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Abstract: Phosphorus in water not only degrades water quality but also leads to a waste of resources.
In this study, adsorption thermodynamics and kinetics were used to study the effect of sponge
iron on phosphorus removal, and a filtration bed was used to simulate the phosphorus removal in
polluted water. The results showed that the maximum theoretical adsorption capacity of the modified
sponge iron was increased from 4.17 mg/g to 18.18 mg/g. After desorption with 18.18 mol/L of
sodium hydroxide and reactivation with 6% (w%) sulfuric acid, the activation rate of modified
sponge iron can reach 98%. In a continuous operation experiment run for approximately 200 days,
the sponge iron phosphorus removal percolation bed showed a good phosphorus removal ability.
Under the condition of TP = 10 mg/L, HRT =1 H, the comprehensive phosphorus removal rate was
30-89%, and the accumulated phosphorus adsorption per unit volume was 6.95 kg/m?3. Wastewater
from the regeneration of the sponge iron base can be used to recover guano stone. The optimum
conditions were pH =10, n (Mg2+):n (PO437):n (NH**) = 1.3:1:1.1. Under the optimum conditions,
the phosphorus recovery rate could reach 97.8%. The method provided in this study has theoretical
and practical significance for the removal and recycling of phosphorus in polluted water.

Keywords: sponge iron modification; phosphorus removal and recovery; struvite precipitation

1. Introduction

With the rapid development of industry and agriculture, China’s phosphorus emis-
sions have increased dramatically, which has led to high phosphorus content in water [1,2].
Phosphorus is one of the most important factors causing the eutrophication of water [3].
When the concentration of phosphorus in water is more than 0.3 mg/L, it can easily cause
algae and aquatic plants to propagate in large quantities [4]. On the other hand, phos-
phorus in nature is also a non-renewable resource. Unlike petrochemical resources, no
substance can fill the role of phosphorus in industrial and agricultural production in the
world [5-7]. At present, wastewater treatment in the field of environmental protection
in China relies mainly on dephosphorization, and there are still serious deficiencies in
phosphorus recovery and utilization [8,9].

An increasing number of researchers are interested in the recovery of phosphate from
water. Various technologies have been used to effectively restore water quality contain-
ing phosphate, such as reverse osmosis [10], sedimentation [11], biological processes [12],
constructed wetland [13], ion exchange [14], membrane [15], electrochemistry [16], adsorp-
tion [17,18] and flotation [19]. Other methods have many limitations, such as complex
operation and the use of a large number of chemical reagents; in addition, the sludge
produced is difficult to treat, and regeneration is difficult and unstable [20,21]. Among
these methods, the adsorption method is widely used in phosphate removal because of
its simple operating conditions, high cost-effectiveness, eco-friendliness, large adsorption
capacity and low sludge production [22].
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Thus far, researchers have introduced several adsorbents with high porosity to effec-
tively adsorb phosphate in sewage. These adsorbents, such as organic polymers [23,24],
mesoporous silica [25], activated carbon [26], red mud [20,27] and zeolite [28], have a high
specific surface area. One of the main disadvantages of these adsorbents is that they are
usually difficult to separate and recover from the water medium, which requires additional
separation technology [29,30].

Fe-based technologies have been extensively investigated for phosphate removal from
the wastewater [31,32]. The zero-valent iron (ZVI)/sand bed reactor reported by Sleiman
et al. achieved maximum removal capacity of 132 mg P/g Fe [33]. Sponge iron is a new
type of zero-valent iron material, which has the advantages of low carbon porosity, large
specific surface area, low price, low hardenability, high active iron content, and strong
electrochemical enrichment, physical adsorption and flocculation sedimentation character-
istics [32,34]. Today, smelting sponge iron in induction furnaces is one of the main processes
in steel production. In this process, raw materials (sponge iron and scrap) are melted by
inducing electromagnetic currents. Sponge iron has small cavities and is porous [18]. At
present, sponge iron is mostly used for the deoxidization of industrial water, and it has
been shown that it has good adsorption and phosphorus removal characteristics [35-38].
However, research on the removal and recovery of phosphorus products based on a sponge
iron percolation bed has not been carried out.

Sponge iron is currently mostly used for the deoxygenation of industrial water. Stud-
ies have shown that sponge iron has good adsorption and dephosphorization charac-
teristics [35]. However, sponge iron is modified to improve its phosphorus adsorption
performance, and a percolation bed based on sponge iron is constructed to remove and
recover phosphorus products [2,6].

Therefore, this paper studies the sponge iron modification method and discusses the
adsorption kinetic characteristics of sponge iron before and after modification, investigates
the dynamic phosphorus removal characteristics of the percolation bed based on the
modified sponge iron, and discusses the reprocessing of sponge iron, the method of living,
and the method of preparing struvite by recycling phosphorus resources.

2. Materials and Methods
2.1. Materials and Reagents

The sponge iron used in this experiment was purchased from Gongyi Liansheng Water
Treatment Materials Co., Ltd, Zhengzhou, China. The appearance was gray black, the
interior was porous and spongy, and the main component was iron. The BET specific
surface area of the purchased sponge iron reaches 81 m?/g. And the zeta potential of
sponge iron is 8.03 mV at pH 7.0 [39]. The content of active iron (elemental iron particles
with high chemical reaction activity) was more than 90%, the bulk density was 2.2 g/cm?,
and the particle size was 5-8 mm. Ultra-pure water with a conductivity of 18.2 MQ-cm,
used in the experiments, was provided by an USF-ELGA Maxima water purification system
(ELGA LabWater, Woodridge, IL, USA). The reagents used in this paper were analytically
pure, with certain exceptions.

2.2. Modification of Sponge Iron and Kinetics of Phosphorus Adsorption

The sponge iron was modified by sulfuric acid: we washed the sponge iron with
deionized water three times to remove the surface dirt and impurities, and then immersed
the sponge iron in 6% sulfuric acid solution in order to modify it for 0.5 h. Finally, we
washed it with deionized water to neutrality, and dried it at 105 °C for 1 h.

Static adsorption experiment: we placed 4 g of sponge iron particles before and
after modification into a 250 mL conical flask with different concentrations of phosphorus
solution of 150 mL, and then placed the conical flask in a constant-temperature shaking bed
with a continuous oscillation speed of 150 r/min. The phosphorus content of the solution
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was measured at regular intervals. The adsorption amount of phosphorus was calculated
by Equation (1), and the adsorption rate curve and adsorption isotherm were drawn.

qZVOX(Cj—Ce)/m (1)

where g is the amount of phosphorus adsorbed by sponge iron (mg/g); m is the quality of
sponge ion (g); C; and C, are the initial and equilibrium concentrations of phosphorus in
the solution, respectively; V, is the volume of the solution.

2.3. Adsorption Isotherm

The adsorption isotherm shows the strength of the adsorption capacity of the material,
and the relationship between the equilibrium concentration and the surface adsorption
capacity in the reaction system [1]. The Langmuir adsorption isotherm is based on the two
basic assumptions that the adsorbent surface is uniform and there is no interaction between
the adsorbate molecules, which are mainly used for the fitting of single molecular layer
adsorption. The Freundlich adsorption isotherm is suitable for the fitting of heterogeneous
or multi-layer adsorption. The Langmuir equation and Freundlich equation are used
to fit and analyze the adsorption isotherms of phosphorus on sponge iron before and
after modification. Equation (2) is the Langmuir adsorption isotherm linear form, and
Equation (3) is the Freundlich adsorption isotherm linear form:

1 1 1 1
- N + 7 2
qe Krqm Ce qm @

1
log g. = logKr + ElogCg (©)]

where g is the adsorption amount of phosphorus in adsorption equilibrium (mg/g); C, is
the concentration of phosphorus in adsorption equilibrium (mg/L); g, is the maximum
adsorption amount in theory (mg/g); K| is the Langmuir adsorption rate constant (L/mg);
Kr is the adsorption equilibrium constant; # is the adsorption strength index.

2.4. Desorption and Reactivation of Sponge Iron

We placed 10 g of modified sponge iron into a conical flask containing 100 mL solution
with H3PO,4 1000 mg/L, and it was shaken for 12 h continuously until the adsorption ca-
pacity of sponge iron reached saturation. We then measured the phosphorus concentration
in the solution, and calculated the phosphorus adsorption capacity (g40) of the unit weight
sponge iron according to Equation (1).

We collected the sponge iron that had reached adsorption saturation, washed it with
deionized water three times, added a certain volume of NaOH with the concentration of
1-2 mol/L as a desorption solution and shook it continuously at a constant temperature
(25 °C) of 150 r/min for 12 h. We then separated the supernatant, measured the phosphorus
concentration (C) in the liquid phase and calculated the desorption amount and desorption
rate of the unit modified sponge iron phosphorus; we then reactivated the modified sponge
iron with 6% sulfuric acid after desorption, and obtained the regenerated modified sponge
iron after drying. Under the same experimental conditions of g,, the static adsorption
test was carried out again to obtain the adsorption amount (g,;) after regeneration of the
adsorbent. The calculation methods for the desorption amount (g,;), desorption rate (Z;)
and activation rate (Z,) of the regenerated adsorbent were as follows:

ga=V xC/m 4)

Zy =qq/qao x 100 ®)
Zyr = Ga1/Gao % 100 (6)
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where ¢, is the phosphorus desorption of the unit modified sponge iron; Z; is the des-
orption efficiency (%); Z, is the activation efficiency of the regenerated adsorbent (%); V
is the volume of desorption solution (L); C is the phosphorus concentration in the alkali
regeneration waste liquid (mg/L); m is the mass of adsorption saturated modified sponge
iron (g). 4,0 and g, are the adsorption amount of phosphorus per unit of modified sponge
iron before and after regeneration (mg/g), respectively. Each of the above data are the
average of three repeated tests.

2.5. Experiments of Continuous Flow Phosphorus Removal with Sponge Iron

The porous iron filter bed was constructed of 1.7 L organic glass with an inner diameter
of 10 cm, height of 100 cm and inner filling height of 60 cm. In order to investigate the
removal and enrichment of phosphorus by the percolation bed under the condition of
continuous flow, a 10 mg/L concentration of KH,PO, was added to tap water to simulate
the phosphorus-bearing water body. During the operation, the hydraulic retention time
(HRT) was 1 h, and the temperature was 25 °C. When the phosphorus removal rate tended
to be stable, we stopped the operation, used 1 mol/L sodium hydroxide to analyze the
sponge iron, and then used 6% sulfuric acid to reactivate the sample and started the next
cycle of the dynamic phosphorus removal experiment.

2.6. Recovery of Phosphorus from Waste Liquid of Alkali Regeneration

We transferred the alkali regeneration waste liquid generated in Section 2.3 to a 300 mL
beaker and adjusted the regeneration liquid to the expected pH with sulfuric acid; the
stirring speed was 150 r/min. We measured the initial phosphorus concentration (C) of the
alkali regeneration waste liquid, added a certain amount of ammonium salt and magnesium
salt in turn 10 min apart, and waited for 30 min after the reaction. The supernatant was
filtered by a 0.45 um membrane, and the phosphorus concentration (C,) in the filtrate was
determined. The phosphorus recovery n was calculated by Equation (7). The precipitates
were dried at 40 °C for 48 h and then stored in a desiccator.

= (Co—Ce)/Cp x 100 @)

where, 77 is the recovery rate of phosphorus; Cy and C. are the initial concentration of phos-
phorus in the alkali regeneration waste liquid and the residual concentration of phosphorus
after the formation of struvite, respectively.

2.7. XRD Analysis for Struvite

The XRD of the samples of struvite were analyzed using a D8 Advance X-ray diffrac-
tometer (Bruker, Bremen, Germany). The crystal structure parameters of the samples were
determined, and the samples were analyzed qualitatively and quantitatively. The ground
sample (-0.074 mm) was placed into the groove of the glass sample holder, flattened with
ground glass, and inserted into the sample table.

3. Results and Discussion
3.1. Adsorption Kinetics of Phosphorus on the Sponge Iron
3.1.1. Effect of Adsorption Time on Phosphorus Adsorption Capacity

The phosphorus adsorption kinetics of sponge iron before and after modification were
compared. The phosphorus adsorption capacity of sponge iron as a function of adsorption
time is shown in Figure 1.
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Figure 1. The adsorption amount of phosphorus as a function of adsorption time. ((a), unmodified
sponge iron; (b), modified sponge iron). The initial pH is 7.0 and the concentration of sponge iron is
26.67 mg/mL.

It can be seen that under different initial phosphorus concentrations, the adsorption
capacity of sponge iron increases with the increase in adsorption time, and tends to be
stable after a period of time. The adsorption equilibrium of unmodified sponge iron was
reached after 6 h, while that of modified sponge iron was reduced to 4 h. In the early stage
of the adsorption process, the adsorption rate of sponge iron to phosphorus is faster, and
the phosphorus removal rate reaches 90% when the adsorption time was 4 h. The reason
may be that there are many adsorption points on the surface of sponge iron at the initial
stage of adsorption, the difference in ion concentration is large, and phosphorus can be
easily combined with the surface of sponge iron [38,40]. With the decrease in adsorption
sites on the surface of sponge iron, the adsorption rate slows down and reaches adsorption
saturation [35].

3.1.2. Adsorption Isotherm

It can be seen from Figure 2 that the adsorption of phosphorus by sponge iron before
and after modification is nonlinear. The fitting coefficients of the Langmuir and Freundlich
adsorption isotherms are both greater than 0.95, which can better fit the adsorption process
of sponge iron to phosphorus. However, the adsorption behavior is more in line with the
Freundlich adsorption isotherm, which indicates that the liquid—solid adsorption reaction
is more complex. In the literature of Xiao et. al, the two models are used to study the
adsorption of the flotation collector on the mineral surface, and the same conclusion is
reached [21]. During the adsorption and modification process, there may be corrosion
defects on the surface of the sponge iron and the formation of a heterogeneous surface of
iron oxide, and single-layer adsorption and multi-layer adsorption exist at the same time.

It can be seen from the Langmuir adsorption isotherm that the modification of sponge
iron can improve the theoretical adsorption capacity of phosphorus. Through sulfuric acid
modification, the theoretical adsorption capacity increased from 4.17 mg/g to 18.18 mg/g.
The enhancement of the phosphorus adsorption capacity of the modified sponge iron is
mainly due to the formation of more iron oxides on the surface of the modified sponge
iron; the increase in iron oxides causes the coordination exchange reaction to occur more
easily, and there is an increase in active sites on the surface of sponge iron [35,40]. In the
Freundlich adsorption isotherm, 7 is related to the difficulty of adsorption, and # is more
than 1 before and after modification, indicating that the material has better adsorption
performance and adsorption is easy.
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Figure 2. Adsorption isotherm of phosphorus on the sponge iron surface before and after modification.
((a), Langmuir isotherm; (b), Freundlich isotherm).

3.2. Resorption and Reactivation of Sponge Iron

We took 10 g of saturated modified sponge iron for regeneration, and the regeneration
solution was H,SOy4 solution, HCI solution and NaOH solution, respectively. The influence
of the concentration of HySO4 solution, HCl solution and NaOH solution on the desorption
rate is shown in Figure 3.
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Figure 3. Effect of different solution on desorption of saturated sponge iron.

From the results in Figure 3, it can be seen that H,SO4 solution and HCl solution
have little desorption capacity for phosphorus; the best desorption effect for phosphorus is
NaOH solution of 2 mol/L, but the effect of improving the desorption rate is not obvious
compared with that of NaOH solution of 1 mol/L. A balance of efficiency and economy
can be achieved by using 1 mol/L NaOH solution as the desorption solution, which is
consistent with the reference of Afridi et al. [7].

After phosphorus desorption, it should be reactivated to restore the adsorption perfor-
mance of the sponge iron. The reactivation effect of different solutions is shown in Figure 4.
The adsorption activity of sponge iron without reactivation was 33.8% of that before ad-
sorption, and the adsorption capacity of phosphorus was significantly lower than that of
sponge iron. Compared with hydrochloric acid, sulfuric acid has a better activation effect.
When the sponge iron was modified with 6% H;SOy, the reuse efficiency was 98.2%, and
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the adsorption capacity of the sponge iron to phosphorus was clearly restored. The main
component of sponge iron is zero valent iron, so they have similar phosphorus removal
mechanisms. The possible reactions are as follows:

1.  Theiron oxide on the surface of sponge iron dissociates or the iron ion is separated out
by the corrosion of single iron, and the chemical reaction with phosphate produces
insoluble salts, such as FePOy, Fe3(POy),, etc. After insoluble precipitates are formed,
they easily cover the surface of sponge iron, which is not conducive to the further
removal of phosphorus in the solution [41].

2. Ironions generate long linear polynuclear hydroxyl complexes through hydrolysis
and polymerization, and coordinate exchange with phosphates.

3. Under acidic and weakly alkaline conditions, sponge iron will combine with protons
with positive charge; thus, electrostatic adsorption with negatively charged phosphate
ions will occur [39].

100

80

A7

40

20- /

Activation rate (%)

1 mol/L 2 mol/LL 3.5% 6%
HCl HC(CI H,SO, H,SO,

unactivation

Figure 4. Effect of different solutions on the reactivation ability of sponge iron after desorption.

In the process of phosphorus removal by zero-valent iron the valence state of phos-
phorus does not change generally, and it mainly exists in the form of phosphate. There are
complex interface processes in different redox environments. If FePO, and Fe3(POy); are
the main components of phosphorus on the surface of sponge iron, it can be desorbed by
acid. However, it was found that the desorption rate of phosphorus adsorbed by sulfuric
acid on the surface of sponge iron was very low (less than 1%), so it was concluded that
the phosphorus adsorbed by sponge iron was not mainly FePO, and Fe3(POj),. On the
contrary, when the NaOH solution is used for desorption, the desorption rate is as high
as 95.5%. OH™ can destroy the state wherein the coordination body on the surface of the
sponge iron combines with phosphate, and compete with the phosphate bonded on the
surface of the sponge iron for the adsorption site, so that the phosphate can be desorbed.
It can be concluded that the main mechanism of phosphorus removal in this study is the
combination of phosphate and the hydroxyl complex on the surface of sponge iron through
coordination exchange.

3.3. Effect of Sponge Iron Filtration Column on Phosphorus Removal

A continuous flow experiment was carried out to investigate the dynamic phosphorus
removal characteristics of sponge iron. The relationship between phosphorus removal rate
and operation time is shown in Figure 5.
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Figure 5. Continuous operation of phosphorus removal by sponge iron infiltration column.

The whole operation was divided into two stages: the initial operation stage and post-
regeneration operation stage. In the initial stage of the operation, the phosphorus removal
rate of the sponge iron percolation bed could reach 90%. With the increase in time, the
removal rate of phosphorus began to decline. When running to the 18th day, the phosphorus
removal rate was stable to around 50%. On the 43rd day, NaOH and H,SO4 were used
to desorb phosphorus in situ and reactivate the sponge iron. After regeneration, the
phosphorus removal ability of the system was restored, and the initial phosphorus removal
rate could reach more than 90%. With the passage of time, the phosphorus removal rate
decreased gradually. When running for 100 days, the phosphorus removal rate decreased
to approximately 60%. Compared with that before regeneration, the phosphorus removal
rate decreased slowly, indicating that the phosphorus removal performance of the sponge
iron filter bed after regeneration was improved. A possible reason is that there were more
active sites on the surface of the sponge iron due to the desorption of alkali and activation
of acid. When it was operated to 240 days, the percolation bed did not show complete
penetration, and the phosphorus removal rate eventually decreased to around 30%. In the
whole operation stage, the volume load of the percolation bed was 120 g/ dm—3, and the
comprehensive phosphorus removal rate was 30-90%. After regeneration, the cumulative
adsorption capacity of modified sponge iron reached 43,709 mg, and the adsorption capacity
per unit volume reached 6.95 kg/m?>. The sponge iron filter bed shows excellent continuous
phosphorus removal ability and can effectively recover the phosphorus concentration. In
situ regeneration can effectively restore the phosphorus removal performance of the filter
bed [35,38].

3.4. Recovery of Phosphorus from Regenerated Waste Liquid by Struvite Precipitation
3.4.1. Effect of pH on the Recovery of Phosphorus

The above results show that sponge iron has good phosphorus adsorption and en-
richment properties. In order to recycle the phosphorus after desorption, the method of
producing struvite from the phosphorus recovered from the regenerated waste liquid was
studied. Firstly, the effects of pH, Mg?*, PO4%~ and NH4* molar ratio on the phosphorus
recovery of the regenerated waste liquid were investigated. The main reaction equation for
the formation of struvite is as follows:

Mg®* + NHJ + PO}~ + 6H,O — MgNH,PO4-6H,0 | (8)

According to the principle of the chemical reaction, when the concentration product of
Mg2+, PO43~ and NHy* is more than the solubility product constant of MgNH,PO,-6H,0,
the struvite crystal precipitate will be formed. Although pH will not directly affect the ion
activity product balance of struvite, it will affect the existing form and activity of the various
ions that make up struvite when they reach equilibrium in water. When the phosphorus
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content of the regenerated waste liquid is 826 mg/L, n (Mg2+):n (PO437)n (NH*) = 1:1:1,
the phosphorus recovery rate of the regenerated waste liquid at different pH is as shown in
Figure 6a.
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Figure 6. Effect of pH (a), Mg2+ concentration (b) and NH4* concentration (c) on the recovery of
phosphorus.

Figure 6a shows the effect of the initial pH on the recovery of struvite in the regenerated
waste liquid. It was found that when the pH of the system was less than 8, almost no
precipitates were produced. With the increase in pH, a white precipitate appeared and
the recovery of phosphorus increased. Although the recovery rate of phosphorus in the
solution reaches the maximum at pH = 11, which is 93.2%, it is found that there is a latex-like
substance in the sediment, which is quite different from that at pH = 9-10. An explanation
may be the by-product outside the guano stone, which is also verified in the following
product analysis [35,38]. The theoretical calculation shows that when the pH is 10-11,
ammonia will dissociate from MgNH4PO,4 and form more insoluble Mg3(PO,), [30]. When
the pH is more than 11, there will be Mg(OH),. When the pH is more than 12, there is
obvious ammonia gas escaping from the solution, and the utilization rate of ammonia
nitrogen decreases, which is not conducive to the formation of struvite. When pH = 10, the
amount of acid added is lower, and the ratio of phosphorus recovery to guano stone is the
highest, which is the best pH for guano stone recovery.

3.4.2. Effect of Magnesium Salt Dosage

The theoretical molar ratio of Mg2+, PO, and NH,* for the formation of struvite
is 1:1:1, but the composition of the regenerated waste liquid is relatively complex, as it
contains elements such as iron, calcium, carbon and silicon. Mg?*, PO,3>~ may generate
other precipitates in the reaction. Therefore, it is necessary to increase the content of
some ions, promote the balance to move forward, and improve the phosphorus recovery.
Control pH =10, n (PO ):n (NH,) = 111, a change in Mgz‘r dosage, and the effect
of dosage on phosphorus recovery are shown in Figure 6b. With the increase in Mg?*
concentration, the recovery of phosphorus also increased. When the ratio of n (Mg?*):n
(PO4>7) increased from 0.9 to 1.3, the recovery of phosphorus increased from 69.4% to
93.4%, indicating that the reaction of struvite formation was incomplete when the ratio
of n (Mg?*):n (PO437) < 1.3. After this, the dosage of Mg?* was increased to 1.4:1, and the
phosphorus recovery rate did not increase significantly, indicating that, at this time, Mg?*
was excessive and reacted with other ions to form non-struvite precipitation. Therefore, the
optimum ratio of n (Mg?*):n (PO,37) is 1.3:1.

3.4.3. Effect of Ammonia Nitrogen Dosage

We controlled the magnesium salt dosage ratio of n (Mg?*):n (PO,>7) to 1.3:1,
pH =10, and investigated the effect of ammonia nitrogen dosage on phosphorus recovery
(Figure 6¢). The results showed that the phosphorus recovery increased with the increase
in ammonia nitrogen. When the ratio of n (NH4*):n (PO437) increased from 0.9 to 1.1, the
phosphorus recovery increased from 76.3% to 96.3%. With the increase in ammonia and
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nitrogen, phosphorus recovery was not significantly improved. From the perspective of
environmental protection and economic interests, the best ratio of n (NH;*):n (PO,37) is
1.1:1. In order to achieve the best recovery of phosphorus, these three ions must be added
to the solution in an appropriate proportion [9,25].

3.4.4. System Experiment

On the basis of the above research, in order to test the reliability of the best process
conditions, several groups of overall tests were carried out. The results are shown in
Figure 7. When the ratio of n (Mg?*:n (PO ):n (NH4*) was increased from 1:1:1 to
1.3:1:1.1, the recovery of phosphorus clearly increased. When the ratio was increased to
1.4:1:1.2, the recovery of phosphorus was not significantly increased. pH is the main factor
that restricts the recovery of phosphorus. The optimal process conditions are: pH =10, n
(NHy*)in (PO427) = 1.1, n (Mg?*):n (PO,>7) = 1.3.

I - =8
100 B o+ = 9
- I pH = 10
80
E\D
- 60
=
5]
z
o 4
CF]
=
20
0

1:1:1 1.3:1:1.1 1.4:1:1.2
n(Mg*):n(PO,"):n(NH,)

Figure 7. Results of optimization experiment.

3.4.5. XRD Analysis of Precipitation Products

Under the optimum molar ratio, the XRD diffraction patterns of the test products with
pH =9, 10 and 11 were analyzed. The results are shown in Figure 8.

A— Struvite

lin/counts

20 (°)

Figure 8. XRD patterns of phosphorus products under different pH.
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It can be seen that when the pH is 9, the peak type of the X-ray diffraction pattern of
the precipitate is basically consistent with the standard pattern of MgNH4PO4-6H,0, and
no other crystal image is shown, indicating that the main component of the precipitate is
struvite, and the purity of the precipitate is high. However, the amount of precipitation
products is very small and the phosphorus recovery rate is obviously low. When the
pH is 10, the diffraction peak position is almost the same, but the intensity is obviously
enhanced, indicating that most of the products are guano stone. Compared with the spec-
trum at pH 9, some impurity peaks are doped, which indicates that a few by-products are
doped, but the amount of precipitated products is significantly higher than the product
quality at pH 9, which is also consistent with the high phosphorus recovery rate of pH = 10
observed in the test process, the obvious stratification limit, and the better sedimentation
performance. When the pH is 11, there is no obvious crystal characteristic peak of the pre-
cipitate, which is completely inconsistent with the diffraction peak of the MgNH,PO,-6H,0O
standard spectrum, indicating that the product may not be struvite.

4. Conclusions

1. Using 6% sulfuric acid to modify sponge iron could improve the adsorption capacity
of phosphorus, and in this experiment the theoretical maximum adsorption capacity of
modified sponge iron was increased by 335% compared with that before modification.
When the modified sponge iron was saturated with phosphorus, its phosphorus
removal ability could be restored by desorption and reactivation, and the activation
rate could reach 98.2%.

2. The sponge iron percolation bed had a good dynamic phosphorus removal perfor-
mance, and the accumulated phosphorus adsorption capacity reached 6.95 kg/m?.
The carrier was easy to activate and regenerate, and thus it could be used to effectively
recover phosphorus from water containing phosphorus.

3.  pH is the main factor affecting the production of struvite from alkali regeneration
waste liquid. The optimal conditions for the preparation of struvite from phosphorus
containing desorption solution achieved by adjusting the pH and adding nitrogen
and magnesium are: initial pH = 10, n (Mg?*):n (PO,>):n (NH*) = 1.3:1:1.1. Under
the optimal conditions, the phosphorus recovery rate could reach 97.8%.
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