respectively, and concentrat-
ed HUwas sampling for analysis of NH4

+, Na+, K+, Cl−, SO4
2

−, and PO4
3− concentration, and flask evaporators were not put

back. The specific Vcon. and corresponding volume concen-
tration factor (CFV) are listed in Table 2. Additionally, for
better comparing the concentration difference of different in-
organic ions, a normalized concentration factor (CFN) were
defined, which was the ratio of detected concentration factor
(CFD) and CFV of an inorganic ion during the evaporative-
concentration process (Eq. 1),

CFN ¼ CFD
CFV

ð1Þ

where the specific calculation formula of CFD and CFV
were shown as following (Eq. 2 and 3),

CFD ¼ Ct

C0
ð2Þ

CFV ¼ V0

Vcon:
ð3Þ

where Ctwas the concentration of some ion at the time of t,
mg/L; Ct was the initial concentration of some ion, mg/L;
Vcon. was the volume of concentrated HU during ECP, mL;
V0 was the original HU volume before evaporation, mL.

Analysis of crystallization thermodynamic properties

The crystallization equilibrium thermodynamic properties
were mainly studied by calculating the solution ion activity
coefficient (γ) and ion activity product (IAP). When the IAP
of the considered electrolyte in solution reaches or exceeds the
solubility product (Ks) of the electrolyte, it means that the salt
crystallizes or precipitates (Hajbi et al. 2011; Li et al. 2019b).
Presently, the computing methods of γ and IAP are mainly
included in the Specific Ion Interaction Theory Model (SIT)
and Pitzer Model. Pitzer Model is far more complex than SIT,
but Pitzer offers a more accurate model of ionic activity coef-
ficients for hypersaline brines such as urine (Lassin et al.
2018; Yang et al. 2020). Thus, the Pitzer Model equation
was selected for this study. The detailed computing method
by Pitzer Model was referred to the research of Ferid et al. in
this study (Hajbi et al. 2011).

Chemical simulation of ECP

The simulated evaporation-crystallization process of natural
waters (lake water, seawater, etc.) by PHREEQC is widely
used because it can remove moles of water from the solution,
and PHREEQC is a publicly available, expandable, and well-
documented geochemical modeling code with an extensive
thermodynamic database (Zhang et al. 2019). HU is essential-
ly a type of water solution containing a high concentration of

Table 1 The main physical and chemical characteristics of HCl-4-HU,
H2SO4-4-HU, and H3PO4-4-HU in the experiment

HCl-4-HU H2SO4-4-HU H3PO4-4-HU

Mean ±SD Mean ±SD Mean ±SD

NH4
+ (mg/L) 5512.94 257.61 5569.19 431.95 5541.06 508.38

Na+ (mg/L) 3180.74 137.14 3213.20 262.67 3196.97 332.03

K+ (mg/L) 1212.59 152.62 1224.96 98.04 1218.77 51.49

Cl– (mg/L) 15229.14 625.45 5178.43 239.94 5152.27 322.80

SO4
2– (mg/L) 1397.99 82.67 6202.06 477.16 1405.13 131.37

PO4
3– (mg/L) 272.64 34.24 275.42 22.44 8494.05 640.07

pH 4.01 0.11 4.02 0.08 4.01 0.07

EC (mS/m) 56.12 4.23 60.40 4.97 74.28 5.62

HU

H3BO3

cooling coil

heating apparatus

vapor

condensate

temperature probe

Fig. 1 The experimental installation drawing of evaporation-
crystallization of HU

Table 2 The specific volume of concentrated (Vcon.) and corresponding
volume concentration factor (CFV) of HU during the evaporation-
concentration process

No. HCl-4-HU H2SO4-4-HU H3PO4-4-HU

Vcon. (mL) CFv Vcon. (mL) CFv Vcon. (mL) CFv

1 400.5 1.25 401.0 1.24 399.0 1.25

2 351.5 1.42 350.5 1.42 351.0 1.42

3 301.0 1.66 299.0 1.67 302.0 1.65

4 249.5 2.00 249.0 2.01 250.5 1.99

5 202.5 2.47 200.5 2.49 201.0 2.48

6 151.0 3.31 150.5 3.32 150.0 3.33

7 100.5 4.97 99.0 5.05 102.5 4.87

8 50.6 9.88 50.5 9.90 50.2 9.96

9 25.5 19.61 25.2 19.84 24.8 20.16

10 15.5 32.26 15.0 33.33 15.2 32.89

11 10.4 48.07 10.2 49.02 10.5 47.62
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inorganic salt, which is similar to the composition of seawater.
Hence, PHREEQC was selected to simulate the evaporation-
crystallization process of HU, and the crystallization sequence
of nutrients in different acid-adjusted HU samples was theo-
retically analyzed.

Based on PHREEQC-2 modeling of HU evaporation-
crystallization process, the following assumptions were made in
this study: (1) influence of HU crystallization thermodynamic
was considered only and evaporation-crystallization kinetic of
the process was ignored, and (2) influence of organics in HU
on the evaporation-crystallization process was also not consid-
ered. Basic parameters of the model were set as following: (1)
HCl-4-HU, H2SO4-4-HU, and H3PO4-4-HU were used as sim-
ulated object, (2) initial concentrations of HCl-4-HU, H2SO4-4-
HU, and H3PO4-4-HU were same as Table 1, the temperature
was 25 °C, and the mass and volume were 1 kg and 1 L, respec-
tively, (3) multiple crystallization reaction equations of Eq. 4–13
were defined and the specific thermodynamic parameter values
were referred in Table S1 (Abdel Wahed et al. 2015), (4) two
reaction processes of H2O removal were designed for completely
simulating HU evaporation-crystallization process, the first reac-
tion was that 52.725 mol H2O in 1 L (55.5 mol) HU was re-
moved in 40 steps, the second reaction was that 2.22mol of H2O
in 2.725 mol HU was removed in 10 steps. In the first 40 steps,
CFV of HU increased from 1 to 20, and then CFV of HU in-
creased from 20 to 100 in the last 10 steps. Furthermore, reaction
temperature of the above two reaction steps was set at 65 °C. (5)
The solution was equilibrated with a partial CO2 pressure of
10−3.5 atmospheres, and the following mineral phases, such as
NaCl, KCl, NH4Cl, (NH4) 2SO4, Na2SO4, K2SO4, and
NH4H2PO4, were allowed to precipitate out when (and if) they
became oversaturated (Abdel Wahed et al. 2014).

Naþ þ Cl− ¼ NaCl ð4Þ

Kþ þ Cl− ¼ KCl ð5Þ

NH4
þ þ Cl− ¼ NH4Cl ð6Þ

2NH4
þ þ SO4

2− ¼ NH4ð Þ2SO4 ð7Þ

NH4
þ þ HSO4

− ¼ NH4HSO4 ð8Þ

2Naþ þ SO4
2− ¼ Na2SO4 ð9Þ

2Naþ þ SO4
2− þ 10H2O ¼ Na2SO4⋅10H2O ð10Þ

NH4
þ þ Naþ þ SO4

2− ¼ NH4NaSO4 ð11Þ

NH4
þ þ H2PO4

− ¼ NH4H2PO4 ð12Þ

Naþ þ H2PO4
− ¼ NaH2PO4 ð13Þ

Analytical methods

The concentrations of total ammonia (TAN) and total phos-
phate (TPO4

3−) in HU were detected by a UV-vis spectropho-
tometer (UV; Pharo300, Merck, Germany) using the method
of Nessler’s reagent and ascorbic acid spectrophotometry, re-
spectively (Roé-Sosa et al. 2019). Total carbonate (TCO3

2–) in
HU was determined by a TOC analyzer (Multi N/C 2100,
Analytik Jena, Germany). The concentration of K+, Na+,
Cl−, and SO4

2− were analyzed with ion chromatography
(792 Basic IC, Metrohm, Switzerland) (Xie et al. 2017).
Electrode and handheld meters were used to measure pH
and EC (HQ40d, HACH, USA). Furthermore, the software
of PHREEQC-2 was used for simulating the variation of ion
concentration in HU during ECP (Abdel Wahed et al. 2014).
All tests were performed three times and the data were
expressed as the mean of the observed values and followed
by the standard deviation (±SD).

Results and discussion

Variation of physico-chemical properties during ECP

pH and EC

Figure 2 shows the variation of pH and EC in HCl-4-HU,
H2SO4-4-HU, and H3PO4-4-HUwith the increase in CFV during
ECP. When CFV increased from 1 to 50, the pH of HCl-4-HU,
H2SO4-4-HU, and H3PO4-4-HU decreased from 4.0 to 1.89,
0.92 and 2.60, and EC increased from 60.40 mS/cm, 56.12
mS/cm, and 74.28 mS/cm to 1054.37 mS/cm, 1165.57 mS/cm,
and 1296.87 mS/cm, respectively. Among them, pH in H3PO4-
4-HU decreased the slowest, and EC in H3PO4-4-HU increased
the fastest, since H3PO4 is a weak electrolyte and H3PO4-4-HU
has a strong buffer; hence, the required quantity of H3PO4 was
the maximum (Jiang et al. 2017).
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Fig. 2 Variation of pH and EC in HCl-4-HU, H2SO4-4-HU, and H3PO4-
4-HU with increase of CFV during ECP
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Main ion concentration

Figure 3 shows the variation of main ion concentrations in
HCl-4-HU, H2SO4-4-HU, and H3PO4-4-HU with the increase
in CFV during ECP. As shown in Fig. 3a, when CFV ≤ 4.93,
the concentration of TAN in HCl-4-HU increased and the
corresponding CFN-TAN remained at approximately 1.0.
When 4.93 < CFV ≤ 10.04, the TAN concentration of HCl-
4-HU still increased, but the corresponding CFN-TAN began to
decrease. When CFV > 10.04, the TAN concentration and
CFN-TAN presented a downward trend. Based on this phenom-
enon and the chemical divide rule (Marion 1998), the crystal
associated with NH4

+ should be precipitated before CFV =
10.04. Furthermore, the concentrations of Na+ and K+ linearly
increased, and the corresponding CFN-Na and CFN-K main-
tained at 1.0 during entire evaporation period, which indicates
that no crystal associated with Na+ and K+ reached saturation
until CFV = 48.08. The general trend of Cl− concentration was
identical to that of TAN, which indicates that the precipitated
crystal associated with NH4

+ should be NH4Cl at CFV =
10.04. However, CFN-Cl had no significant downward trend
as CFN-TAN at CFV = 10.04, which indicates that NH4Cl crys-
tals in HCl-4-HU began to precipitate after CFV = 10.04. In
addition, the Cl− concentration first slightly decreased and
subsequently increased, and the TAN concentration continu-
ously decreased while CFV > 10.04, since the Cl− molar con-
centration was higher than NH4

+ in HCl-4-HU, and a large
amount of Cl− was still dissolved in the solution after NH4Cl
completely crystallized. During the entire ECP, the SO4

2− and
TPO4

3− concentrations in HCl-4-HU uniformly increased, and
their corresponding CFN-SO4 and CFN-TPO4 were maintained
at approximately 1.0, which indicates that there was no crystal
precipitation associated with SO4

2− and PO4
3−/HPO4

2

−/H2PO4
− while CFV = 48.08. In conclusion, only NH4Cl

precipitated when HCl-4-HU was concentrated to 48.08
times, and the critical CFV was 10.04.

As shown in Fig. 3b, when CFV ≤ 9.90, the concentra-
tions of TAN and Na+ in H2SO4-4-HU linearly increased,
and the corresponding CFN-TAN and CFN-Na remained at
approximately 1.0. When CFV > 19.84, the TAN and Na+

concentrations of H2SO4-4-HU still increased, but their
corresponding CFN began to decrease in different degrees,
which indicates that the crystal associated with NH4

+ and
Na+ should precipitate after CFV = 19.84 in H2SO4-4-HU
according to the chemical divide rule (Marion 1998).
Furthermore, the K+ concentration linearly increased,
and the corresponding CFN-K remained at 1.0 during the
entire ECP, which indicates that no crystal associated with
K+ reached saturation until CFV = 49.02. The general
trend of the Cl− concentration was identical to those of
TAN and Na+, which indicates that the precipitated crys-
tal associated with NH4

+ and Na+ should be NH4Cl and
NaCl at CFV ≥ 19.84, due to the chemical divide rule and

the smaller Cl− molar concentration than NH4
+ and Na+ in

H2SO4-4-HU. In addition, the SO4
2− concentration in

H2SO4-4-HU first decreased, subsequently increased,
and finally decreased. The first decrease was due to the
strong oxidizing property of H2SO4. The SO4

2− concen-
tration increased with the increase in CFV, the crystal
associated with SO4

2– was separated possibly while CFV
≥ 9.90, and the precipitated crystals should be (NH4)2SO4

or Na2SO4. During the entire ECP, the TPO4
3− concentra-

tion in H2SO4-4-HU was uniformly increasing, and the
corresponding CFN-TPO4 remained at approximately 1.0,
which indicates that there was no crystal precipitation
associated with PO4

3−/HPO4
2−/H2PO4

− while CFV =
49.02. Based on the above analysis, (NH4)2SO4,
Na2SO4, NH4Cl, and NaCl were successively separated
at CFV = 9.9 and 19.84 during the entire ECP of
H2SO4-4-HU.

As was showed in Fig. 3c, when CFV ≤ 9.90, the concen-
tration of TAN in H3PO4-4-HU was increasing linearly and
the corresponding CFN-TAN maintained at around 1.0, and
then the TAN concentration was still increased but the cor-
responding CFN-TAN was presented a downward trend, in-
dicating the crystal associated with NH4

+ should be precip-
itated out after CFV ≥ 9.90 based on the chemical divide rule
(Marion 1998). The overall variation trend of Na+ concen-
tration was similar with TAN but the corresponding CFN-Na
began to decline at CFV = 47.62, indicating the crystal as-
sociated with Na+ separated out later than crystal associated
with NH4

+ in H3PO4-4-HU. However, the concentration of
K+ was increasing linearly and the corresponding CFN-K
also maintained at 1.0 during whole evaporation period,
indicating that no crystal associated with K+ precipitated
until CFV = 47.62. Besides, the general trend of Cl− concen-
tration was same with Na+ and the corresponding CFN-Cl
began to decrease at CFV = 47.62, indicating the precipitat-
ed crystal associated with Na+ should be NaCl around CFV
= 47.62. The concentration of SO4

2− in H3PO4-4-HU was
presented the variation tendency of decline firstly and then
increase, the first “decline” was because of reduction reac-
tion of SO4

2− and then the concentration of SO4
2− was up-

ward with the increase of CFV. In addition, the variation
tendency of TPO4

3− concentration and the corresponding
CFN-TPO4 were similar with TAN, indicating the crystal as-
sociated with NH4

+ should be NH4H2PO4 after CFV ≥ 9.90
due to that the pH of H3PO4-4-HUwas less than 4 (Fig. 2) and
the main form of phosphate was H2PO4

3– (Jiang et al. 2016).
On the other hand, the molar concentration of TPO4

3−was less
than NH4

+ in H3PO4-4-HU, which could further explain the
phenomenon of increasing NH4

+ concentration but declining
TPO4

3− concentration after the crystal had been precipitated.
From the above, NH4H2PO4 and NaCl were successively sep-
arated out at CFV = 9.9 and 47.62 during whole ECP of
H3PO4-4-HU.
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Analysis of crystallization thermodynamic properties
during ECP

Ion strength (I) and ion activity coefficient (γ) of the main ions
such as NH4

+, Na+, K+, Cl–, SO4
2–, and H2PO4

– during ECP
of HCl-4-HU, H2SO4-4-HU, and H3PO4-4-HU were calculat-
ed according to Pitzer model (Hajbi et al. 2011), and the detail
data were shown in supplementary materials (Table S2). The
IAP of potential electrolyte crystals during the ECP of HCl-4-
HU, H2SO4-4-HU, and H3PO4-4-HU was further calculated
from the data in Table S2, and the relationship between
logIAP and CFV of three HUs is shown in Fig. 4 and Figs.
S1-S3. From these curves, the salts that have been crystallized

during the ECP can be identified; when the IAP of the con-
sidered electrolyte reaches or exceeds the solubility product
(Ks), the salt precipitates (Cao et al. 2020; Hajbi et al. 2011).

As was shown in Fig. 4a, logIAP of NaCl almost linearly
increased with increasing CFV, and which was close to the
value of logKs (1.5) at CFV = 48.08, and NaCl crystal should
be separated with higher concentration of HCl-4-HU accord-
ing to the rising trend (Cao et al. 2020). In addition, the cor-
responding CFV of HCl-4-HU was 19.61 when logIAP of
NH4Cl reached 0.96 (Ks of NH4Cl) (Li et al. 2019a), which
indicates that NH4Cl crystal precipitated at CFV = 19.61 (Fig.
4b). The gap between the maximum of log IAP and logKs was
obvious in Fig. S1b, which indicates that no KCl crystal
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separated during the ECP of HCl-4-HU until CFV = 48.08.
The concentrations of NH4

+ and Cl– were 34505.87 mg-N/L
and 110401.33 mg-Cl/L, respectively, which were significant-
ly less than their maximum saturation concentrations in the
“Variation of physico-chemical properties during ECP” sec-
tion (Fig. 3a). The calculation results relatively lagged behind
the experimental data possibly because NH4Cl crystal was
separated at CFV = 9.88–19.61.

The logIAP of NH4Cl and (NH4)2SO4 gradually in-
creased with the increase in CFV (Fig. 4c and d), and both
CFV values were 19.84 when their logIAP were 0.96 and
− 1.12, which indicates that NH4Cl and (NH4)2SO4 crys-
tals started to precipitate when CFV of H2SO4-4-HU was
19.84. In addition, logIAP and Ks of NH4NaSO4

intersected at CFV = 9.90, which indicates that a portion
of NH4NaSO4 crystals was acquired before the precipita-
tion of NH4Cl and (NH4)2SO4 crystals in H2SO4-4-HU
(Fig. 4e). Based on the above analysis, NH4NaSO4,
(NH4)2SO4, and NaCl successively separated at CFV of
9.90, 19.84, and 19.84, respectively. However, no inter-
section between logIAP variation curve and Ks occurred
during the entire ECP of H2SO4-4-HU in Figs. S2 a, d, f,
g and h, which implies that NH4HSO4, NaCl, Na2SO4·
10H2O, KCl, and Na2SO4 were still dissolved, and no
related crystals precipitated (Cao et al. 2020; Hajbi et al.
2011). The NH4

+, Na+, and SO4
2− concentrations in

NH4NaSO4 crystals were 42098.97 mg-N/L, 30176.82
mg-Na/L, and 42070.02 mg/L, and the NH4

+, SO4
2−,

Na+, and Cl− concentrations in (NH4)2SO4 and NaCl crys-
tals were 62575.30 mg-N/L, 20841.46 mg/L, 47667.04
mg-Na/L, and 58845.59 mg/L, respectively (Fig. 3b).

CFV of H3PO4-4-HUwas 9.96 when logIAP of NH4H2PO4

reached its logKs value (0.34), which indicates that
NH4H2PO4 crystal should separate in H3PO4-4-HU (Fig. 4f).
The relationship between logIAP of NaCl and NaH2PO4 and
their logKs is shown in Fig. 4g and h, respectively. The cor-
responding CFV values of the internode were 47.62 and 32.89,
which indicates that NaH2PO4 and NaCl crystals successively
precipitated after NH4H2PO4 was obtained. Furthermore,
logIAP of NH4Cl was close to but logIAP of KCl was far
away from their logKs values at CFV = 47.62. According to
the rising trend of logIAP, we can speculate that NH4Cl crys-
tal should be dissolved, and no KCl was obtained at higher
CFV (Fig. S3 a and d). In conclusion, NH4H2PO4, NaH2PO4,
and NaCl successively separated at CFV of 9.96, 32.89, and
47.62, respectively. The maximum saturation concentrations
of NH4

+ and H2PO4
– were 48874.66 mg-N/L, and

95028.02 mg-P/L when NH4H2PO4 was separated. The
maximum saturation concentrations of Na+ and H2PO4

–

were 103395.58 mg-Na/L and 54606.89 mg-P/L when
NaH2PO4 was separated. The maximum saturation con-
centrations of Na+ and Cl– were 117953.48 mg-Na/L
and 192863.73 mg/L, respectively (Fig. 3c).

Analysis of crystallization sequence

The crystal components are complicated due to the variety of
inorganic salts in HU, and it was difficult to accurately obtain
the crystallization period and precipitated mass of each elec-
trolyte. On the other hand, the experimental error caused by
the sampling is not also conducive to the crystallization of the
real crystallization process of HU. Thus, PHREEQC-2 was
used to chemically simulate the ECP of HCl-4-HU, H2SO4-
4-HU, and H3PO4-4-HU, and the crystallization sequence and
mass of each crystal were inferred from this analysis.

The simulated value and measured value of TAN, Na+, K+,
Cl−, and SO4

2- and TPO4
3− concentration during the ECP of
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HCl-4-HU, H2SO4-4-HU, and H3PO4-4-HU were compared
in supplementary materials (Fig. S4, S5 and S6), respectively.
It was obvious that the measured value was mainly in the
range of 95~105% of the simulated value for each ion con-
centration at different CFV of three HU, indicating that the
calculation results based on the initial conditions of section
2.4 by PHRREEQC-2 were credible, and it could precisely
express the ion concentration and crystallization situation of
mineral salts when CFV increased to 100 in HU.

Figure 5a~c showed the evolution of mineral saturation
indices (SI) during ECP of HCl-4-HU, H2SO4-4HU, and
H3PO4-4-HU, which were simulated by PHREEQC-2. The
crystalline type and molar mass of precipitated crystal in each
concentration stage of HCl-4-HU, H2SO4-4-HU, and H3PO4-
4-HU are listed in Table 3. SI of NH4Cl and NaCl crystals
successively reached 0 at CFV of 10.25 and 71.43, respective-
ly, but SI of KCl was less than 0, which indicates that the
NH4Cl and NaCl crystals should separate at CFV of 10.25
and 71.43 in HCl-4-HU (Fig. 5a) (Abdel Wahed et al.
2014). The masses of NH4Cl and NaCl crystals obtained at
CFV of 10.25~100 and 71.43~100 were 63.60 g/L and 1.39
g/L, respectively (Table 3). Similar results are obtained from
Fig. 5b and c. The NH4NaSO4, NH4Cl, and (NH4)2SO4 crys-
tals should be separated at CFV of 10.25, 20.00, and 40.45 in
H2SO4-4-HU, and the masses of NH4NaSO4, NH4Cl, and
(NH4)2SO4 crystals obtained at CFV of 10.25~55.56,
20~100, and 45.46~100 were 17.16 g/L, 32.12 g/L, and 7.66
g/L, respectively (Table 3). Similarly, the NH4H2PO4,
NaH2PO4, and NaCl crystals should separate at CFV of
10.25, 38.46, and 45.45 in H2SO4-4-HU (Fig. 5c). Themasses
of NH4H2PO4, NaH2PO4, and NaCl crystal obtained at CFV
of 10.25~100, 38.46~55.56, and 45.46~100 were 4.53 g/L,
94.53 g/L, and 15.25 g/L, respectively (Table 3). In a word,
crystallization sequence of HCl-4-HU, H2SO4-4-HU, H3PO4-
4-HU during ECP were NH4Cl (CFV from 10.25 to 100) /
NaCl (CFV from 71.43 to 100), NH4NaSO4 (CFV from
10.25 to 55.56) / NH4Cl (CFV from 20 to 100) / (NH4)2SO4

(CFV from 40.45 to 100), NH4H2PO4 (CFV from 10.25 to

100) / NaH2PO4 (CFV from38.46 to 55.5) / NaCl (CFV from
45.46 to 100), respectively (Fig. 6), and the main composition
and content was consistent with the result of our precious
research (Jiang et al. 2017). It was clearly seen that both crys-
talline product of HCl-4-HU and H2SO4-4-HU contain
NH4Cl, but the NH4Cl precipitation in HCl-4-HU was
earlier than in H2SO4-4-HU, the main reason was that
the higher concentration of Cl− in HCl-4-HU and Cl−

was the limiting factor for NH4Cl saturation in HCl-4-
HU and H2SO4-4-HU. On the other hand, both crystal-
line products of HCl-4-HU and H3PO4-4-HU contain
NaCl, but the NaCl precipitation in HCl-4-HU was later
than in H3PO4-4-HU, which attribute to that NH4Cl
precipitation in HCl-4-HU consumed a lot of Cl−. In
order to improve the practicability of urine crystal prod-
ucts as agricultural fertilizer, NaCl formation should be
avoided during the ECP of HU. Therefore, H2SO4 was
the most recommended pH-adjusted acid for no NaCl
formation in crystal products of H2SO4-4-HU, and
H3PO4 was not recommended for high content of
NaCl in crystal products. If HCl was chosen as pH-
adjusted acid, the CFv of HCl-4-HU should be con-
trolled less than 70.

Table 3 The crystalline type and
content of precipitated crystal
during each concentration stage
of HCl-4-HU, H2SO4-4-HU, and
H3PO4-4-HU

CFV range Crystalline type Content

Mass concentration (mg/L) Percentage (%)

HCl-4-HU 10.25~100 NH4Cl 63.60 98

71.43~100 NaCl 1.39 2

H2SO4-4-HU 10.25~55.56 NH4NaSO4 17.16 30

20~100 NH4Cl 32.12 56

45.46~100 (NH4)2SO4 7.66 14

H3PO4-4-HU 10.25~100 NH4H2PO4 94.53 81

38.46~55.56 NaH2PO` 1.80 6

45.45~100 NaCl 15.25 13
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Fig. 6 Comparison of crystallization sequence of HCl-4-HU, H2SO4-4-
HU, and H3PO4-4-HU during ECP
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Conclusion

In this study, the effect of pH-adjusted acid on the evaporation
and crystallization process of HU was examined. HCl-4-HU,
H2SO4-4-HU, and H3PO4-4-HU had significantly different
crystallization thermodynamic characteristics, crystallization
sequence, and crystallization products. The first appearance
of the new crystal in HCl-4-HU, H2SO4-4-HU, and H3PO4-
4-HU occurred CFV of 19.61, 9.90, and 9.96, respectively.
Furthermore, the simulated crystallization process character-
istics of HU by PHREEQC-2 have a good fit with the
actual experimental data, and crystallization sequence of
HCl-4-HU, H2SO4-4-HU, H3PO4-4-HU during ECP were
NH4Cl (CFV from 10.25 to 100) / NaCl (CFV from 71.43
to 100), NH4NaSO4 (CFV from 10.25 to 55.56) / NH4Cl
(CFV from 20 to 100) / (NH4)2SO4 (CFV from 40.45 to
100), NH4H2PO4 (CFV from 10.25 to 100) / NaH2PO4

(CFV from38.46 to 55.5) / NaCl (CFV from 45.46 to
100), respectively. In order to avoid NaCl formation dur-
ing the ECP of HU, H2SO4 was the most recommended
pH-adjusted acid for acidification of HU. If HCl was cho-
sen as pH-adjusted acid, the CFv of HCl-4-HU should be
controlled less than 70. In a word, the present study pro-
vides an important theoretical basis for the optimization of
crystallized products obtained from HU in the future.
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