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Keywords Abstract
Alkaline-Thermal Hydrolysis, In this study, we investigated ways by which to optimize metals and nutrients
Hydrolyzed Sludge, solubilization from sewage sludge using alkaline-thermal hydrolysis and the Box-
Nutrients Recovery, Behnken design. We also examined through struvite crystallization the recovery of
Solubilizaton, solubilized nutrients from hydrolyzed liquid and determined the effect of NaOH
Struvite. concentration, the liquid/solid ratio, and temperature on the hydrolysis process.

Nutrients solubilization was positively affected by decreasing liquid/sludge ratio
and increasing NaOH concentration. Ca, Al, and Zn solubilization increased with
increasing temperature. The optimum condition for solubilization of nutrients and
metals was 0.7 M NaOH and a 5/1 mL/gliquid/solid ratio at 35 °C. EDS analyses of
hydrolyzed sludge obtained under optimum conditions showed that the mass
percentage of C, P, Fe, Al, and K decreased compared to that of the digested sludge.
Under optimum conditions, the removal efficiencies of NH4* and PO43 from
hydrolyzed liquid by struvite precipitation were 57.43 and 79.22% at a N:Mg:P
molar ratio of 1:1:1, and 73.31 and 99.02% at a N:Mg:P molar ratio of 1:1.5:1,
respectively. XRD analyses of the dry precipitate showed hazenite in addition to
struvite formation at a molar ratio of N:Mg:P of 1:1:1.

BOX-BEHNKEN DIZAYNI KULLANILARAK CURUTULMUS CAMURDAN
STRUVIT ELDE ETMEK iCIN ALKALI-TERMAL HIDROLIZIN OPTIMIZASYONU:
NUTRIENTLERIN VE METALLERIN COZUNDURULMESI

Anahtar Kelimeler 0z

Alkali-Termal Hidroliz, Bu calismada, alkali-termal hidroliz ve Box-Behnken dizaymi kullanilarak aritma
Hidrolize Edilmis Camur, camurundan metallerin ve niitrientlerin ¢6zlindlriilmesinin optimizasyonu
Niitrient Geri Kazanimi, arastirilmistir. Coziindiirilmiis nitrientlerin, hidroliz sivisindan geri kazanimi da
Coziindiirme, striivit kristalizasyonu ile arastirlmis ve hidroliz prosesi ilizerine NaOH
Striivit. konsantrasyonu, sivi/kat1 orani ve sicakligin etkileri belirlenmistir. Nitrientlerin

¢oziindiiriilmesi, azalan sivi/kat1 oranmi ve artan NaOH konsantrasyonu ile pozitif
olarak etkilenmistir. Ca, Al ve Zn ¢o6ziindiirilmesi sicaklik artisi ile artmistir.
Niitrientlerin ve metallerin ¢6ziindiiriilmesi icin optimum kosullar 0,7 M NaOH, 5/1
mL/g sivi/kat1 orani ve 35 °C’de olmustur. Optimum kosullar altinda elde edilen
hidrolize edilmis ¢amurun EDS analiz sonuglari, C, P, Fe, Al ve K kiitle yilizde
degerlerinin ciiriitilmiis camurunkine kiyasla azaldigin1 géstermistir. Optimum
kosullar altinda, striivit ¢oktiirmesi ile hidroliz sivisindan NH4* ve PO43- giderim
verimleri sirasiyla N:Mg:P molar orani 1:1:1 iken %57,43 ve %79,22 ve N:Mg:P
molar orami 1:1.5:1 iken %73,31 ve %99.02 olmustur. Kuru ¢okeltinin XRD
analizleri, N:Mg:P molar orani 1:1:1 iken striivit olusumuna ek olarak hazenit
olusumunu da géstermistir.
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1. Introduction

Currently, producing chemical fertilizers industrially firmly relies on non-renewable sources of phosphorus (P),
like natural deposits of phosphate minerals like apatite rock. A crucial research topic to guarantee the future of
global food security requires, instead, an evaluation of renewable resource alternatives to produce fertilizer (Barca
etal, 2019). Waste activated sludge contains a significant amount of nutrients, especially nitrogen and phosphorus
(Alhraishawi and Aslan, 2022).

One of the most significant issues in wastewater treatment is dealing with waste activated sludge, a rich source of
P produced by the action of P-accumulating organisms. Given the expected future depletion of P resources, its
recovery from sewage sludge is one very encouraging alternative to eliminate sludge-associated problems
(Semerci et al., 2021). Using a chemical wash is the most widespread method used to extract P from waste sludge
because it is an inexpensive and simple process (Donatello and Cheeseman, 2013; Meng et al., 2019). Leaching
exists when a liquid solution containing a waste and chemicals (acids or bases) flows through the wastes (Sayilgan
and Karacan, 2019). Acidic and alkaline solutions can be used to leach P from waste sludge. The potential
advantages of both of these washing processes are that they use less energy and produce phosphoric acid and
phosphates that can be converted into products with a higher commercial return. These include struvite
(MgNH4P04¢6H20) and hydroxyapatites or calcium phosphates. However, as a result of the leaching process, the
leachate includes elements - predominantly Al, Fe and Ca - and heavy metals alongside P, and recovering P from
this leachate is a critical issue (Meng et al., 2019).

Thus, the leaching process must use additional process to remove P from the extracted pollutants, by means of
solvent extraction (Donatello and Cheeseman, 2013), sequential precipitation (Takahashi et al., 2001), sulfide
precipitation (Franz, 2007), ion exchange membrane processes (Uysal et al., 2017), and chemical precipitation of
P.

Directly dissolving it in an alkaline solution is an alternative to dissolving P in acid and then separating the
dissolved P from the dissolved metals where most metals solubilized in the sludge liquid. It is also possible to
directly extract P using sodium hydroxide (NaOH), but only at an efficiency of 40% (Meng et al., 2019). To mitigate
this problem, a combined alkaline-thermal hydrolysis is used, which is considered superior to traditional alkaline
hydrolysis (Kim et al., 2015; Takahaski et al., 2015). The combination of chemicals and thermal treatment seems
to be more favorable than just thermal treatment (Suarez-Iglesias et al., 2017). While there has been widespread
study of the use of alkalis to dissolve sludge, they have largely concentrated on dissolving easily biodegradable
carbon involving, soluble chemical oxygen demand (SCOD). By contrast, very few have studied the solubility of P
(Tolofari et al., 2020; Zin et al.,, 2021). In addition, studies are limited on P, N, and metal releases from sewage
sludge using alkaline-thermal hydrolysis (Semerci et al., 2021). The conditions affecting hydrolysis must be
optimized for nutrients recovery from sewage sludge in the form of struvite.

In the present study, we evaluated the effects of NaOH concentration, liquid/solid (L/S) ratio, and temperature on
the hydrolysis of digested sludge using the Box-Behnken design. Under our test conditions, release of maximum
nutrients and minimum metals were determined. The chemical composition and morphology of the hydrolyzed
digested sludge were compared to the digested sludge. P and N from the hydrolyzed liquid obtained under
optimum conditions were recovered using struvite crystallization. The precipitate obtained was analyzed.

2.1. Material and Method
2.1. Sludge Sample and Preparation

Anaerobic sludge digester effluent from a municipal wastewater treatment plant based in Antalya, Turkey, using
the anaerobic/anoxic/aerobic method (A2/0) provided the digested sewage sludge samples for this study. After
oven drying at a temperature of 103 + 2 °C for 42 hours, samples were powdered and sieved to a size of 1 mm or
less. Subsequently, the sieved samples were stored in plastic bags at room temperature and sealed until the metals,
nutrients measurements, and hydrolysis experiments were performed. Table 1 lists the basic attributes of the
digested sludge samples used.
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Table 1. Basic characteristics of digested sludge samples used in this study

Parameter Value?

pH 7.64+0.2
TS (g/L) 36.45 +3.46
TVS (g/L) 25.35+3.04
TCOD (g/L) 51.47 +3.49
SCOD (g/L) 1.29 + 0.05
TN (mg/g) 419+1.2
TP (mg/g) 24.75+0.16
Total Metals (mg/g)

Ca 17.47 £0.13
Mg 1.79 £ 0.03
K 4.85 £ 0.04
Na 0.66 + 0.009
Al 4.83 +£0.06
Fe 6.19 + 0.08
Zn 1.59+0.01
Cu 0.12 £ 0.002
Cr 0.04 + 0.001
Pb 0.014 +0.001
Ni 0.02 + 0.00
Cd b.d.p

Hg b.d.

adata: mean * standard deviation (n = 2); bb.d.: below detection limit.
2.2. Alkaline-Thermal Hydrolysis

In alkaline pretreatment, NaOH is most preferred used because of its high solubilization rate with relatively low
dosages (de Sousa et al.,, 2021). Thus, we used NaOH for alkali hydrolysis in the present study.

In our preliminary study (Uysal et al., 2019), the effects of reaction time, temperature, and L/S ratio factors on the
hydrolysis of sewage sludge were investigated by maintaining a constant concentration of NaOH (0.5 M). We
observed that the effect of reaction time on release of P is insignificant, but that P release was positively correlated
with an increase in temperature and a decrease in the L/S ratio; however, we also realized that Fe, Ca, and Zn
releases increased with an increase in temperature. The results obtained within the scope of the preliminary study
(Uysal et al,, 2019) indicated that it was necessary to investigate the effects of NaOH concentration and a low L/S
ratio on P release. Because metal releases increased in parallel with the increase in temperature, we planned to
work within a lower temperature range in the present study.

Alkaline-thermal hydrolysis was conducted using a magnetic stirrer with hot plate at 250 rpm. Optimization of
low metals and high nutrients releases from digested sludge using alkaline-thermal hydrolysis was performed
using the Box-Behnken design. We determined the effects of the parameters, such as NaOH concentration (M), L/S
ratio (mL/g), and temperature (°C), on the solubilization of metals and nutrients from digested sludge using
alkaline-thermal hydrolysis and the Box-Behnken design.

After hydrolysis, the hydrolyzed samples were centrifuged at 9000 rpm for 20 minutes to separate the solid and
liquid fractions. Hydrolyzed sludge obtained under optimum experimental conditions was oven-dried overnight
at 103 °C, after which the dried hydrolyzed sludge samples were ground.

2.2.1. Box-Behnken Experimental Design and Statistical Analysis

A Box-Behnken statistical experimental design was chosen to be the most suitable method to optimize the
chemical and physical processes (Dong et al.,, 2009). The Box-Behnken design requires fewer iterations compared
to central composite designs. As a result, the Box-Behnken design reduced the number of experiments required
and the time taken compared to the intensive laboratory studies that would otherwise have been required.

Specifically, a three factor, three-level Box-Behnken design was applied to determine the optimal conditions

required for maximum nutrients solubilization and minimum metals solubilization using NaOH-thermal
hydrolysis. The number of experiments applied for the three factors was 15. The three independent variables were
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studied at three coded levels as -1, 0, and +1. Table 2 shows the levels and experimental range of the three
independent variables considered in this study.

Table 2. Levels and variables examined in alkaline-thermal hydrolysis using Box-Behnken design

Coded Levels Variables
NaOH (M), L/S Ratio (mL/g), | Temperature (°C),
X1 X2 X3
Low Level (-1) 0.3 3/1 35
Center Level (0) 0.5 5/1 50
High Level (+1) 0.7 7/1 65

The data was subjected to regression and graphical analyses using the analysis of variance (ANOVA) component
within the Minitab 19 statistical software package (Minitab, Inc., State College, PA, USA) to test for the significance
of independent variables and how they interacted with each other. In this study, model results with a 95%
confidence level were considered statistically significant. The main effects and interaction effects of the variables
were predicted with quadratic polynomial model shown below in Eq. (1):

Y = ag+ a;x; + ayx; + 33 + A1pX1%; + A13X1X3 + ApzXyX3 + A11X2 + Appx? + a33x32 @8]

where, Y is solubilization of metals or nutrients (mg/L); x1, X2, x3 are coded independent variables; ao is constant
coefficient; a1, az, az are linear coefficients; a1z, a1, az3, az4 are interaction coefficients; and ai1, azz, ass are quadratic
coefficients.

2.3. Struvite Formation from the Hydrolyzed Sludge Liquid

Hydrolyzed liquid obtained optimum test conditions was used in struvite crystallization experiments. For struvite
crystallization, batch chemical precipitation experiments were carried out in a volume of 45 mL with a magnetic
stirrer. The formation of struvite needs NH4*, PO43-, and Mg?* with an ideal molar ratio 1:1:1. Thus, H3PO4 and
MgCl2.6H20 were used as additional reagents of PO43 and Mg?* to simultaneously recover NH4* and PO43- (Zin et
al, 2021).

20% NaOH and 1 M hydrochloric acid (HCI) solutions were used to adjust and maintain the sample pH value at the
desired level. The precipitation of solid matter from the samples was achieved by stirring for 30 minutes and then
leaving for 1 hour. A coarse filter was then used to filter the contents of the beaker. The solid product on the filter
was collected and dried at room temperature for 2 days.

2.4. Analytical Procedure

Total nitrogen (TN), total solid (TS), and total volatile solid (TVS) were performed by the procedure identified in
the Standard Methods (APHA, 2005). The Hach reactor digestion method was applied to measure of SCOD and
total chemical oxygen demand (TCOD). The Hach Nessler method and the Hach ascorbic acid method were used
to determine of ammonium ion (NH4*) and phosphate ion (PO43), respectively. The process of analyzing the total
phosphorus (TP) and total metal contents was to weigh out 1.0 g of the dried digested sludge sample before
employing microwave digestion using HCI, nitric acid (HNOs), and hydrofluoric acid (HF). Following acidic
microwave digestion, metals and TP were measured by an inductively coupled plasma optical emission
spectrometer (ICP-OES, Perkin Elmer, DV2100). The hydrolyzed liquids were filtered through a 0.45 pm filter
before determining the SCOD, PO43- and metal content readings. pH value of the digested sludge was determined
by a pH meter (Hanna HI 221).

The morphology and the chemical composition of the dried digested sludge and dried hydrolyzed sludge were
performed by a scanning electron microscope (SEM, FEI, Quanta FEG 250) combined with an energy-dispersive X-
ray spectroscopy (EDS). An X-ray diffraction (XRD, Philips, X’Pert Pro) was applied to determine the crystalline
structures in the dry struvite precipitate.
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3. Experimental Results

3.1. Effect of the NaOH Concentration, L/S Ratio, and Temperature on Solubilization of Nutrients and
Metals in Digested Sludge and Statistical Significance

A Box-Behnken design was used to optimize maximum solubilization of NH4* and PO43* and minimum
solubilization of metals from the digested sludge with an alkaline-thermal process. Table 3 shows the
solubilization of metals and nutrients.

As NaOH concentration increased, PO43- and NHs* releases increased. Compared to 0.3 M NaOH, 0.7 M NaOH
produced a significantly larger release of P. The largest release of PO43 (3936 mg/L) was obtained in test 6 with
0.7 M NaOH and 5/1 L/S ratio at 35 °C. Under these conditions, NH4* release was 1527.36 mg/L. Strong alkaline
conditions (pH > 11) favor the hydrolysis of organic P compounds (Li et al.,, 2013; Bi et al.,, 2014). The pH of the
hydrolyzed liquids at the end of all tests was ~10-13.5 for all except test 1. The largest PO43- release was in test 6
at 13.33 pH of the liquid phase after hydrolysis. The largest NH4* release (1880 mg/L) was in test 2 with 0.7 M
NaOH and a 3/1 L/S ratio at 50 °C. Under these conditions, the release of PO43-was 2727 mg/L (Table 3). As shown
in Table 3, Mg release was insignificant. Similarly, Semerci et al. (2021) have reported that Mg leaching is
insignificant, most likely from precipitation with P under alkaline conditions. Yu et al. (2017) reported that the
concentration of Mg in the hydrolysate by hydrothermal treatment is insufficient compared to PO4-P and NH4-N
concentrations.

Table 3. Solubilization of metals and nutrients from digested sludge with alkaline-thermal hydrolysis

Test X X Xs PO,3- NH,4* Mg Ca K Na Fe Al Zn
(mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L)
1 03 |3/1]50 720 1563.48 <0.1 130.20 | 1632.00 5072 72.00 2.50 45.70
2 0.7 |3/1]50| 2727 | 1880.82 <0.1 101.70 | 1765.00 10440 103.70 25.30 32.40
3 03 | 7/1 50| 1720 | 1090.05 <0.1 46.40 816.10 4962 25.10 38.40 14.10
4 0.7 | 7/1 50| 1620 | 1393.20 3.40 109.50 998.90 12150 61.40 188.20 50.80
5 03 | 5/1 35| 1224 | 1201.64 <0.1 74.60 970.20 4658 25.50 7.40 22.50
6

7

8

0.7 | 5/1 35| 3936 | 1527.36 <0.1 65.30 1259.00 11330 61.20 207.70 31.50
03 | 5/1 65| 1540 | 1167.45 <0.1 66.10 995.30 4384 33.10 3.00 15.40
0.7 | 5/1]65| 2350 | 1677.00 <0.1 101.20 | 1187.00 10420 81.20 179.10 65.20
9 0.5 | 3/1 35| 1295 | 1573.80 <0.1 100.20 | 1508.00 6121 75.20 6.60 54.00
10 05 | 7/1 35| 2310 825.60 <0.1 18.10 780.10 6155 49.90 115.70 21.50
11 05 | 3/1]65| 1554 | 1548.00 <0.1 126.10 | 1632.00 6215 47.00 6.50 29.70
12 05 | 7/1 ] 65| 2552 598.56 <0.1 84.40 922.10 6891 77.50 112.60 40.10
13 0.5 | 5/1 50| 2035 | 1238.40 <0.1 60.30 1111.00 6137 60.90 21.00 24.40
14 0.5 | 5/1 50| 1835 | 1180.35 <0.1 58.10 1005.00 5966 55.10 21.20 21.10
15 0.5 | 5/1 50| 2175 | 1470.60 <0.1 54.50 1074.00 6103 60.00 29.00 21.20

The significance of each coefficient was determined and evaluated using ANOVA (Table 4). Only regression of the
significant parameters (P<0.05) was considered in the second-order polynomial model for the solubilization of
P0O43-and NH4*. This is shown in Egs. (2) and (3):

Yp = 2015 + 679x, — 527x, %, (2)
Yy = 1296.4 + 182x; — 332.3x, + 221.2x2 (3)

As seen in Eq. (2), NaOH concentration (x1) and the interaction effect (x1x2) on the solubilization of PO43- were the
significant model terms. As seen in Eq. (3), NaOH concentration (x1) and L/S ratio (x2) and the second-degree main
effect (x12) on the solubilization of NH4* were the significant model terms. The first-degree main effect importance
of (x3) of temperature on release of PO43- and NH4* was lower (Egs. 2 and 3) than that of the other main effects (x1
and x2).

The adequacy of the model was checked by determining the coefficient (R?). The R? values of the models for Yp and

Ynwere 0.8372 and 0.9122, respectively (Table 4). The values for R? were sufficiently high enough to validate the
models.
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Table 4. ANOVA for the second-order polynomial models of release of nutrients

Terms (Coded) Degrees of Sum of Mean F-Value | P-Value Coefficient
Freedom Squares Squares
Yp (R2= 0.8372)
Model 9 6880594 764510 2.86 0.13
Constant 0.001 2015
NaOH concentration 1 3684255 3684255 13.76 0.014 679
L/S ratio 1 454105 454105 1.70 0.249 238
Temperature 1 73920 73920 0.28 0.622 -96
NaOH x NaOH 1 251 251 0.00 0.977 8
L/S ratio x L/Sratio 1 39360 39360 1.47 0.279 -327
Temperature x Temperature 1 211350 211350 0.79 0.415 239
NaOH x L/S ratio 1 1109862 1109862 4.15 0.097 -527
NaOH x Temperature 1 904401 904401 3.38 0.125 -476
L/Sratio x Temperature 1 72 72 0.00 0.988 -4
Residual error 5 1338283 267657
Lack of fit 3 1279883 426628 14.61 0.065
Pure error 2 58400 29200
Total 14 8218878
Yn (R2=0.9122)
Model 9 1430954 158995 5.77 0.034
Constant 0.000 1296.4
NaOH concentration 1 264905 264905 9.62 0.027 182.0
L/S ratio 1 88357 88357 32.08 0.002 -332.3
Temperature 1 2360 2360 0.09 0.782 -17.2
NaOH x NaOH 1 180589 180589 6.56 0.051 221.2
L/S ratio x L/Sratio 1 4710 4710 0.17 0.696 -35.7
Temperature x Temperature 1 56995 56995 2.07 0.210 -124.2
NaOH x L/S ratio 1 50 50 0.00 0.968 -3.5
NaOH x Temperature 1 8448 8448 0.31 0.604 46.0
L/S ratio x Temperature 1 10124 10124 0.37 0.571 -50.3
Residual error 5 137719 27544
Lack of fit 3 90542 30181 1.28 0.467
Pure error 2 47177 23589
Total 14 1568672

The interactive effects of the variables on PO43-release are illustrated in Figs. 1a-c. The release of PO43- significantly
increased with the increase in NaOH concentration (Fig. 1a). Kim et al. (2015) have similarly reported that an
increase in NaOH concentration (0.001, 0.01, 0.1, and 1 N) applied to the waste active sludge positively affects the
P release. They reported that the release of TP were 64%, 86% and 90% at 0.02, 0.1 and 1 M NaOH concentrations,
respectively. At the L/S ratio below the center point, there was some decrease in PO43- release (Fig. 1a). The
concentration of NaOH above the center point and the temperature below the center point increased the release
of PO43- (Fig. 1b). Kim et al. (2015) have reported that the temperature increase (50-80 °C) had an effect on COD,
N, and P release at only low NaOH concentrations; however, the effect was not significant at high concentrations.
Similarly in the present study, the effect of an increase in temperature on solubilization of PO43- was not significant
compared to that of an increase in NaOH concentration. The L/S ratio was at the center point, while the PO43
release reached the highest value. We observed that the release efficiency decreased to values below and above
the central point (Fig. 1c). Similarly, by applying KOH and NaOH alkalis to the sewage sludge, Falayi et al. (2019)
found that the release of P increases when the L/S ratio decreases from 0.5 to 0.25%; however, they have noted
that P releases decrease at L/S ratios of <0.25%. In the present study, PO43- releases decreased at low L/S ratios,
which might have been the result of a reduction in mass transfer efficiency because of more solids being available
for a fixed quantity of alkali (reagent starvation) (Falayi et al.,, 2019; Li et al., 2012; Nosrati et al., 2013; Hosseini et
al,, 2017).
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The interactive effects of the variables on NH4* release are illustrated in Figs. 2a—c. The release of NH4* increased
with the increase in NaOH concentration (Figs. 2a-b). Kim et al. (2015) have similarly reported that TN release

increases as the concentration of NaOH ap

plied to the waste active sludge increases. A higher pH caused to more

released TN and NH4* because of more releases of nitrogenous organic compounds from the sludge (Xu et al,,
2018). As the L/S ratio increased, NH4* releases decreased (Fig. 2a). Although NH4* releases increased significantly
with the decreasing L/S ratio, we observed that the effect of temperature changes on NH4* releases was not
significant. A slight decrease in NHa* release was observed at temperatures above and below the central point (Fig.

20).

(@)

2000
M (mgsL) 15an
1000

1]

MNadH concentration (M)
(0

1600
N (mg/L) y200

200

-1

(b)

1650

1500
N (mg/L)

1350

1200

/S ratio (mL/g) Temp erature (°C)

0

NaOH concentration (M)

o
Temp erature (°C)
o

L/S ratio (mu/g)

Figure 2. Effects of interaction of (a) NaOH concentration x L/S ratio, (b) NaOH concentration x temperature, and (c) L/S
ratio x temperature on N release

1284



UYSAL and AYDOGAN 10.21923/jesd.1096947

Metals and PO43- and NH4* were released in all the hydrolysis tests; however, Mg release was comparatively low
(Table 3). The R? value shows how good a fit the model is in determining the solubilization of metals (Y). The
regression models presented were shown to be statistically significant and therefore valid for predicting the
solubilization of the following metals: R%re = 0.8044, R%« = 0.9826, R?Na = 0.9933, R%ca = 0.9392, R?241= 0.9317 and
R?zq = 0.9074. The second-order polynomial model for metals solubilization in terms of coded factors was
regressed by considering only the significant terms, as shown in Egs. (4) and (9):

Ye = 58.67 + 18.98x; (4)
Y¢ = 1063.3 + 99.5x, — 3377.5x, + 173.7x2 (5)
Yna = 6069 + 3158x; + 289x, + 1720x2 + 455x,x, (6)
Yea = 57.63 — 24.97x, + 14.95x5 + 16.96x2 + 22.36x2 + 22.90x,x, (7)
Yu = 23.7 + 68.6x;, + 51.8x, + 39.4x7 + 36.2x2 (8)
Yzn = 22.23 + 10.28x; + 12.50x,x, + 10.20x,x3 + 10.72x,x5 9)

Of the main effects, only NaOH concentration (x1) was significant on the release of Fe (Eq. 4). NaOH concentration
(x1) and the L/S ratio (x2) were found to be important first-order main effects on K, Na, Ca, Al, and Zn releases (Egs.
(5-9)). The temperature (x3) effect was also significant for Ca, Al, and Zn releases (Eqgs.(7-9)). The temperature
increase positively affected the solubilization of Ca, Al, and Zn. The release of Al increased significantly at an NaOH
concentration above the center point; however, the increase in NaOH concentration did not have a significant effect
on the Ca release. Similarly, Ali and Kim (2016) have reported that Al and P leaching increases with NaOH
concentration, with nearly no increase in Ca concentration. Tolofari et al. (2020) reported that a significant amount
of Al was released from the sludge when the pH was greater than 10.

3.2. Optimization of NaOH-Thermal Hydrolysis for Solubilization of Metals and Nutrients from Digested
Sludge

PO43-releases increased at an NaOH concentration above the center point and a temperature below the center
point when the L/S ratio was at the center point. At 0.7 M NaOH and a 5/1 L/S ratio, the largest PO43- release was
obtained at 35 °C (Table 3). With an increase in temperature, the solubilization of Ca, Al, and Zn also increased.
High metal concentrations affect the growth and formation of struvite crystals (Wang et al., 2016). During the test
conditions under which there was maximum P release, a temperature below the center point was found to be
suitable for metal releases.

3.3. Characterization of Hydrolyzed Sludge Residues Obtained under Optimum Conditions

The digested sludge, and the residual hydrolyzed digested sludge after hydrolysis under optimum conditions were
characterized using SEM-EDS to observe the surface morphology and distribution of elements. A comparison of
the SEM images of the digested sludge and the hydrolyzed sludge at 5000x magnification is shown in Figs. 3a, b.
The morphology of the hydrolyzed digested sludge changed compared to that of the digested sludge. The images
show that alkaline-thermal hydrolysis fragmented the aggregates of the digested sludge and that there were
several pores on the coarse surface of the hydrolyzed digested sludge. The results of the EDS surface distribution
scans showed that the mass percentage of C, P, Fe, Al, and K decreased, which resulted from these elements
entering the hydrolyzed sludge liquid, thus decreasing the content in the hydrolyzed sludge residue. Because NaOH
was used for hydrolysis, the hydrolyzed sludge contained a significantly higher amount of Na than the digested
sludge.
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Figure 3. SEM images and EDS analyses of (a) digested sludge and (b) hydrolyzed digested sludge

3.4. Formation of Struvite from Hydrolyzed Sludge Liquid using Alkaline-Thermal Hydrolysis under
Optimum Test Conditions

The hydrolyzed sludge liquid obtained using NaOH-thermal hydrolysis under optimum test conditions was used
in the struvite crystallization experiments.

Struvite formation is more suitable when the N:Mg:P molar ratio of is at least 1:1:1 (Cieslik and Konieczka, 2017).
In the treatment aimed at P removal and recovery, many studies stressed the importance of applying a Mg/P molar
ratio higher than the stoichiometric ratio (Uysal et al., 2010; Siciliano et al., 2020).

In the present study, the N:Mg:P molar ratios of were arranged at 1:1.1 and 1:1.5:1, and pH was held at 9.0. Under
these conditions, struvite crystals were formed. The removal efficiencies of NH4* and PO43-were 57.43 and 79.22%
in the N:Mg:P molar ratio of 1:1:1, and 73.31 and 99.02% in the N:Mg:P molar ratio of 1:1.5:1, respectively. These
results indicated that supplementary concentration of Mg is necessary for maximum P removal.

XRD analysis of the dry struvite precipitate showed hazenite (KNaMg2z(P04)2.14H20) formation in the N:Mg:P
molar ratio of 1:1:1 in addition to struvite formation (Fig. 4a). Hazenite is a new struvite compound with a
structure containing two separate monovalent K and Na cations (Yang et al., 2011). The hazenite “relative” struvite
has shown promise as a slow-release fertilizer with highly effective P (Weissengruber et al., 2018). Watson et al.
(2020) have reported that hazenite is a new secondary P, K, and Mg fertilizer. Arslanoglu and Tiimen (2021) have
reported that potassium struvite and hazenite formed from vinasse and grape marc organic waste using thermal
processing.

The dry precipitate obtained in the N:Mg:P molar ratio of 1:1.5:1 matched that of the database model for pure
struvite in terms of intensity of peaks and position (Figs. 4b,c).
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Figure 4. XRD analyses of (a) dry struvite precipitate in the molar ratio of N:Mg:P of 1:1:1, (b) dry struvite precipitate in the
molar ratio of N:Mg:P of 1:1.5:1, and (c) pure struvite

4. Result and Discussion

Optimum solubilization of nutrients and metals was obtained at an NaOH concentration above the center point
and a temperature below the center point when the L/S ratio was at the center point. NaOH helped denature
proteins and ionize inorganic phosphate, which dissolved easily in the aqueous phase. As a result of all applied
hydrolysis tests (except 1) in this study, the pH values of the hydrolyzed liquid were >10, which had a higher effect
than temperature of increasing NaOH concentrations on PO43 and NH4* solubilization from sewage sludge. With
an increase in temperature, the solubilization of metals also increased. A temperature below the center point was
found to be suitable for metal releases. EDS analyses of hydrolyzed sludge obtained under optimum conditions
showed that the mass percentage of C, P, Fe, Al, and K decreased compared to that of the digested sludge.
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The concentration of Mg in the hydrolyzed liquid is not enough to make an equal molar ratio with NH4*and PO43-.
Under optimum conditions, the removal efficiencies of NH4* and PO43- from hydrolyzed liquid by precipitation of
struvite were 57.43 and 79.22% in the N:Mg:P molar ratio of 1:1:1, and 73.31 and 99.02% in the N:Mg:P molar
ratio of 1:1.5:1 at pH 9, respectively. The dry precipitate showed hazenite and struvite formation in the molar ratio
of N:Mg:P of 1:1:1. Hazenite is a new struvite compound with a structure containing two separate monovalent K
and Na cations. The positive effect of NaOH on K solubilization caused the formation of hazenite. To the best of our
knowledge, hazenite was formed for the first time in nutrient recovery from sewage sludge in the present study.

Acknowledgement

This study was funded by the Research Project Funding Unit of Suleyman Demirel University (project no. FYL-
2018-5788).

Conflict of Interest
No conflict of interest was declared by the authors.
References

Alhraishawi, A, Aslan, §., 2022. Anaerobik Ciiriitme Oncesi Atik Biyolojik Gamurlarin Mikrodalga Radyasyonu ile
Dezentegrasyonu. Mithendislik Bilimleri ve Tasarim Dergisi, 10(2), 740-760.

Ali, T.U,, Kim, D.J.,, 2016. Phosphorus Extraction and Sludge Dissolution by Acid and Alkali Treatments of Polyaluminum
Chloride (PAC) Treated Wastewater Sludge. Bioresource Technology, 217, 233-238.

APHA, AWWA, WEF, 2005. Standard Methods for The Examination of Water and Wastewater. 21st ed., Washington, DC.

Arslanoglu, H., Tiimen, F., 2021. Potassium Struvite (Slow Release Fertilizer) and Activated Carbon Production: Resource
Recovery from Vinasse and Grape Marc Organic Waste using Thermal Processing. Process Safety and Environmental
Protection, 147,1077-1087.

Barca, C., Martino, M., Hennebert, P., Roche, N., 2019. Kinetics and Capacity of Phosphorus Extraction from Solid Residues
Obtained from Wet Air Oxidation of Sewage Sludge. Waste Management, 89, 275-283.

Bi, W, Li, Y., Hy, Y., 2014. Recovery of Phosphorus and Nitrogen from Alkaline Hydrolysis Supernatant of Excess Sludge by
Magnesium Ammonium Phosphate. Bioresource Technology, 166, 1-8.

Cieslik, B., Konieczka, P., 2017. A Review of Phosphorus Recovery Methods at Various Steps of Wastewater Treatment and
Sewage Sludge Management. The Concept of “No Solid Waste Generation” and Analytical Methods. Journal of Cleaner
Production, 142, 1728-1740.

de Sousa, T.A.T., do Monte, F.P,, Silva, ].V.D., Lopes, W.S,, Leite, V.D., van Lier, ].B.,, de Sousa, ].T., 2021. Alkaline and Acid

Solubilisation of Waste Activated Sludge. Water Science and Technology, 83, 2980-2996.

Donatello, S., Cheeseman, C.R., 2013. Recycling and Recovery Routes for Incinerated Sewage Sludge Ash (ISSA): A Review. Waste
Management, 33, 2328-40.

Dong, C.H,, Xie, X.Q., Wang, X.L., Zhani, Y., Yao, Y.J., 2009. Application of Box-Behnken Design in Optimisation for Polysaccharides
Extraction from Cultured Mycelium of Cordyceps Sinensis. Food Bioproducts Processing, 87, 139-144.

Falayi, T., 2019. Alkaline Recovery of Phosphorous from Sewage Sludge and Stabilisation of Sewage Sludge Residue. Waste
Management, 84, 166-172.

Franz, M., 2007. Phosphate Fertilizer from Sewage Sludge Ash (SSA). Waste Management, 28, 1809-18.

Hosseini, S.A., Raygan, S., Reaei, A., Jafari, A., 2017. Leaching of Nickel from a Secondary Source by Sulfuric Acid. Journal of
Environmental Chemical Engineering, 5, 3922-3929.

Kim, M., Han, D.W,, Kim, D.J., 2015. Selective Release of Phosphorus and Nitrogen from Waste Activated Sludge with Combined
Thermal and Alkali Treatment. Bioresource Technology, 190, 522-5284.

Li, ], Xiong, D., Chen, H., Wang, R,, Liang, Y., 2012. Physicochemical Factors Affecting Leaching of Laterite Ore in Hydrochloric
Acid. Hydrometallurgy, 129, 14-18.

Li, H,, Zou, S,, Li, C, Jin, Y., 2013. Alkaline Post-Treatment for Improved Sludge Anaerobic Digestion. Bioresource Technology,
140,187-191.

Meng, X., Huang, Q., Xu, J., Gao, H., Yan, J., 2019. A Review of Phosphorus Recovery from Different Thermal Treatment Products
of Sewage Sludge. Waste Disposal and Sustainable Energy, 1, 99-115.

Nosrati, A.,, MacCarthy, J., Addai-Mensah, J., 2013. Acid Leaching and Rheological Behavior of Siliceous Goethite Ni Laterite Ore:
Effect of Solid Loading and Temperature. In: Proceedings of Chemeca 2013 Australia, 404-412.

Sayilgan, E., Karacan, G., 2019. Characterization and Evalution of Removal Conditions of Lead-Zinc-Copper Flotation Plant
Waste. Journal of Engineering Sciences and Design, 7(1), 175-181.

Semerci, N., Ahadj, S., Cosgun, S., 2021. Comparison of Dried Sludge and Sludge Ash for Phosphorus Recovery with Acidic and
Alkaline Leaching. Water and Environment Journal, 35, 359-370.

Siciliano, A., Limonti, C., Curcio, G.M., Molinari, R.,, 2020. Advances in Struvite Precipitation Technologies for Nutrients Removal
and Recovery from Aqueous Waste and Wastewater. Sustainability, 12(18), 7538.

Suarez-Iglesias, O., Urrea, ].L., Oulego, P., Collado, S., Diaz, M., 2017. Valuable compounds from sewage sludge by thermal
hydrolysis and wet oxidation. A review, The Science of the Total Environment, 584-585,921-934.

Takahashi, M., Kato, S., Shima, H., Sarai, E., Ichioka, T., Hatyakawa, S., Miyajiri, H., 2001. Technology for Recovering Phosphorus
from Incinerated Wastewater Treatment Sludge. Chemosphere 44(1), 23-9.

1288



UYSAL and AYDOGAN 10.21923/jesd.1096947

Takahaski, M., Takemoto, Y., Onsihi, K., 2015. Phosphorus Recovery from Carbonized Sewage Sludge by Hydrothermal
Processes. Journal of Materials Science Engineering B, 5(1-2), 58-62.

Tolofari, A, Islam, M., Yuan, Q., 2020. Statistical Modeling of Phosphorus Solubilization from Chemical Sludge and Evaluation of
Optimal Sodium Hydroxide Dose. Journal of Environmental Management, 255, 109824.

Uysal, A, Yilmazel, Y.D., Demirer, G.N., 2010. The Determination of Fertilizer Quality of the Formed Struvite from Effluent of a
Sewage Sludge Anaerobic Digester. Journal of Hazardous Materials, 181, 248-254.

Uysal, A., Tuncer, D., Kir, E., Sardohan Koseoglu, T., 2017. Recovery of Nutrients from Digested Sludge as Struvite with a
Combination Process of Acid Hydrolysis and Donnan Dialysis. Water Science and Technology, 76(10), 2733-2741.

Uysal, A, Aydogan, M,, Celik, E., 2019. Recovery of Phosphorus and Nitrogen from Sewage Sludge as Struvite using a Combined
Alkali Hydrolysis and Thermal Treatment Process. In: Balkaya N., Guneysu S. (eds) Recycling and Reuse Approaches for
Better Sustainability. Environmental Science and Engineering. Springer, Cham, pp 75-85.

Wang, Y., Xiao, Q., Zhong, H., Zheng, X., Wei, Y., 2016. Effect of Organic Matter on Phosphorus Recovery from Sewage Sludge

Subjected to Microwave Hybrid Pretreatment. Journal of Environmental Sciences, 39, 29-36.

Watson, C.,, Clemens, J., Wichern, F., 2020. Hazenite: A New Secondary Phosphorus, Potassium and Magnesium Fertilizer. Plant,
Soil and Environment, 66(1), 1-6.

Weissengruber, L., Méller, K., Puschenreiter, M., Friedel, ].K., 2018. Long-Term Soil Accumulation of Potentially Toxic Elements
and Selected Organic Pollutants through Application of Recycled Phosphorus Fertilizers for Organic Farming Conditions.
Nutrient Cycling Agroecosystems, 110, 427-449.

Xu, D., Zhong, C, Yin, K, Peng, S, Zhu, T., Cheng, G., 2018. Alkaline Solubilization of Excess Mixed Sludge and The Recovery of

Released Phosphorus as Magnesium Ammonium Phosphate. Bioresource Technology, 249, 783-790.

Yang, H, Sun, HJ, Downs, R.T., 2011. Hazenite, KNaMgz(PO4)2-14Hz20, A New Biologically Related Phosphate Mineral, from
Mono Lake, California, U.S.A. American Mineralogist, 96, 675-681.

Yu, Y, Lei, Z, Yuan, T, Jiang, Y., Chen, N,, Feng, C., Shimizu, K., Zhang, Z., 2017. Simultaneous Phosphorus and Nitrogen Recovery
from Anaerobically Digested Sludge using a Hybrid System Coupling Hydrothermal Pretreatment with MAP Precipitation.
Bioresource Technology, 243, 634-640.

Zin, M.M.T,, Tiwari, D., Kim, D.J., 2021. Recovery of Ammonium and Phosphate as Struvite via Integrated Hydrolysis and
Incineration of Sewage Sludge. Journal of Water Process Engineering, 39, 101697.

1289



