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Abstract

Phosphogypsum (PC) is considered a by-product and is classified as solid waste generated during the production of phosphoric
acid by the reaction of sulphuric acid with phosphate rock via the wet method. The presence of heavy metals in PG causes a
range of environmental issues and poses limitations on its potential applications. In this study, the Box-Behnken design (BBD)
technique was employed to simultaneously reduce concentrations of lead, nickel, manganese, and chromium in PG using
Na,EDTA. This approach aimed to optimise factors such as Na,EDTA concentration, solid-to-liquid ratio (S/L), and contact
time, while also developing a mathematical model. The optimal process points were identified through analysis of variance
(ANOVA) and the response surface plots. Furthermore, the physicochemical properties of PG before and after purification were
analysed using XRF, XRD, and FTIR methods. Based on the results obtained through response surface design methodology, the
coefficients of correlation (R?) of the experimental data and the second-order regression model for Pb, Ni, Mn, and Cr were
found to be 89.75, 95.37, 98.18, and 94.53 %, respectively. Generally, high R-squared values indicate that the experimental
data are consistent with the data predicted by the model under optimum conditions: c(Na,EDTA) = 0.055 M, solid/liquid
ratio = 1 : 20 gml™7, contact time = 157 min. Under these conditions, the removal efficiencies for Pb, Ni, Mn, and Cr were

46.65, 42.31, 67.02, and 77.9 %, respectively.
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1 Introduction

Phosphogypsum (PG) is an acidic by-product residue pro-
duced in large volumes from the phosphatic fertiliser in-
dustry during the wet process for manufacturing phosphor-
ic acid.’ The chemical reaction is shown in Eq. (1).

Ca,(PO,);F + 5H,50, + 10H,0 —

1
— 3H,PO, + HF + 5CaSO, - 2H,0 m

In the wet process, depending on different reaction tem-
peratures, phosphogypsum is generated in three different
crystal structures: dihydrate (CaSO, - 2H,0), hemihydrate
(CaSO, - 1/2H,0), and anhydrite CaSO,." The production
of one metric ton of phosphoric acid (H,PO,) typically
generates between 4.5 and 5.5 t of PG.** In Europe, PG
production is estimated at 21 Mt/year, accumulated across
approximately 30 sites, while global production ranges
from 100-280 Mt per year.* Globally, only 14 % of PG is
recycled, while 28 % is released into ecosystems, contam-
inating flora, fauna, and water sources, and 58 % is stored
— often in ways that pose major environmental risks.> PG,
which mainly comprises gypsum, also contains P,Os, flu-
orine, radionuclides (Ra, U, and Th), and significant levels
of heavy metals such as Cd, As, Pb, Ag, Ba, and Cr,.c These
elements appear on the Environmental Protection Agen-
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cy’s (EPA's) list of “Essential and Potentially Toxic Elements
(PTEs)”.” The use and storage of PG is a major concern for
many countries due to its potential to cause water, soil, and
air pollution.® There have been reports of land contamina-
tion, groundwater pollution, and crop contamination due
to the presence of PG in many countries, such as Brazil,
China, Creece, Jordan, Kazakhstan, Poland, Russia, Spain,
Turkey, and USA.>"" Since PG waste is often transported
and disposed of in slurry form, PG storage piles may be
affected by tidal changes, and dissolution, and leaching of
naturally occurring elements in PG can occur.

In several countries, PG has long been evaluated in agricul-
ture as a soil additive and fertiliser.”> Recently, Hentati et
al.” demonstrated that PG improved soil textural proper-
ties, calcium content, and quality of crop yield. However,
Nayak et al.” noted possible negative effects on soil quality
and nutrient security, and highlighted risks to human health
through the food chain. Additionally, it was also indicated
that heavy metals can accumulate in soil and food prod-
ucts, eventually posing serious health risks.” To address
PG contamination, researchers have proposed various
treatment methods, including water leaching, wet sieving,
conversion to hemihydrate or anhydrite depending on
temperature, neutralisation with bases such as (Ca(OH),,
NH,OH, ...), or its effective treatment with acids such as
sulphuric or citric acid.'®” Jarosinski et al.'® investigated
washing PG with an aqueous sulphuric acid solution to re-
cover rare earth metals, and then manufacturing anhydrite
from the purified PG by recrystallisation using sulphuric
acid solution with a high molarity. Their results showed a
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significant reduction in impurities, enabling the anhydrite
to be used in plaster production.

Among the most important features that makes EDTA (eth-
ylenediaminetetraacetic acid) a suitable option for removal
of heavy metals are its low biodegradability, which allows
it to retain metals for longer durations, its compatibility
with various recycling methods, and it having minor ef-
fects on soil microbial and enzymatic activity compared
to other agents, such as hydrochloric acid.’*' Chelators
like EDTA typically remove metals from soil through the
desorption-complexation-dissolution process. EDTA has
the ability to rapidly dissociate some unstable chain bonds
between heavy metals and soil particles, and the dissolu-
tion of the resulting metal-EDTA complexes may further
weaken the metal-oxygen bonds within its structure form-
ing soluble metal-EDTA complexes that retain the heavy
metals within the solution.?? In earlier surveys, scientists
have commonly used EDTA to remove heavy metals from
sludge, cathode ray tube waste, and contaminated sur-
faces like soils.”**” In general, most EDTA is denoted by
the free acid (H,Y) and the disodium salt is Na,H,Y-2H,0O
form. H,Y has a very low solubility in water, and therefore
the disodium salt Na,H,Y-2H,0O, in which two of the acid
groups are neutralised, is generally used when preparing
the solution.?® Disodium ethylenediaminetetraacetate is a
widely used chelating agent in both laboratories and in-
dustrial settings.?? The molecular structures of EDTA com-
plexes and the disodium EDTA salt are presented in Fig. 1.

— Structures of (a) EDTA disodium salt, and (b) metal-
EDTA complexes

Fig. 1

It is highly desirable to investigate multivariate statistical
solutions for optimising the experimental model parame-
ters. The Box-Behnken design (BBD), a key method within
response surface methodology (RSM), is one of the most
widely applied multivariate statistical tools for optimising
operational parameters and various processes. This meth-
od involves multiple regression analysis, diagnostic testing
using analysis of variance (ANOVA), and fitting a polyno-
mial equation to account for all possible parameter com-
binations and to understand their impact on the desired
responses. The primary advantage is to gain essential in-
formation and identify the logical optimal experimental
conditions for target responses while requiring fewer ex-
perimental runs.** Additionally, BBD offers cost and time
efficiency, with high accuracy in identifying the effects of
interactions among one or more independent variables
and the estimated responses. It is especially effective in
the general optimisation processes, helping to minimise

costs and avoid running experiments under extreme con-
ditions.?'32

The aim of this study was to evaluate the simultaneous
removal of manganese, nickel, lead, and chromium from
PG using Na,H,Y-2H,O, through the application of re-
sponse surface methodology. In addition, this study aimed
to optimise parameters such as Na,EDTA concentration,
solid-to-liquid ratio, and contact time for simultaneous re-
duction of manganese, nickel, lead, and chromium from
PG using the RSM’s Box-Behnken Design.

2 Materials and methods
2.1 Materials

The PG samples used in this study were obtained from a
fertiliser manufacturer in Turkey. To ensure representative-
ness, samples were collected from at least 10 different lo-
cations and mixed. Initially, the PG was dried for 48 h at
100 °C. Using an automatic vibratory sieve (Retsch), the
dried samples were sieved by a 38 pm < PG < 75 um
particle size sieve. The heavy metal content before puri-
fication of phosphogypsum are shown in Table 1. The fol-
lowing materials and equipment were used in this study:
Na,EDTA (AnalaR-BHD Chemical) as chelating agent for
removal of heavy metals, H,SO, (Sigma Aldrich) for the
recovery of Na,EDTA by precipitation, analytical balance
(Radwag AS 220/C/2) for weighing samples, magnetic stir-
rer (Wisestir MSH-20A) for mixing, and oven (Thermomac
FCD-3000 Serials) for the drying process.

Table T — Major potentially toxic elements found in PG

Element | As | Cd Co Cu Hg | Ni | Mn | Pb | Cr

Content/
mgkg™

04 09 55070750 155 |58 14.0

Actually, the elemental composition of PG varies depend-
ing on its ingredient in the natural phosphate ore and the
manufacturing process used.*

2.2 Purification method of PG

For the batch leaching experiments, three different con-
centrations of Na,EDTA (0.001, 0.005, and 0.01 M) were
used to reduce the concentrations of Pb, Ni, Mn, and Cr
in PG. Deionised water was used to prepare the solution
at the specified concentrations. The experiments were
conducted at room temperature, with a mixing speed of
170 rpm, and solid-to-liquid ratios of 1 : 10, 1 : 15, and
1 : 20. Contact times were set at 60, 120, and 180 min.
The filtered solids were dried in an oven at 50 °C over-
night. The percentages of Pb, Ni, Mn, and Cr removal effi-
ciencies (R) were assessed using Eq. (2).

R, Metal [%] = ((c; — c)/c) - 100 (2)


https://tureng.com/tr/turkce-ingilizce/method
https://tureng.com/tr/turkce-ingilizce/method

E. CELIK and S. ERTUNC: Simultaneous Removal of Pb, Ni, Mn, and Cr from Phosphogypsum, Kem. Ind. 75 (1-2] (2026) 11-27 13

R is the coefficient of correlation, ¢; is the initial heavy met-
al concentration as mgkg™" in PG, and ¢; is the final heavy
metal concentration after the purification process.

2.3 Experimental design for optimum working
conditions

The concentration of Na,EDTA, contact time, and sol-
id-to-liquid ratio were optimised using the Box-Behnken
design (BBD) to determine both the main and interaction
effects on the percentage removal of Pb, Ni, Mn, and Cr.
The BBD experimental design was conducted by evalu-
ating ANOVA via the Design Expert 12.0.3 software. The
Box-Behnken design was employed to optimise the re-
moval process with three factors: Na,EDTA concentration,
contact time, and solid-to-liquid ratio. BBD was construct-
ed using real and coded values in different levels and three
independent variables (=1, 0, +1) as shown in Table 2.
Each independent variable was coded according to Eq. (3).

x; = (D; = Do)/AD; (3)

where x; is the dimensionless value of the variable, D; is the
real value of the variable, D, is the real value of the variable
at the centre point, and AD; is the step change.>*

Table 2 —Three selected independent variables and levels of
the Box-Behnken design

Level
Low | Central = High
Factor Symbol | —1 0 +1
Na,EDTA/mol -1 A 0.001 0.05 0.1
Solid/liquid /g ml™" B 1:10 1:15 | 1:20
Contact time /min C 60 120 180

Here, the concentration of Na,EDTA (mol "), solid-to-lig-
uid ratio (gml~"), and contact time (min) are the independ-
ent input parameters. Moreover, the number of experi-
ments required for the BBD was determined using Eq. (4):

experiment number = 2k(k — 1) + ¢, (4)

where k is the number of variables, and ¢, is the number
of centre points.*> A total of 17 experimental runs were
performed for the three-level, three-factor Box-Behnken
experimental design. The centre points helped to measure
the pure error of the curvature.*®

A quadratic polynomial model was applied to analyse and
predict the efficiency of heavy metal removal, as shown in
Eq. (5).

Y = ﬂo +Zﬁ,‘X,‘ +Zﬁijj2 +ZZﬁUX/Xj (5)

Y is the predicted response (extraction recovery) and X; and
X; are the independent variables (Na,EDTA concentration,

solid-to-liquid ratio, and contact time) that are known for
each experimental run. The parameter f, is the model
constant, f3 is the first-order main effect, f;s are the quad-
ratic coefficients, and f;s are the interaction coefficients.””

The model quality was assessed by analysis of variance
(ANOVA), based on the coefficient of correlation (R?),
probability value (p-value), and the F-value (Fisher meth-
od). Response surface methodology (RSM) plots were gen-
erated to aid in the optimisation of the processes.

2.4 Characterisation and analysis method

X-ray diffraction (XRD) patterns were obtained using an
Inel brand Equinox 1000 model X-Ray Diffractometer
(XRD) device operated at 30 mA and 30 kV, equipped with
a cobalt (Co) anode. To identify the elemental composition
of PG, X-ray fluorescence analysis was performed using a
polarised energy dispersive X-ray fluorescence spectrom-
eter (SPECTRO XLAB 2000) fitted with a 400 W Rh end
window tube and a Si(Li) detector with a resolution of
148 eV (1000 cps Mn Ka). Fourier transform infrared spec-
troscopy (FTIR) analysis was used to investigate the com-
position of the products was performed using a Shimadzu
FTIR-8400 spectrophotometer. Each sample (0.001 g) was
mixed with 0.1 g of pure KBr, ground uniformly, placed
into a mould and then pressed into a transparent thin sheet
using a hydraulic press, and scanned across the range of
400-4000 cm™.

3 Results and discussion

3.1 Optimisation of parameters with
Box-Bhenken design

To evaluate the combined effect of the three selected pa-
rameters on the removal of Pb, Ni, Mn, and Cr, the RSM
based on BBD was employed to determine the optimal
values. All removal experiments were conducted in trip-
licate, and the average values were reported. The experi-
ments were designed as shown in Table 3.

3.2 Variance analysis

The accuracy and validity of the model can be assessed
using the F-value and p-value. The p-value for each inde-
pendent variable is used to determine the level of statistical
significance of each variable related to the dependent var-
iable. A higher F-value indicates better conformance of the
model with the experimental data. A low p-value (< 0.05)
and a high F-value (> 1) suggest a better fit of the experi-
mental data to the model results. The coefficient of regres-
sion (R?) is employed to express the degree of compatibility
between experimental data and model results. Generally,
the R? values range from 0 to 1, and an R? value greater
than 0.80 is considered indicative of a reasonable fitting
between experimental and predicted values.?®

ANOVA is a collection of statistical models used to analyse
how independent variables interact with each other and



14 .CELIKand S. ERTUNC: Simultaneous Removal of Pb, Ni, Mn, and Cr from Phosphogypsum, Kem. Ind. 75 (1-2) (2026) 11-27

Table 3 — Box-Behnken experimental design with three independent variables
Run | A NaEDTA B: Solid-to-liquid / C: Contact time Pb removal | Niremoval | Mn removal Cr removal
/M gml™’ /min /% /% /% /%
1 0.0505 1:15 120 46.23 43.36 56.22 79.26
2 0.0505 1:15 120 45.25 46.66 59.12 80.12
3 0.0505 1:10 60 44.36 40.02 58.26 80.74
4 0.1 1:10 120 48.27 35.00 30.23 62.26
5 0.1 1:15 180 49.26 33.26 35.26 68.63
6 0.001 1:15 180 31.03 45.26 20.56 48.45
7 0.1 1:15 60 51.72 32.56 36.56 61.23
8 0.001 1:15 60 36.30 42.56 20.79 44.32
9 0.0505 1:10 180 46.55 42.82 62.21 78.23
10 0.0505 1:20 180 46.92 43.45 74.25 75.27
11 0.0505 1:15 120 51.72 41.66 62.23 72.23
12 0.0505 1:20 60 44.20 43.33 56.23 78.12
13 0.1 1:20 120 48.26 33.33 33.23 69.12
14 0.001 1:10 120 36.20 51.66 19.23 43.79
15 0.0505 1:15 120 46.25 43.26 61.36 70.01
16 0.0505 1:15 120 46.55 42.33 60.22 69.79
17 0.001 1:20 120 36.20 41.66 20.78 42.20

the effects of these interactions on the dependent varia-
ble.?” In this study, three separate regression models were
developed for the removal of Pb, Ni, Mn, and Cr from
PC. Statistical testing of the regression equations were con-
trolled with the F test, and the fit of the model was eval-
uated through quadratic ANOVA. The ANOVA results are
shown in Table 4.

Low p-values of the model are 0.0096, 0.0007, < 0.0001,
and 0.0012 for Pb Ni, Mn, and Cr, respectively. The p-val-
ue of 0.05 or lower is commonly considered a statistically
significant result.*® Additionally, the high F-values for Pb
(6.81), Ni (16.03), Mn (41.95), and Cr (13.45) further con-

Table 4 — ANOVA results of quadratic models

firmed the significance of the model. The sum of square
values associated with Na,EDTA concentration effect was
high for Pb (417.32), Ni (569.03), Mn (363.42), and Cr
(850.37), indicating that Na,EDTA concentration had the
most significant effect on the heavy metal removal. Sol-
id-to-liquid ratios and contact times exhibited relatively
lower mean square values, suggesting a less significant im-
pact on heavy metal removal.

As shown in Table 4, the high F-value, low p-values, and
sum of squares values obtained for the model authenticity
indicated that the model was significant.

Source Sum of squares df Mean square F-value p-value
Pb removal /%

Model 504.71 9 56.08 6.81 0.0096 significant
A —Na,EDTA 417.32 1 417.32 50.69 0.0002
B - solid-to-liquid 0.0050 1 0.0050 0.0006 0.9810
C — contact time 0.9941 1 0.9941 0.1208 0.7384
AB 0.0000 1 0.0000 3.037E-06 0.9987
AC 1.97 1 1.97 0.2398 0.6393
BC 0.0702 1 0.0702 0.0085 0.9290
A? 74.16 1 74.16 9.01 0.0199
B2 2.48 1 2.48 0.3007 0.6005
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Table 4 - (continued)

Source Sum of squares df Mean square F-value p-value

C? 3.58 1 3.58 0.4346 0.5308

Residual 57.62 7 8.23

Lack of fit 31.31 3 10.44 1.59 0.3252 not significant
Pure error 26.32 4 6.58

Total 562.33 16

R* = 0.8975, R? (adjusted) = 0.8358, R? (predicted) = 0.5861, Adeq Precision = 11.2028

Ni removal /%

Model 622.29 9 69.14 16.03 0.0007 significant
A —Na,EDTA 569.03 1 569.03 131.94 0.0003

B - solid-to-liquid 0.2278 1 0.2278 0.0528 0.8248

C — contact time 0.1984 1 0.1984 0.0460 0.8363

AB 1.53 1 1.53 0.3537 0.5708

AC 9.86 1 9.86 2.29 0.1743

BC 1.80 1 1.80 0.4163 0.5393

A? 21.57 1 21.57 5.00 0.0604

B? 2.81 1 2.81 0.6513 0.4462

C? 14.66 1 14.66 3.40 0.1078

Residual 30.19 7 4.31

Lack of fit 15.38 3 5.13 1.39 0.3687 not significant
Pure error 14.81 4 3.70

Total 652.48 16

R* = 0.9537, R* (adjusted) = 0.8942, R? (predicted) = 0.6873, Adeq Precision = 13.6405

Mn removal /%
Model 5431.16 9 603.46 41.95 < 0.0001 significant
A —Na,EDTA 363.42 1 363.42 25.26 0.0015
B — solid-to-liquid 26.50 1 26.50 1.84 0.2169
C — contact time 52.22 1 52.22 3.63 0.0984
AB 0.5256 1 0.5256 0.0365 0.8538
AC 0.2862 1 0.2862 0.0199 0.8918
BC 49.49 1 49.49 3.44 0.1060
A? 4925.88 1 4925.88 342.39 < 0.0001
B? 0.2451 1 0.2451 0.0170 0.8998
c 29.93 1 29.93 2.08 0.1924
Residual 100.71 7 14.39
Lack of fit 78.92 3 26.31 4.83 0.0812 not significant
Pure error 21.79 4 5.45
Total 5531.87 16
R* =0.9818, R? (adjusted) = 0.9584, R* (predicted) = 0.7656, Adeq Precision = 18.2050
Cr removal /%
Model 2774.60 9 308.29 13.45 0.0012 significant
A —Na,EDTA 850.37 1 850.37 37.09 0.0005
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Source Sum of squares df Mean square F-value p-value
B - solid-to-liquid 0.0120 1 0.0120 0.0005 0.9824
C — contact time 4.76 1 4.76 0.2076 0.6625
AB 17.85 1 17.85 0.7786 0.4068
AC 2.67 1 2.67 0.1166 0.7428
BC 0.0289 1 0.0289 0.0013 0.9727
A? 1889.88 1 1889.88 82.43 < 0.0001
B2 6.54 1 6.54 0.2854 0.6098
c 27.63 1 27.63 1.20 0.3086
Residual 160.49 7 22.93

Lack of fit 58.99 3 19.66 0.7748 0.5658 not significant
Pure error 101.50 4 25.38

Total 2935.08 16

R* = 0.9453, R? (adjusted) = 0.8750, R? (predicted) = 0.6244, Adeq Precision = 10.1035

The lack of fit test was conducted to evaluate the adequacy
of the model. The lack of fit F-values for Pb, Ni, Mn, and Cr
were 1.59, 1.39, 4.83, and 0.77, respectively. These values
were determined to be insignificant for all four treatments,
as the p-values for lack of fit were = 0.05 in each case.
The lack of fit test due to pure error is insignificant and
the non-significance of this term indicates the accuracy of
the model.*' Additionally, the insignificance of the lack of
fit value is an indicator of the model’s strong predictive
performance.*

The regression coefficients (R?) obtained for each met-
al were: Pb (0.8975), Ni (0.9537), Mn (0.9818), and Cr
(0.9453), indicating that Pb (0.1025 %), Ni (0.0463 %),
Mn (0.0182 %), and Cr (0.0547 %) were not sufficiently
described by the model due to error. Statistical analysis of
the regression model revealed a low correlation for Pb re-
moval, suggesting that this process negatively affects both
the linear and quadratic model by the Na,EDTA concen-
tration.

The adjusted R? and predicted R? values of the model were
as follows: Pb (0.8358-0.5861), Ni (0.8942-0.6873), Mn
(0.9584-0.7656), and Cr (0.8750-0.6244). The adjusted
and predicted R? valuesujjuui87 for the four elements were
in reasonable conformity, indicating this quadratic model’s
adequacy for predicting the best possible values of factors
at maximum simultaneous extraction of Pb, Ni, Mn, and
Cr.

Adeq precision values were also found to be high. This
metric, which measures the signal-to-noise ratio, should
exceed 4 for a desirable model 4.*? The obtained ratios
were 11.2028, 13.6405, 18.2050, and 10.1035 for Pb,
Ni, Mn, and Cr, respectively, confirming that the model
provides an appropriate and adequate signal, and can be
reliably used to study and create the design space.

For the linear model, the adjusted and predicted R? values
were low, although the p-value of Pb removal was signifi-
cant. Nevertheless, removal of Pb was still observed. These
findings indicate that the model obtained is valid for the
experimental study. Although the p-value of Pb removal
was significant, the adjusted R? and predicted R* values
were low for the linear model.

3.3 Mathematical model fitting

The four empirical models were derived from both ex-
perimental data and quadratic polynomial equations. To
analyse the empirical relationship between the predicted
removal efficiencies of heavy metals and the effective var-
iables, i.e., the combined effects of A (Na,EDTA concen-
tration), B (solid-to-liquid ratio), and C (contact time), the
quadratic polynomial equations were expressed as Egs.
(6-9).

Pb removal (Y,) = 47.20 +7.22A + 0.0250B —
0.3525C — 0.0025AB + 0.7025AC +0.1325BC - (6)
4.20A%? - 0.7688B* - 0.9237C?

Ni removal (Y,) = 43.45 - 5.87A - 0.9662B +
0.7900C + 2.08AB — 0.500AC -0.6700BC — 3.52A% (7)
+ 0.4767B%* — 1.53C?

Mn removal (Y;) = 59.83 + 6.74A + 1.82B + 2.56C
+ 0.3625AB - 0.2675AC +3.52BC — 34.20A% + (8)
0.2413B% + 2.67C?

Crremoval (Y,) = 74.28 + 10.31A - 0.0388B +
0.771C + 2.11AB + 0.8175AC -0.0850BC — 21.19A% (9)
+ 1.25B% + 2.56C?

In the case of Mn, Ni, Pb, and Cr removal, A, B, C, AB, AC,
BC, A?, B, and C* would be our significant model terms.
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Fig. 2 - Perturbation plots for % removal efficiency of Pb, Ni, Mn, and Cr

3.4 Analysis of residual plots

The comparative effects of all independent variables on
the removal efficiency of Pb, Ni, Mn, and Cr with the per-
turbation plot is shown in Fig. 2.

The Na,EDTA concentration showed a sharp curvature
(parameter A), indicating that the removal efficiency of Pb,
Ni, Mn, Cr was highly responsive to this factor. The curves
for solid-to-liquid ratio (B) and contact time (C) were less
responsive for Pb, Ni, Mn, Cr removal efficiency. In ad-
dition, the Na,EDTA concentration term in the quadratic
model exhibited statistical significance for Pb (0.0002), Ni
(0.0003), Mn (0.0015), and Cr (0.0005), with all p-values
being less than p < 0.01. These low p-values indicate a
strong relationship between Na,EDTA concentration and
the optimisation of the removal process for each of these
metals. The normal probability plot shown in Fig. 3 was
used to assess the assumption of normality for the resid-
uals. The alignment of the data points with the reference
line indicates that the residuals conform to an approxi-
mately normal distribution. In a normally distributed data-
set, residuals are expected to lie along a straight diagonal
line in the probability plot.** Although minor deviations are

present, they exhibit no systematic pattern. Moreover, the
residuals appear to be randomly scattered above and be-
low the reference line, further supporting the validity of the
normality assumption.

The performance and adequacy of the model were as-
sessed by examining the plot of predicted values against
the actual (observed) values, as shown in Fig. 4. The close
alignment of the data points along the 45-degree refer-
ence line suggests a strong agreement between predicted
and actual values, indicating that the quadratic regression
model provides a satisfactory fit to the data. This linear pat-
tern implies minimal deviation between predictions and
observations. Furthermore, the residuals display random
dispersion and symmetry around the regression line, which
supports the assumptions of normality and independence.
These characteristics validate the underlying assumptions
of the model.*

It has been shown that the predicted values and exper-
imental data are in perfect conformity with each other
and the resulting response surface model fits well with the
regression model, which demonstrates its adequacy for
successful prediction of Mn, Cr, Ni and Pb removal. This
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Fig. 3 — Normal probability plots of residuals

observation indicated that the experimental results for this
study are quite admissible. Moreover, the R* value being
greater than 0.80 is adequate to verify the suitability be-
tween the experimental and predicted values.*

The scatter plots shown in Fig. 5 offer information about
the distribution of residuals, which is critical for assessing
the optimisation of the model. The residuals appear to be
randomly scattered around the zero line, with no discern-
ible patterns or systematic structure. This observation sup-
ports the assumption of homoscedasticity, indicating that
the residuals exhibit constant variance across the range of
fitted values. Moreover, the predicted removal efficiencies
for Pb (31.03-51.72 %), Ni (32.56-51.66 %), Mn (19.00—
74.25 %), and Cr (42.20-80.74 %) lie within the admissi-
ble experimental ranges. This outcome confirms that the
model is both suitable for optimisation and reliable in pre-
dicting removal efficiencies.

3.5 Response surface plots

Three-dimensional (3D) response surface plots, which are
graphical diagrams of regression equations, were used to

show the mutual influence of two factors while all other
factors were held at constant levels.*® Analysis of the plot-
ted response surfaces allows identification of areas where
the tested input parameters mutually produced the most
advantageous response.”” The 3D surface plots showed
that A (Na,EDTA concentration), B (solid-to-liquid ratio),
and C (contact time) were important variables to achieve
high removal percentage.

Fig. 6 shows the relationship of Na,EDTA concentration
and solid-to-liquid ratio on the removal efficiency of Pb,
Ni, Mn, and Cr elements. At this point, the contact time
was kept constant at 120 min. The removal efficiency of
Mn was reduced from 20.78 to 19.23 % with a decrease in
the solid-to-liquid ratio of Pb, Ni, Mn, and Cr from 1 : 20
to 1 : 10 gml™", while the removal efficiencies were in-
creased for Ni from 50.25 to 51.66 %, and for Cr from
42.2 to 43.79 %, and a linear effect was noticed for Pb.
The removal efficiencies were increased for Pb from 36.2
to 48.26 %, for Ni from 31.12 to 50.25 % with an increase
in the Na,EDTA concentration in Pb, Ni, Mn, and Cr ex-
periments from 0.001 to 0.1 M, while the removal efficien-
cy of Mn decreased from 33.23 to 20.78 % and for Cr from
69.12 t0 42.2 %.
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Fig. 7 shows the interaction between Na,EDTA concen-
tration and contact time for Pb, Ni, Mn, and Cr elements,
and their impact on the removal efficiency. At this point,
the solid-to-liquid ratio was kept constantat 1 : 15 gml~".
The removal efficiency of Cr was decreased from 48.45
to 44.32 % by decreasing the contact time from 180 to
60 min, while the removal efficiency was increased for Pb
from 31.03 to 36.3 % and from 45.26 to 49.23 % for Ni,
a linear effect is shown for Mn. The removal efficiency in-
creased for Pb from 31.03 to 49.26 %, for Mn from 20.56
to 35.26 %, and for Cr from 48.45 to 68.63 % with an
increase in the Na,EDTA concentration of Pb, Ni, Mn, and
Cr from 0.001 to 0.1 M, while the removal efficiency of Ni
decreased from 45.26 to 32.56 %.

Fig. 8 shows the effect of interaction of solid-to-liquid ratio
and contact time on the removal efficiency of Pb Ni, Mn,
and Cr elements. At this point, the Na,EDTA concentra-
tion was kept constant at 0.05 M. The removal efficiency
of Pb, Ni, Mn, and Cr shows a linear effect between the
solid-to-liquid ratio (1 : 10-1 : 20 gml~") and time (60—
180) min. A higher extraction efficiency was obtained with
the increase in the solid-to-liquid ratio over time.

3.6 Confirmation of the optimum model

This step was performed to determine the optimum val-
ues of process variables such as Na,EDTA concentration,
solid-to-liquid ratio, and contact time for simultaneous
removal of lead, nickel, manganese, and chromium by
applying the models derived from experimental results.
The optimal reaction conditions and corresponding pre-
dictive values for the independent variables are as follows:
Na,EDTA concentration of 0.055 M, solid-to-liquid ratio of
1:20 gml™", and contact time of 157 min.

These independent variables are common values across
all tested process parameters. Under optimal conditions,
the model predicted removal efficiencies for Pb, Ni, Mn,
and Cr of 46.63, 42.29, 67.04, and 77.92 %, respective-
ly. To verify the accuracy of the model, additional exper-
iments were conducted under optimal conditions. The
actual removal efficiencies obtained in the experimental
study were Pb (46.65 + 0.02 %), Ni (42.31 = 0.02 %), Mn
(67.02 = 0.02 %), and Cr (77.9 = 0.02 %). This confirmed
sufficient consistency between the actual value and the
predicted values (p > 0.05).%2
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3.7 X-Ray fluorescence (XRF) analysis

According to the XRF analysis, the removal efficiencies
of Mn, Ni, Pb, and Cr from PG under optimal conditions
indicated a significant reduction in heavy metal content.
Among the studied metals, Cr exhibited the highest re-
moval efficiency of 77.9 %, reducing its concentration
from 14.0 to 3.09 ppm. This was followed by Mn with
a 67.02 % reduction (from 15.5 to 5.11 ppm), Pb with
46.65 % (from 5.8 to 3.09 ppm), and Ni with 42.31 %
(from 5.0 to 2.88 ppm).

These results demonstrate the effectiveness of the applied
purification method under optimal conditions, particularly
in the removal of Cr and Mn, which are typically more per-
sistent in industrial waste materials. The substantial reduc-
tion in heavy metal content suggests that the treated PG
may have reduced environmental risks and may be more
suitable for reuse or safer disposal.

3.8 Fourier transform infrared spectroscopy (FTIR)
analysis

In order to investigate the preservation of the structure of
PG during the application of Na,EDTA at different concen-
trations, the FTIR analysis spectra of phosphogypsum be-
fore and after purification, corresponding to the maximum
removal of Pb, Cr, Ni, and Mn, are given in Fig. 9.

The fundamental vibrational modes of phosphogypsum
were assigned to the peaks in FTIR spectra. The peaks ob-
served at approximately 3556 and 3402 cm™" are attribut-
ed to O—H stretching vibrations of the crystallised water in
PG. The peaks at approximately 1689 and 1620 cm™" are
characteristic of the O—H bending vibrations of the crys-
tallised water. Two bands at 601 and 671 cm™" are attrib-
uted to the asymmetric vibration mode of SO,2~. Overall,
FTIR peaks are consistent with those reported in previous
studies.*® These findings clearly indicate that Na,EDTA is
suitable for purifying PG solid waste containing Mn, Ni, Cr,
and Pb contamination.

3.9 X-ray Diffraction (XRD) analysis

The morphological crystallinity alteration in phosphogyp-
sum phase in 2 steps (before and after) purification and
the maximum removal for Pb, Cr, Ni, and Mn are given in
Fig. 10.

The XRD pattern shows that the main component of the
PG sample was gypsum (CaSO, - 2H,0) with a small
amount of brushite (CaHPO, - 2H,0) and quartz (SiO,).
In the XRD analysis performed after the use of Na,EDTA,
it was determined that the calcium sulphate dihydrate, sil-
ica, and calcium phosphate phases in the phosphogypsum
were dissoluted.*’
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3.10 Recoverability of Na,EDTA

Due to the poor biodegradability of EDTA, its persistence
and mobilisation in the environment may lead to adverse
ecological effects including impacts on soil aggregate stabil-
ity and water retention properties.”®>' Various studies have
proposed different procedures for recovering EDTA from
the heavy metal- EDTA complexes after the extraction pro-
cedure. As a significant amount of authentic EDTA remains
in the aqueous solution after the removal procedure, re-
covering and reusing this chelating agent is economically
beneficial.* Faster precipitation of EDTA can be achieved
using low concentrations of sulphuric acid.>?

The pH-value of the solution after the extraction process
was measured at 4.69 and was subsequently reduced to
2.0 by adding sulphuric acid drop by drop using the pre-
cipitation method. After filtration, the Na,EDTA remaining
on the filter paper was rinsed once with distilled water and
dried in an oven at 50 °C overnight. In this study, 71.4 % of

the Na,EDTA was successfully recovered. The FTIR spectra
of both fresh Na,EDTA and Na,EDTA recovered by precip-
itation are shown in Fig. 11.

The infrared spectrum of fresh Na,EDTA and first-time
recycled Na,EDTA showed similar bands. The region be-
tween 3600-3000 cm™' (3518, 3402, 3387, 3032, and
3016) corresponds to hydroxyl groups due to O—H and
N—H stretching vibration. The vibrational bands located
near 2700-2500 cm™' (2669 and 2584) are characteristic
of formation of dimers for carboxylic acid and are attrib-
uted to the C—O stretching and O—H bending absorp-
tion modes. The bands at 1681 and 1627 cm™" are relat-
ed to carboxylic groups. The peaks observed at 1481 and
1419 cm™" are associated with the symmetrical carboxyl
stretching, while the bands at 1396, 1319, and 1311 cm™
are also attributed to carboxyl groups. The absorption
bands between 900-700 cm™" (771 and 709) originate
from C—H stretching and bending vibrations. These data
are consistent with previous studies.>*>*
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4 Conclusions

This study comprehensively evaluated the simultaneous
removal of heavy metals (Pb, Ni, Mn, and Cr) from PG us-
ing Na,EDTA as a chelating agent. In addition, the optimi-
sation of key operational parameters was investigated, and
the resulting structural and chemical modifications within
the PG matrix were examined.

Through experimental modelling, the optimised parame-
ters for maximum metal removal were determined to be
a solid-to-liquid ratio of 1 : 20 gml~, a contact time of
157 min, and a Na,EDTA concentration of 0.055 M. These
optimised parameters were common across all tested
heavy metals, indicating a unified approach for multi-metal
removal from PG. The model-predicted removal efficien-
cies for Ni, Pb, Mn, and Cr were 42.29, 46.63, 67.04, and
77.92 %, respectively. Subsequent validation experiments
conducted under these conditions yielded actual removal
rates of 42.31 = 0.02, 46.65 + 0.02, 67.02 = 0.02, and
77.90 = 0.02 % for Ni, Pb, Mn, and Cr, respectively.

The strong agreement between predicted and experimen-
tal values (p > 0.05) confirms the accuracy and reliability

of the developed model for predicting and optimising the
removal of heavy metals from PG using Na,EDTA.

X-ray fluorescence analysis provided further evidence
of heavy metal reduction with significant decreases in
metal concentrations: Cr (from 14.0 to 3.09 ppm), Mn
(15.5 to 5.11 ppm), Pb (5.8 to 3.09 ppm), and Ni (5.0 to
2.88 ppm). These results not only confirm the effectiveness
of the treatment process under optimal conditions but also
demonstrate the potential for significantly reducing the en-
vironmental hazards associated with PG, thus enhancing
its potential for reuse or safer disposal.

Fourier transform infrared spectroscopy confirmed that
the structural integrity of PG was largely retained follow-
ing treatment. Key functional groups characteristic of PG,
including O-H and SO,*" vibrational bands, remained
identifiable post-treatment, indicating that Na,EDTA does
not induce significant degradation of the PG matrix. This
finding supports the feasibility of using Na,EDTA without
compromising the mineralogical identity of PC.

X-ray diffraction analysis offered significant information on
the mineralogical alterations within the PG structure. The
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dominant presence of calcium sulphate dihydrate along
with traces of brushite and quartz was noted in the un-
treated sample. Post-treatment patterns indicated partial
dissolution of phases, particularly involving calcium com-
pounds, suggesting that Na,EDTA interacts primarily with
metal-associated fractions rather than the bulk PG matrix.

Given the environmental concerns related to the persis-
tence of EDTA in ecosystems, the recovery and reuse of
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Na,EDTA were also explored. A precipitation method using
sulphuric acid successfully recovered 71.4 % of the chelat-
ing agent. FTIR spectra of the recovered Na,EDTA showed
strong similarities with fresh Na,EDTA, particularly in key
functional groups associated with carboxyl and hydroxyl
regions, confirming that the recovered compound main-
tains its chemical integrity and remains suitable for reuse.

In summary, this study demonstrates that Na,EDTA is an ef-
fective, structurally compatible and recoverable chelating
agent for the simultaneous removal of multiple heavy met-
als from PG. The optimised treatment parameters provide
a reproducible and efficient approach for reducing heavy
metal content in PG, thereby lowering its environmental
impact and enhancing its potential for sustainable reuse.
Future studies may focus on improving the recovery effi-
ciency of Na,EDTA and assessing the long-term environ-
mental behaviour of the treated PG in various application
scenarios.
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SAZETAK

Istodobno uklanjanje Pb, Ni, Mn i Cr iz fosfogipsa pomoc¢u Na,EDTA:
optimizacija i modeliranje primjenom Box-Behnkenovog dizajna
Ertugrul Celik®®" i Suna Ertuncg®

Fosfogips (PG) smatra se nusproizvodom fosforne kiseline nastale reakcijom sumporne kiseline s
fosfatnom rudom mokrim postupkom, a klasificira se kao kruti otpad. Prisutnost teskih metala u
PG-u uzrokuje niz ekoloskih problema te ogranicava njegovu mogucu primjenu. U ovom istraZiva-
nju primijenjen je Box-Behnkenov dizajn (BBD) s ciljem optimizacije uklanjanja olova, nikla, man-
gana i kroma u PG-u pomoc¢u Na,EDTA. U tu svrhu optimizirali su se ¢imbenici poput koncentra-
cije Na,EDTA, omjera kruto/tekuce (S/L) i kontaktnog vremena, uz istodobni razvoj matematickog
modela. Optimalne procesne tocke identificirane su analizom varijance (ANOVA) i grafikonima
odzivne povrsine. Nadalje, fizikalno-kemijska svojstva PG-a prije i nakon procisé¢avanja analizirana
su tehnikama XRF, XRD i FTIR. Na temelju rezultata dobivenih metodologijom odzivnih povrsina,
koeficijenti korelacije (R*) eksperimentalnih podataka i regresijskog modela drugog reda za Pb, Ni,
Mni Criznosili su 89,75, 95,37, 98,18 i 94,53 %. Opcenito, visoke vrijednosti R* upucuju na to da
se eksperimentalni podatci slazu s podatcima predvidenima modelom pri optimalnim uvjetima:
c(Na,EDTA) = 0,055 M, omjer kruto/tekuc¢e = 1 : 20 gml~', kontaktno vrijeme = 157 min. U
tim uvjetima, uc¢inkovitosti uklanjanja Pb, Ni, Mn i Cr iznosile su 46,65, 42,31, 67,021 77,9 %.

Kljucne rijeci
Fosfogips, Na,EDTA, uklanjanje teskih metala, dizajn eksperimenta Box-Behnken
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