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Abstract Nutrient recovery from human urine is a promising
pretreatment of domestic wastewater and provides a sustain-
able recyclability of N and P. In this study, batch experiments
were conducted to identify the characteristics of natural loess
(NL) for the adsorption and recovery of ammonium and phos-
phate from hydrolysis urine (HU). The adsorption mecha-
nisms, the adsorption kinetics and isotherms, as well as the
major influencing factors, such as pH and temperature, were
investigated. Results revealed that adsorption of ammonium
occurred by means of ion exchange and molecule adsorption
with the ≡Si–OH groups, while phosphate adsorption was
based on the calcium phosphate precipitation reaction and
formation of inner-sphere complexes with≡M–OH groups.
The adsorption processes of ammonium and phosphate were
well described by the pseudo-second-order kinetic model and
the Freundlich isotherm model. Adsorption of phosphate was
endothermic, while ammonium adsorption was exothermic.
Furthermore, the maximum ammonium and phosphate ad-
sorption capacities of NL was 23.24 mg N g–1 and 4.01 mg
P g–1 at an initial pH of 9 and 10, respectively. Results dem-
onstrated that nutrient-adsorbed NL used as compound fertil-
izer or conventional fertilizer superaddition was feasible for its
high contents of N and P as well as its environmental
friendliness.

Keywords Hydrolysisurine .Nitrogenrecovery .Phosphorus
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Introduction

Human urine is the fraction of domestic wastewater which con-
tains the major part of nutrient with approximately 80 % of
nitrogen (N) and 50 % of phosphorus (P) (Dbira et al. 2014).
Traditional option of transporting urine to a centralized waste-
water treatment plant (WWTP) is economically improvidence
and environmental unsustainability, for which increases infra-
structure investment and complicates nutrients removal (Udert
and Wachter 2012). However, N and P are essential elements
for the growth of all living organisms, and P is a nonrenewable
resource which may be depleted in 100 years (Deng and Shi
2015; Yang et al. 2013a). Therefore, nutrient recovery from
human urine is potential and urgent; not only can it be a prom-
ising pretreatment of domestic wastewater, but it also promotes
the sustainable recyclability of N and P resources.

In hydrolysis urine (HU), N and P are mainly present in the
inorganic forms of ammonium and phosphate, respectively
(Maurer et al. 2006). In the last decades, various technologies
have been developed for N and P recovery fromHU, primarily
including dehydration (evaporation (Antonini et al. 2012),
freeze thaw (Lind et al. 2001)), magnesium ammonium phos-
phate (MAP) crystallization (Triger et al. 2012), electrochem-
ical (Kuntke et al. 2014) and combined processes (freezing+
MAP (Ganrot et al. 2007), electrochemical+MAP (Hug and
Udert 2013), and nitrification+distillation (Udert andWachter
2012)). However, their application has been impeded in de-
veloping nations due to the complicated operation and high
cost (Antonini et al. 2012; Maurer et al. 2006). In this case,
adsorption is an alternative technique and has been shown to
be superior to the mentioned techniques because of its
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flexibility of design and ease of operation (Deng and Shi
2015). The success of an adsorption technology depends on
the selection of an appropriate adsorbent. In recent years, di-
verse materials were tested for ammonium or phosphate re-
covery from wastewater or HU, including activated carbon
(Boopathy et al. 2013; Wang et al. 2012), resin (O’Neal and
Boyer 2013), and natural clay minerals (Alshameri et al. 2014;
Kamiyango et al. 2009; Perassi and Borgnino 2014; Wang
et al. 2014a; Yin and Kong 2014). Among them, clay min-
erals, such as kaolinite (Kamiyango et al. 2009), montmoril-
lonite (Perassi and Borgnino 2014), zeolite (Alshameri et al.
2014), palygorskite (Wang et al. 2014a), and attapulgite (Yin
and Kong 2014), have increasingly received attention because
these natural adsorbents could be directly considered as fertil-
izers in agriculture after nutrient adsorption (Wang et al.
2014a; Zhao et al. 2013), indicating a new application for
the used adsorbents.

Natural loess (NL) is one type of clay minerals, and it is
economical, environmentally friendly, and plentiful in the
northern part of China. NL primarily consists of various metal
oxides and possesses functional physical-chemical properties,
such as large surface area, excellent osmosis, high porosity,
and water retention ability (He et al. 2012; Tang et al. 2009).
NL is the medium for the ammonium and phosphate uptake
during direct application of HU as liquid fertilizer in agricul-
ture (Akpan-Idiok et al. 2012; Sangare et al. 2014), indicating
an excellent adsorption capacity. Park and Jung (2011) have
reported that NL was an available adsorbent for phosphate
adsorption from domestic wastewater. However, few studies
have reported the utilization of NL for ammonium adsorption
and the mechanisms of ammonium and phosphate adsorption
onto NL were ignored. Additionally, the concentrations of
ammonium and phosphate in HU are hundreds of times great-
er than in domestic wastewater (Maurer et al. 2006). In this
study, NL was used as an adsorbent for the simultaneous ad-
sorption and recovery (A/R) of ammonium and phosphate
from HU, and the overarching objectives were to determine
the capacity of NL for ammonium and phosphate A/R from
HU and deeply analyze the mechanisms of the process. The
surface characteristics, along with the kinetic, isotherm, and
thermodynamic models, were investigated. In addition, the
influencing factors (such as pH, contact time, and tempera-
ture) and the feasibility of the nutrient-adsorbed natural loess
(NANL) as fertilizer were also discussed.

Materials and methods

HU and NL

Undiluted urine was freshly collected before experimentation
from a waterless urinal in a public toilet of a campus. HU was
obtained by storing the fresh urine in a sealed container for

1 month at room temperature to achieve a stable ammonium
concentration. Because there were some precipitates in the
HU, membrane filtration (through a 0.45-μm filter) was re-
quired to achieve accurate data before the adsorption experi-
ment. Table 1 shows the main physical-chemical characteris-
tics of the stable HU. NL was excavated 20 cm from the
ground surface (surface impurities were removed) in the cam-
pus and was dried in an oven at 104±1 °C until reaching a
constant weight. The dried NL particles were crushed, and
particles with sizes less than 75 μm were sieved, which were
used directly in the adsorption experiment without any phys-
ical or chemical modification.

Adsorption experiments

For each batch adsorption experiment, 1 g of accurately
weighed NL was added into a cylindrical plastic bottle con-
taining 50 mL of a prescribed initial concentration of HU at
the desired pH. The bottle was closed and manually shaken
gently and was then placed statically at the required temper-
ature. Each of the batch adsorption experiments was per-
formed in parallel. Samples were filtered immediately after
adsorption using 0.45-μm filters to separate NL from HU.
The pH and the ammonium and phosphate levels were mea-
sured for all of the treated and control samples. The control
samples consisted of HU with no NL; these samples were
mixed for the maximum duration of the adsorption
experiment.

This study mainly investigated the influence of pH, con-
tact time, and temperature on the ammonium and phosphate
A/R onto NL. Because the concentration ratio between am-
monium and phosphate in HU was constant at the same
dilution ratio, the initial concentrations of ammonium and
phosphate were determined by the method of fixed dilution
ratio. The initial pH of HU was adjusted over the range from
2.0 to 13.0 using different amounts of 0.5∼12 M HCl and
0.5∼10 M NaOH, and the test tubes were capped to avoid
evaporation. Table 2 listed the detailed experimental condi-
tions for each batch adsorption experiment. In addition, the
NL and NANL samples of the optimum pH (raw HU pH)
were characterized accordingly.

Table 1 Main physical-chemical characteristics of the stable HU

Mean ±SD

pH 9.13

Total Nitrogen (mg L−1) 6172.16 230.12

Ammonium (mg L−1) 5829.21 210.23

Total Phosphorus (mg L−1) 396.03 52.32

Phosphate (mg L−1) 381.48 46.14
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Adsorption models

Kinetic models

To evaluate the efficiency of the ammonium and phosphate
adsorption processes in HU onto NL, the pseudo-first-order
model (Eq. 1) (Yang et al. 2013b), the pseudo-second-order
model (Eq. 2) (Yang et al. 2013b), and the intra-particle dif-
fusion model (Eq. 3) (Zhao et al. 2013) were used to describe
the kinetic data, as follows:

log qe−qtð Þ ¼ logqe−k1t ð1Þ

t=qt ¼ 1=k2qe
2 þ t=qe ð2Þ

qt ¼ kpt
1=2 þ c ð3Þ

where k1 is the pseudo-first-order rate constant (min–1), k2 is
the pseudo-second-order rate constant (gmin–1 mg–1), kp is the
diffusion coefficient of the intra-particle diffusion model
(mg min–1/2 g–1), t is the contact time (min), and c is the
intercept. The parameter qt is the adsorption amount of am-
monium or phosphate at time t (mg g–1) and qe is the adsorp-
tion amount at equilibrium (mg g–1). The value of qt was
calculated according to the following equation (Eq. 4):

qt ¼ C0−Ctð ÞV=w ð4Þ

whereC0 andCt are the concentrations of either ammonium or
phosphate at the initial time and at certain time t (mg L–1),
respectively, V is the volume of HU (mL), and w is the mass of
NL (g).

Isotherm models

Adsorption isotherm models can be used to reveal the mech-
anism of adsorption of ammonium and phosphate in HU onto
NL. The Langmuir isotherm (Eq. 5) and Freundlich isotherm

(Eq. 6) (Zhao et al. 2013) models were chosen to describe the
adsorption equilibrium data, as follows:

1=qe ¼ 1=qmax þ 1= KLqmaxCeð Þ ð5Þ

qe ¼ K F⋅Ce
1=n ð6Þ

where qe is the adsorption amount of ammonium or phosphate
on the NL at equilibrium (mg g–1), qmax is the maximum
adsorption capacity (mg g–1), and Ce is the concentration of
ammonium or phosphate in HU at equilibrium (mg L–1).KL is
the Langmuir constant related to the adsorption energy
(L mg–1), KF (mg1–1/n L1/n g–1) is the Freundlich adsorption
isotherm constant indicating the adsorption capacity of the
adsorbents and which is always related to the temperature
and the physical-chemical characteristics of adsorbents, and
the parameter n is the Freundlich exponent related to the
intensity of adsorption (Huang et al. 2014). The value of qe
was calculated using Eq. 4 with Ct replaced by Ce.

Thermodynamic models

To further confirm the feasibility of the adsorption process, the
thermodynamic parameters of adsorption of ammonium and
phosphate in the HU onto NL were calculated by the follow-
ing equations (Eqs. 7–10) (Huang et al. 2014):

Ke ¼ qe=Ce ð7Þ

ΔGo ¼ −RT lnK0 ð8Þ

ΔGo ¼ ΔHo−TΔSo ð9Þ

lnK0 ¼ −ΔHo=RT þΔSo=R ð10Þ
where Ke is the equilibrium constant (dimensionless),ΔGo is
the change in Gibb’s free energy (kJ mol–1), R is the universal
gas constant (8.314 J mol–1 K–1), and T is the temperature of
the experiment (K).ΔHo is the change in enthalpy (kJ mol–1)
and ΔSo is the change in entropy (kJ mol–1 K–1), and the

Table 2 Experimental conditions of ammonium and phosphate adsorption from HU onto NL

Main factor Experimental conditions

Time (min) Initial concentration pH Temperature (K) Loess
dosage
(g L–1)

Contact time 1–1440 1×a 9.13 25 20

Initial concentration 1440 1×, 1.5×, 2×, 3×, 4×, 6×, 10× 9.13 25 20

pH 1440 1× 2–13 25 20

Temperature 1440 1× 9.13 15, 25, 35 20

a × is diluted times, 1× indicates the raw HU, and 2× indicates the HU that was diluted by an equal amount of distilled water

HU hydrolysis urine, NL natural loess
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values of ΔHo and ΔSo were calculated from the slope and
intercept of lnK0 against 1/T.

Analytical methods

X-ray diffraction (XRD; Empyrean, PANalytical B.V.,
Holland) was used to study the mineralogical composition of
the NL. Scanning electron microscope (SEM; Quanta 600
FEG, FEI, USA) observations and semiquantitative energy-
dispersive X-ray spectrometry (EDX; INCA Energy 350,
Oxford, UK) electron microprobe analyses were performed
on NL samples to evaluate the microcosmic morphological
changes during adsorption. The specific surface area of the
NL before and after adsorption was determined using a
Brunauer─Emmett─Teller (BET) specific surface analysis de-
vice (V-Sorb 2800P, GAPP, China) using the He-N2 method. In
addition, the elemental species changes of NL and NANLwere
analyzed by X-ray photoelectron spectroscopy (XPS; K-Alpha,
Thermo Scientific, USA), and the XPS spectra peaks of N 1 s, P
2p, O 1 s and Ca 2p were further divided using the XPSpeak
software. The concentrations of ammonium and phosphate
were detected with Nessler’s reagent and ascorbic acid spectro-
photometry, respectively (TU-1901, Persee, China) (MEPC and
WWMAA 2002). All of the tests were performed in triplicate,
and the data are expressed as the mean of observed values and
followed by the standard deviation (±SD).

Results and discussion

Characterization of NL and NANL

The XRD spectrum of the NL is shown in Fig. 1a. It indicated
that the main mineral species in the NL were albite, aluminum
oxide, calcite, illite, kaolinite, and quartz, which were similar
to the results of He et al. (2012) and Tang et al. (2009). The
surface morphology of the NL and NANL was examined by
SEM (Figs. 1b, d); it was observed that the heterogeneous and
irregularly sized surfaces of the NLwere covered with a rough
texture (Fig. 1b), while many fine spherical clusters were dis-
tributed on the surface of the NANL in Fig. 1d. In addition, the
EDX analysis, shown in Fig. 1c, revealed that metal oxides are
the major composition of NL, and the atomic percent of Si,
Ca, Al, and Fe was 33.92, 4.15, 4.97, and 1.81%, respectively.
In contrast to Fig. 1c, the EDX analysis in Fig. 1e demonstrat-
ed that the spherical clusters on the surface of NANL are
primarily composed of O, Ca, and P, with the exception of
Si, indicating a possible calcium phosphate precipitation for-
mation (Yin and Kong 2014), and the detail reaction processes
will be analyzed in the following section. Furthermore, the
specific surface area of the NL and NANL was also detected
and is shown in Table 3, revealing that the BET decreased
from 29.97 to 22.32 m2 g–1 and the total pore volume

decreased from 0.098 to 0.076 mL g–1 after the A/R of am-
monium and phosphate. These results indicated an effective
adsorption process, which was in agreement with the SEM
observation in Fig. 1d.

Effect of pH and A/R mechanisms

Generally, the adsorption amount of different compounds
(ammonium and phosphate) from aqueous solution is highly
dependent on the pH of the solution, which affects the surface
charge of the adsorbent as well as the degree of ionization and
speciation of the adsorbate (Uğurlu and Karaoğlu 2011). The
pHzpc of the NL was 3.12, implying that the surface of the NL
particle had a positive charge in HU with a pH≤3.0 and that it
was negatively charged in HU with a pH≥4.0 (Alshameri
et al. 2014). The phosphate dissociation equilibrium in differ-
ent pH solutions can be represented by Eqs. 11–13. The
H2PO4

− and HPO4
2− species are the main species over the

pH range from 5 to 10. In detail, the concentrations of
H2PO4

− species prevail at pH values between 5 and 7, while
the HPO4

2− species are dominant at pH values between 7 and
10. For pH values ranging from 10 to 12, the HPO4

2− species
prevail over PO4

3−, and the PO4
3−species become significant

when the pH is higher than 12 (Yang et al. 2013b). On the
other hand, the dominant form of ammonium is NH4

+ at pH<
9.0, while NH3 is prevalent at pH>9.0 (Lin et al. 2013).

H2PO
−
4 þ H2O↔H3PO4 þ OH− pK1 ¼ 2:16 pH ≤5ð Þ ð11Þ

HPO2−
4 þ H2O↔H2PO

−
4 þ OH− pK2 ¼ 7:20 5 < pH ≤10ð Þ ð12Þ

PO3−
4 þ H2O↔HPO2−

4 þ OH− pK3 ¼ 10:3 pH > 10ð Þ ð13Þ

For phosphate A/R, the maximal A/R capacity occurred at
pH 10.0, which achieved 4.01 mg P g–1 for 381.48 mg P L–1

of the initial concentrations in HU, and the A/R capacity of
phosphate decreased with a further increase or decrease of the
initial HU pH (when the pH>11.0 or pH<9.0) (Fig. 2).

1. When the HU pH was lower than pHzpc, the NL surface
had a positive charge (hydroxyl protonation (Eq. 14)
(Huang 2004)). Most of the H2PO4

− species had convert-
ed to H3PO4 which was a noncharged form, and a portion
of H2PO4

− was adsorbed onto NL via electrostatic attrac-
tions (Eq. 15), while ion exchange was not favored under
these conditions

≡M – OH þ Hþ→≡M – OH2
þ ð14Þ

≡M–OH2
þ•••H2PO4

− ð15Þ
where M is a metal component, such as Ca, Al, or Fe.
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2. At pH>pHzpc, the NL surface had a negative charge (hy-
droxyl deprotonation (Eq. 16) (Huang 2004)). The nega-
tive charge of the NL surface was stronger with the in-
creasing HU pH, which would result in an electrostatic
repulsion. However, the increased phosphate A/R capac-
ity onto NL at a higher initial HU pH in Fig. 2 suggested
that neither ion exchange nor electrostatic attraction con-
trolled phosphate adsorption under these conditions (Lin
et al. 2014). The metal oxides in the hydrolysis reaction
(Eq. 17) could supply M(2y/x)+ and OH−, which could be
used in the inner-sphere ligand exchange reaction.
Portions of the ≡M–OH groups on the NL were possibly
involved in the formation of inner-sphere species via
monodentate (Eq. 18) and bidentate (Eqs. 19 and 20)
complexation for phosphate adsorption (Guaya et al.
2015; Lǚ et al. 2013), appearing to be an alternative ex-
planation in this case. On the other hand, according to the
SEM and EDX analysis results of NANL (Fig. 1d, e),
Ca2+, OH−, and HPO4

2− might react chemically under
a lka l ine condi t ions , forming hydroxyapat i te
(Ca10(OH)2(PO4)6, HAP) (Eq. 21), which has the highest

thermodynamic stability among various calcium phos-
phate precipitations (Barca et al. 2012). Additionally, re-
action (Eq. 21) can occur at pH>7.0 which is also favor-
able only at pH>9.0 (Vanotti et al. 2003), which might be
the explanation of the result that the A/R capacity of phos-
phate increased as the pH increases and achieved its max-
imum at pH 10.0 ( pH<10.0) (Fig. 2):

≡M – OH →≡M – O− þ Hþ ð16Þ

MxOy þ yH2O→xM
− 2y

.
x

� �
þ 2yOHþ ð17Þ

≡M – OH þ H2PO4
–→≡M – O –

O���
P���
���
O

–OHþ OH– ð18Þ
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Fig. 1 NL characterization:
a XRD results of NL; b SEM
image of NL, 20,000×; c EDS
analysis of NL; d SEM image
of NANL, 20,000× (pH=9.13);
e EDS analysis of NANL
(pH=9.13)
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≡M – OH þ HPO2–
4 →≡M

O
< >
O

P≤ OH
O

þ OH− ð19Þ

2≡M – OH þ HPO2–
4 →

≡M−O
≡M−O > P≤ OH

O
þ 2OH− ð20Þ

where M is a metal component, such as Ca, Al, or Fe.

10Ca2þ þ 6HPO4
2− þ 8OH−→Ca10 OHð Þ2 PO4ð Þ6↓þ 6H2O ð21Þ

3. The decrease of phosphate A/R capacity with the increase
of HU pH above 11.0 (Fig. 2) was related to the increasing
negative charge of the NL surface, which resulted in an
electrostatic repulsion between the NL particle surface
and the phosphate ions. In addition, a partial dissolution
of the NANL occurred at a pH above 11.0, which caused
the decrease of adsorption sites and the release of
adsorbed phosphate (Yang et al. 2013b). Furthermore,
the competitive adsorption between a high concentration
of OH− and phosphate ions was unfavorable for phos-
phate A/R onto NL.

For ammoniumA/R, themaximumA/R amounts occurred at
pH 9.0, with approximately 23.24 mg N g–1 for 5829.21 mg
N L–1 of initial concentrations in HU, and the A/R capacity of
ammonium on the NL decreased with a further increase or de-
crease in the initial HU pH (when pH>10.0 or pH<8.0) (Fig. 2).

1. When pH<pHzpc, the NL surface had a positive charge,
and the repulsive forces between the NL particle surface
and the NH4

+ ions depressed the ammonium adsorption
capacity.

2. When the pH was higher than pHzpc, ammonium would
be adsorbed via electrostatic attraction on the negatively
charged NL surface. The zeta potential decreased with the
increase of pH, and the number of negative charges on the
NL surface increased at a high pH. Therefore, the electro-
static attraction between the NH4

+ ions and the NL surface
was stronger at a higher pH, which results in a higher
ammonium A/R capacity (Yang et al. 2015). In addition,

with an increase in pH, only a negligible amount of H+

ions compete with NH4
+ ions, which facilitate ammonium

A/R. Briefly, electrostatic attraction occurs on the NL sur-
face, and ion exchange occurs inside of the NL particles,
which can be expressed by the following reaction (Eq. 22)
(Lin et al. 2013):

NL−Mnþ þ nNH4
þ→NL−nNH4

þ þMnþ ð22Þ
where M is a metal component, such as Ca, Al, or Fe.
Moreover, the ion exchange between Ca2+ and NH4

+

would further promote the precipitation reaction of phos-
phate (Eq. 21) (Lin et al. 2014); thus, the presence of
ammonium also has a positive influence on the A/R of
phosphate.

3. The ammonium A/R capacity decreased with a further
increase in HU pH when pH>10.0 (Fig. 2), causing
NH3 to be the predominant species and causing the low
ion exchange capability between metal ions and NH4

+. In
addition, the partial dissolution of the NANL occurred,
which resulted in the release of ammonium (Huang et al.
2010). However, it can also be found from Fig. 2 that the
adsorption capacity remained over 50 % of its maximum
at pH 13.0, which indicated that a molecular force (van
der Waals’ force) was functionalized between ammonia
and the NL surface in which some ≡Si–OH groups were
utilized as neutral adsorption sites (pH>10.0) (Eq. 23)
(Yang et al. 2015).
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Fig. 2 Effect of pH on ammonium and phosphate adsorption from HU
onto NL

Table 3 BET surface area and total pore volume of the NL before and
after ammonium and phosphate adsorption from HU

BET surface area Total pore
volume
(mL g−1)Values

(m2 g−1)
Monolayer
volume
(mL g−1)

R2

Before adsorption 29.9697 5.1410 0.9992 0.0984

After adsorption 22.3236 3.8924 0.9995 0.0765
(23)
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On the other hand, Fig. 2 also illustrated the relation-
ship between the initial and equilibrium HU pH values for
the adsorption of ammonium and phosphate onto NL.
Initially, the equilibrium pH value was generally higher
than that of the initial pH when the initial pH ranged from
3.0 to 6.0, which was mainly due to the complexation
reaction of ≡M–OH groups and phosphate ions on the
NL surface (Eqs. 18–20), further confirming that the
inner-sphere ligand exchange was occurred here. In addi-
tion, the equilibrium pH value was slightly higher than
that of the initial pH from 7.0 to 10.0, complexation reac-
tion (Eqs. 18–20) and chemical precipitation (Eq. 21)
were occurred simultaneously, and part of OH− was con-
sumed by the precipitation reaction. Finally, the equilibri-
um pH value was less than the initial pH when the pH>
11.0, which could be explained through the following
aspects: (1) the released H+ from the deprotonation of
hydroxides (Eq. 16) under higher pH conditions would
consume the OH− of HU; and (2) the amounts of molec-
ular NH3 in the HU was adsorbed (Huang et al. 2010).

Overall, the primary mechanisms of phosphate A/R on
the NL included inner-sphere ligand exchange and chem-
ical precipitation reaction; ion exchange and molecule
adsorption probably operated together for the A/R of am-
monium. In addition, the ion exchange between Ca2+ and
NH4

+ would promote the A/R of phosphate on the NL.
Furthermore, the optimum pH of ammonium and phos-
phate adsorption was close to the raw HU pH; thus, HU
could be directly used in the following study and in prac-
tice without any pH adjustment.

XPS analysis

For further confirming the A/R mechanisms of ammonium
and phosphate discussed in the above section, the XPS spectra
(whole scanning, N 1 s, P 2p, Ca 2p, and O 1 s) of the NL
before and after adsorption from raw HU (pH=9.13) were
analyzed and are illustrated in Fig. 3. Figure 3a shows whole
scanning spectra of the NL and NANL; the N 1 s and P 2p
peaks obviously appeared in the spectra of the NANL com-
pared with the NL, indicating the presence of N and P on the
surface of the NANL. The high precision spectrum of N 1 s of
the NANL surface could be divided into two peaks (399.5 and
400.7 eV), which corresponded to NH3 and NH4

+, respective-
ly (Fig. 3b) (NIST 2012). This result indicated that ionic NH4

+

and molecular NH3 were adsorbed on the NL, and ion ex-
change and molecule adsorption probably operated together
for ammonium adsorption. Figure 3c, d shows the high preci-
sion spectra of P 2p and Ca 2p of the NANL surface, respec-
tively. The P 2p spectrum of the NANL surface could be
divided into two peaks (132.9 and 133.8 eV) which
corresponded to PO4

3− and HPO4
2−, respectively (Hanawa

and Ota 1991; Xie et al. 2013; Yin and Kong 2014), and a
new peak of 347.2 eV appeared in the Ca 2p spectrum of
NANL compared with the Ca 2p spectrum of NL. In addition,
the Ca 2p peak of 347.2 eV and the P 2p peak of 132.9 eV
almost agreed with the values for HAP (Ohtsu et al. 2012),
implying that HAP precipitation was formed and chemical
precipitation reaction was presented in phosphate A/R.
Further, based on the blinding energy of different oxygen
species, the O 1 s XPS spectra were further divided into three
peaks (530.1, 531.7, and 533.2 eV), which corresponded to
M─O (oxygen bonded to metal), M─OH (hydroxyl bonded to
metal), and H2O, respectively (Lǚ et al. 2013; Su et al. 2013)
(Fig. 3e). For the NL, the percentages of M─O, M─OH, and
H2O were separately 14.7, 74.9, and 10.4 %, respectively;
however, the percentages of M─O, M─OH, and H2O after
nutrient adsorption changed to 24.9, 63.3, and 11.8 %, respec-
tively. This result suggested that M─OH groups existed on the
surface of NL and the M─OH percentage dropped sharply by
the adsorption of phosphate, which further demonstrated that
the M─OH on the NL surface participated in the phosphate
adsorption and accordingly caused the replacement of hydrox-
yl groups by phosphate ions, revealing that the monodentate
or bidentate complexes between phosphate and the M─OH
groups on the NL surface might be formed (Lǚ et al. 2013;
Su et al. 2013). Thus, the XPS analysis further supported the
results in the previous section.

Effect of contact time and adsorption kinetics

The adsorption capacity of ammonium and phosphate on NL
was investigated as a function of contact time under the con-
ditions given in Table 2 (Fig. 4a). It was found that the ad-
sorption process for NL could be divided into two steps in
which the adsorption increased rapidly during the first
60 min then changed gradually until the plateau of adsorption
equilibrium was attained. This observation was in well agree-
ment with the previous report by Wang et al. (2014a) and Lǚ
et al. (2013). The fast adsorption rate during the first step
could be attributed to the presence of more available vacant
active sites on the NL surface, and surface adsorption plays
the main role for the ammonium and phosphate uptake; how-
ever, a decrease in unsaturated adsorption sites on the surface
of NL occurred in the second step.

The kinetics data of ammonium and phosphate adsorption
onto NL were further modeled using the pseudo-first-order
model (Eq. 1) and the pseudo-second-order model (Eq. 2)
(Fig. 4a). The corresponding parameters and correlation coef-
ficients (R2) are listed in Table 4. As shown in Table 4, the
values of R2 for the pseudo-second-order model were higher
than 0.999 and the calculated ammonium and phosphate equi-
librium adsorption capacity of the pseudo-second-order model
was 23.33 mg N g–1 and 3.90 mg P g–1, respectively, which
were close to the experimental values of 23.24 mg N g–1 and
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4.01 mg P g–1, respectively. The results indicated that ammo-
nium and phosphate adsorption onto NL were well described
by the pseudo-second-order model. Similar kinetic study re-
sults have been reported by Guaya et al. (2015). Therefore,
chemisorption could be the dominant mechanism in addition
to physical adsorption (Wang et al. 2014a), which was in
accord with the analysis in BEffect of pH and A/R
mechanisms^.

To further understand the adsorption process of ammo-
nium and phosphate onto NL, the intra-particle diffusion
model (Eq. 3) was also employed to fit the experimental
data in Fig. 4b. As shown in Fig. 4b, the linear fit of the
intra-particle diffusion model for ammonium and phosphate
adsorption showed two linear portions, indicating their
multi-stage adsorption processes, consistent with the results
in Fig. 4a. The first stage was attributed to the diffusion of
ammonium and phosphate from the HU external or bound-
ary layer to the external surface of the NL, and the second
stage was ascribed to the intra-particle diffusion effects and
gradual attainment of the equilibrium stage. Similar expla-
nations were reported in other studies (Liu et al. 2013;
Wang et al. 2014a). Further, seen from Fig. 4b and
Table 4, the fitting lines did not pass through the origin,
and the constants of C were not zero, indicating that the
intra-particle diffusion was not the rate-limiting step for

ammonium and phosphate adsorption, and the adsorption
process may consist both surface adsorption and intra-
particle diffusion (Liu et al. 2013).

Adsorption isotherms

To provide a better understanding of ammonium and phos-
phate adsorption onto NL, the Langmuir and Freundlich iso-
therm plots are given in Fig. 4c, d, and the calculated param-
eters of these models are presented in Table 4. The Freundlich
model fitted the ammonium and phosphate adsorption data
(RNF

2=0.9919, RPF
2=0.9826) better than the Langmuir model

did (RNL
2=0.9198, RPL

2=0.9180) (Table 4). This result indi-
cated that ammonium and phosphate adsorption from HU on-
to NL might not occur in a homogeneous monolayer, but
might rather occur in a heterogeneous complex manner
(Boopathy et al. 2013; Wang et al. 2012). The heterogeneous
surface of NL (Fig. 1b) might possess different types of ad-
sorption sites, and two or more adsorption sites might simul-
taneously affect the ammonium (ion exchange and molecule
adsorption) and phosphate (complexation reaction and chem-
ical precipitation) adsorption. Similar studies (Uğurlu and
Karaoğlu 2011; Yang et al. 2013a) also reported that the
Freundlich model had a much better fit than the Langmuir
model had regarding ammonium and phosphate adsorption.
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In addition, the favorability of the reaction was also important
for the adsorption process. For the Freundlich model, the 1/n
constant was the indicator of the adsorption intensity, and a
value of 1/n between 0.1<1/n<1 indicated favorable adsorp-
tion (Wang et al. 2014a). In this study, the values of 1/n for
ammonium and phosphate adsorption were 0.76 and 0.63,
respectively, demonstrating that ammonium and phosphate
adsorption onto NLwas favorable. Therefore, NL demonstrat-
ed its potential as an adsorbent for ammonium and phosphate
adsorption from HU.

Thermodynamics and effect of temperature

The thermodynamic parameters ofΔGo,ΔHo, andΔSo were
determined using Eqs. 7–10; the results are summarized in
Table 4. As shown in Table 4, the values of ΔGo were nega-
tive, revealing the favorable and spontaneous process of am-
monium and phosphate adsorption onto NL. In detail, the
value of ΔGN

o increased from –3.84 to –3.06 kJ mol L–1,
and ΔGP

o decreased from –5.57 to –6.91 kJ mol L– as the
temperature changed from 288.15 to 308.15 K, indicating the
decreasing spontaneity for ammonium but increasing sponta-
neity for phosphate at higher temperatures. Additionally, the
negative value of ΔHN

o and the positive value of ΔHP
o

strongly confirmed the exothermic and endothermic nature
of ammonium and phosphate adsorption onto NL, respective-
ly. This result was in accordance with the decrease in adsorp-
tion capacity for ammonium and the increase for phosphate at
higher temperatures (Fig. 5), possibly because the NH4

+ ion
exchange was exothermic and the inner-sphere ligand ex-
change between ≡M─OH groups and phosphate as well as
the HAP precipitation reactions were endothermic.
Therefore, room temperature was optimal for ammonium
and phosphate adsorption onto NL. Furthermore, the values
of ΔSo of ammonium and phosphate were negative and pos-
itive, respectively, indicating that the degree of randomness
increases at the NL-HU interface during the phosphate adsorp-
tion process and that the opposite trend occurs with ammoni-
um. These results were consistent with the adsorption of phos-
phate from municipal wastewater onto loess (Park and Jung
2011) and the ammonium adsorption process by fly ash and
sepiolite (Uğurlu and Karaoğlu 2011).

Evaluation of the NANL as fertilizer

A comparison of the adsorption capacity of the NL with
other conventional adsorbents for ammonium and/or
phosphate adsorption from HU was presented in
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Table 5. As the results showed, the adsorption capacity
for both ammonium and phosphate of the NL in the pres-
ent study was apparently more effective than that of nat-
ural zeolite and activated carbon (Tettenborn et al. 2007).
For selective adsorption onto ammonium or phosphate,
clinoptilolite (Beler Baykal et al. 2009) and HAIX-Fe res-
in (O’Neal and Boyer 2013) exhibited a slight sufficient
adsorption capacity than that of NL, respectively.
However, the performance of NL for simultaneous N
and P recovery was an important advantage than those
adsorbents mentioned above. Furthermore, when it comes
to the cost, NL is abundant and naturally available in the
northern part of China; thus, the cost of NL is acceptable
in comparison to resin, active carbon, and other adsor-
bents. On the other hand, the main species of N and P
in NANL were ammonium salts, metal complex of phos-
phate, and HAP, which were easily absorbed by plants. In
total, the NANL could be taken into account as fertilizer
for agricultural purposes. For further evaluation of the
application potential of NANL, its fertilizer efficiency
and environmental impact should be considered.

Regarding fertilizer efficiency, the total nutrient content of
N and P (CT(N+P)) in the NANL was the key parameter. In
China, it was reported that the utilization efficiency of N fer-
tilizer and P fertilizer was approximately 25∼30 % and
10∼25 %, respectively (Ma et al. 2014; Wang et al. 2014b).
For example, in the traditional monoammonium phosphate
(NH4H2PO4) compound fertilizer, the CT(N+P) content was
approximately 39 %. If the N loss and P loss were 75 and
90 %, respectively, then the actual nutrient utilization efficien-
cy (ET(N+P)) was only approximately 5.7 %. Comparing the

actual nutrient utilization efficiency of the NANL under opti-
mal condition (ET(N+P)=2.73 %, 2.34 % N+0.39 % P) with
that of monoammonium phosphate compound fertilizer, the
fertilizer efficiency of the NANL was close to 50 % of it.
Further, the N and P adsorbed on the NL was equivalent to
the N-P compound fertilizer deposited at a deeper depth.
While it was used directly or used in mixture with the conven-
tional fertilizers (N fertilizer, P fertilizer or compound fertiliz-
er) spread over the soil surface, the N contained in the tradi-
tional fertilizer could be bonded by the NANL which would
also not be easily volatilized (Zhao et al. 2013). On the other
hand, NL is a type of clay mineral, and the major components
are albite, aluminum oxide, calcite, illite, kaolinite, and quartz,
which indicated that the NANL should be nontoxic to the soil
environment. Therefore, NANL can be used as either a com-
pound fertilizer or a conventional fertilizer superaddition in
agriculture.
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from urine onto NL

Table 4 Parameters of three kinetics and two isotherms and the thermodynamic models of the adsorption of ammonium and phosphate from HU onto
NL

Pseudo-first-order model Pseudo-second-order model

qe (mg g−1) k1 (min
−1) R2 qe (mg g−1) k2 (g mg−1 min−1) R2

Ammonium 9.7107 0.0019 0.9085 23.3318 0.0861 0.9993

Phosphate 1.6889 0.0015 0.9199 3.8964 0.0183 0.9990

Intra-particle diffusion model

Step 1 Step 2

kp1 (mg min−1/2 g−1) c1 R2 kp2 (mg min−1/2 g−1) c2 R2

Ammonium 2.2617 5.8557 0.9553 0.1577 18.0365 0.8450

Phosphate 0.2596 1.3463 0.9485 0.0334 2.7846 0.8120

Langmuir isotherm model Freundlich isotherm model

qmax (mg g−1) KL (L mg−1) R2 KF (mg g−1) 1/n R2

Ammonium 49.3827 0.00014 0.9198 0.0316 0.7619 0.9919

Phosphate 5.9523 0.0043 0.9180 0.0882 0.6390 0.9826

ΔGo (kJ mol L−1) ΔSo (K J mol−1) ΔHo (kJ mol−1)

288.15 K 298.15 K 308.15 K

Ammonium −3.84 −3.45 −3.06 −39.02 −15.08
Phosphate −5.57 −6.24 −6.91 66.71 13.64
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Conclusions

NLwas a cost-effective adsorbent for the simultaneous A/R of
ammonium and phosphate from HU. The A/R of ammonium
was based on ion exchange and molecular adsorption. The
calcium phosphate precipitation reaction and the inner-
sphere ligand exchange operated in the phosphate A/R. The
ammonium and phosphate adsorption capacity was primarily
dependent on pH and temperature, and the A/R amount was
maximum at an initial pH of approximately 9∼10, indicating
that HU could be used in practice without any pH adjustment.
Ammonium and phosphate A/R onto NL were well described
by the pseudo-second-order and Freundlich isotherm models.
In addition, both the processes of ammonium and phosphate
A/R onto NL were spontaneous; ammonium adsorption was
exothermic, while adsorption of phosphate was endothermic.
The evaluation of fertilizer efficiency and the determination of
environmental friendliness of NANL demonstrated its poten-
tial as an available compound fertilizer or conventional fertil-
izer superaddition for plants.
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