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Abstract: 
 In this study, the structure, morphology and composition of the synthesized 
magnetite/3D-printed wollastonite (3D_W/M) composite were characterized, and its 
adsorption performance with respect to As(V) and Cr(VI) were studied. Magnetite (MG) 
modified 3D printed wollastonite was obtained by two step procedure: modification of 3D_W 
with 3-aminoproylsilane (APTES) followed by controlled magnetite (MG) deposition to obtain 
3D_W/M adsorbent. The structure/properties of 3D_W/M were confirmed by applying FTIR, 
XRD, TGD/DTA, and SEM analysis. The adsorption properties of hybrid adsorbents were 
carried out for As(V) and Cr(VI) removal - one relative to the initial pH value, the adsorbent 
mass, the temperature, and the adsorption time. Time-dependent adsorption study was best 
described by pseudo-second order equation, while Weber Morris analysis showed that 
intraparticle diffusion controled diffusional transport. Similar activation energy, 17.44 and 
14.49 kJ•mol-1 for adsorption As(V) and Cr(VI) on 3D_W/M, respectively, indicated main 
contribution of physical adsorption. Determination of adsorption parameters was performed 
by applying different adsorption isotherm models, and the best fit was obtained using 
Freundlich model. The adsorption capacity of 24.16 and 29.6 mg g-1 for As(V) and Cr(VI) at 
2oC, Co = 5.5 and 5.3 mg L-1, respectively, were obtained. Thermodynamic study indicated 
favourable process at a higher temperature. Preliminary fixed-bed column study and results 
fitting with Bohart-Adams, Yoon-Nelson, Thomas, and Modified dose-response model showed 
good agreement with results from the batch study.  
Keywords: Arsenic; Chromium; Adsorption; Magnetite; 3D-printed wollastonite. 
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1. Introduction 
 
 The very serious problem in developing countries has become the presence of heavy 
metals in the water for public health. The maximal allowed concentration (MAC) for As(V) in 
the water decreased from 50 to 10 μg dm-3, while for Cr(VI) is 50 μg dm-3 by considering 
their harmful effects on the environment and human health. 
 Modern human society invests significant efforts to reduce pollution and to diminish 
its negative influence on the environment [1,2]. Consequently, the polluted environment has a 
negative effect on the health and overall life quality of the human population, as well as on 
the existence of other living organisms. Arsenic contamination in drinking water is not such a 
rare case, given that over seventy countries are seriously struggling with the natural 
contamination of drinking water. Consumption of arsenic-contaminated water can lead to 
chronic arsenic poisoning causing a lot of different harmful diseases, including cancer of the 
lungs, bladder, liver, skin, kidneys, and cardiovascular system, as well as gastrointestinal 
disturbances and neurological disorders [3]. Arsenic(III) salts are very toxic and cause cancer, 
where the dose of 50 mg/kg is lethal. Non-toxic salts of arsenic(V) are ingredients of 
pesticides, as well as additives to glass that give it a green color. These salts are non-toxic and 
possess a strong bacterial effect. However, by ingesting large amounts, they accumulate in the 
body and are reduced to toxic salts of arsenic(III) [4]. The World Health Organization (WHO) 
has established as a drinking-water standard the concentration of arsenic in the water of 0.01 
mg dm-3, due to the harmful effects of arsenic on human health [5]. Chromium pollution, 
related to Cr(III) and Cr(VI) forms, acquire highly increasing attention due to water, soil, and 
air pollution. Cr(VI) is a very dangerous substance that possesses high toxicity with 
carcinogenic and mutagenic effects on human health [6,7]. Its ability to destroy DNA, 
proteins, and membrane lipids, transforming them into reactive intermediates, cause damage 
to the cellular functions [8]. Accordingly, based on these facts, the important global challenge 
has become to find out the best materials and technologies for the removal of the As(V) and 
Cr(VI) ions from the water. Better purification methods are preferable since changes in 
industrial technologies are often very limited by high investment costs. There are many 
different methods for the removal of heavy metal ions from water, such as coagulation, 
flocculation, ion exchange, membrane filtration, and separation. Modification of the surface 
of the inorganic materials can be physical or chemical, that enables to be adjusted for the 
various specific use of adsorbent for heavy metals [9]. Consequently, adsorption is the most 
efficient and economical method of wastewater purification [10]. There are many advantages 
of adsorption. Usage of different materials is one of the best benefits of adsorption, ranging 
from natural (organic) materials, such as cellulose, rice husk, and chitosan, to inorganic 
materials like ceramics with silicon oxides, composite materials, and different minerals 
(modified or unmodified) like wollastonite. Wollastonite is composed mainly of calcium 
oxide (CaO) and silicon dioxide (SiO2), which can be responsible for the adsorption of heavy 
metals from the water [11]. Wollastonite as the mineral is often used as an adsorbent for the 
adsorption of positively charged metal ions, and also, this compound is exposed to different 
chemical modifications [12]. Such modifications can improve the adsorption capacity, 
enabling the creation of an adsorbent that can be regenerated and reused with minimal loss of 
its adsorption ability.  
 In the last few decade, the three-dimensional (3D) printing is often use, because of it 
is advanced additive manufacturing technique which facilitates in building up complex 
constructs with periodic macropores and adjustable geometrical parameters of the tested 
material. Also, it is useful to create the shape and the porosity of the modified materials 
[13,14]. Magnetite (Fe3O4) is known to be an effective adsorbent for several oxyanions like 
arsenite and arsenate [15-17], chromate [18,19] and other oxyanions (MoO4

2-, Sb(OH)6
-, 

Sb(OH)3, SeO4
2-, SeO3

2-). Magnetite is easily synthesized on nanoscale which is useful as 
adsorption capacity increases with decreasing particle size of the tested material [19-22]. 
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 A recent study showed that 3D printed wollastonite showed strong selective basic 
catalytic properties in a dehydrogenization of the alcohols [23]. In this paper, research on 
adsorption characteristics of 3D_W modified with magnetite (3D-W/M) with respect to As(V) 
and Cr(VI) removal from water in a batch system was performed. The deposition of magnetite 
to 3D printed wollastonite was optimized in order to obtain the maximum adsorption capacity 
for As(V) and Cr(VI) ions. Optimization of the adsorption synthesis was carried out using the 
surface response methodology (RSM), based on two factors D-optimal design. RSM complies 
with the principles of environmental protection, where there is a significant decrease in the 
number of experiments, and consequently a decrease in waste production.  
 Two specific goals, achieved by two step modification of 3D printed wollastonte 
were: (1) creation of reactive/versatile material, amnio modified wollastonite in the first step, 
suitable for further modification with magnetite; (2) increasing hydrophilicity and the number 
of surface functionalities, obtained by precipitation of magnetite, having high affinity for 
oxyanions removal. The possibility of the use of 3D-W/M in a flow system was also 
performed in order to evaluate the possibility for application in a real system used for water 
purification. 
 
 
2. Materials and Experimental Procedures 
2.1 Materials 
 
 Detail of the material used is given in Supplementary material. 
 
2.2 Synthesis 3D printed Wollastonite 
 
 Synthesis of CaSiO3 powder and robocasting and sintering of porous CaSiO3–SiO2 
structures 3D printed wollastonite (3D_W) was done according to Casas Lunaet. al., using 
honeycomb 500 μm pore size arrangement [23]. 
 
2.3 Preparation of amino-functionalized 3D printed Wollastonite  
 
 Method applied for amino-functionalized 3D_W is given in Supplementary 
material. 
 
2.4 Deposition of magnetite onto amino modified 3D printed Wollastonite 
 
 Detail of the deposition of MG onto 3D printed wollastonite is given in 
Supplementary material. Optimization procedure for 3D_W/M synthesis was performed with 
respect to variable pH and FeSO4·7H2O concentration (Table SI).  
 
2.5 Characterization methods  
 
 Full detail on the methods applied for characterization of the adsorbents is given in 
Supplementary material.  
 
2.6 Adsorption experiments  
 
 Methodology used for determination of the adsorption performances of 3D_W/M is 
given in Supplementary material. 
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3. Results and Discussion 
3.1. Adsorbent synthesis optimization 
 In order to design effective hybrid adsorbents for As(V) and Cr(VI) removal an 
optimization study was conducted. Optimization goals were directed to syntheses of adsorbent 
with high capacity/efficiency, improved chemical and mechanical stability of MG deposit, 
and fast adsorption of As(V) and Cr(VI) at operational time scale. As the most influential 
parameters in the synthesis of adsorbents the initial pH value of the mixture and FeSO4 
concentrations were selected in the optimization process to achieve the goals of optimizing 
the high adsorption capacity. 
 Amino groups are very important binding sites in the complexation process that is 
recently presented [24]. In the complexation/chelation interactions cations are strongly linked 
to amino groups, where at pH>pHPZC the higher value of the nucleophilicity of the amino 
groups brings to a stronger interaction with positive ions (cations) [25]. Hence, the amino 
groups covalently bonded to 3D printed wollastonite was the most important step for this 
modification. The total basic sites of 0.44 mmol g–1 found for amino modified 3D printed 
wollastonite play a significant role to iron binding and thus contributed to uniform magnetite 
loading. In order to achieve best adsorption performances an optimal procedure for MG 
precipitation/complexation on 3D printed wollastonite was defined by using RSM 
methodology.   
 Results of the optimized procedure of adsorbent syntheses in a batch system (sections 
2.4 and 2.6) were applied, and also an adjustment of the volume of used solution to provide a 
reaction in water thin film on 3D_W surface, for syntheses of 3D_W/Madsorbent according 
to the methodology described in section 2.4. In that way, the highest adsorption capacities 
were obtained at ~6% iron loaded in 3D_W/M.  
 

 
 

Fig. 1. The estimated surface (a) and contour (b) plots based on qe (mg g-1) for As(V) ions [Ci 

As(V)=5.5 mg dm-3, mads/V=125 mg dm-3, t=60 min and pH=6]. 
 
 According to results from Fig. 1 and Table SI, optimal controlled precipitation and 
uniform distribution of MG on 3D printed wollastonite surface was achieved according to 
section 2.4.2 (Supplementary material). Additionally, the porosity and pore size distribution 
of the sintered structures are similar to one given by Casas-Luna et al. [23], i.e. determined 
porosity of 3D_W and 3D_W/M was 0.52 and 0.45, respectively. The obtained results 
indicate that magnetite deposition do not influences significant decrease of the porosity of 
3D_W/M adsorbent in relation to base material. 
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3.2. Adsorbent characterization 
3.2.1 SEM analysis 
 
 Morphological properties and changes on the adsorbent before and after modification 
were monitored by scanning electron microscopy (SEM). The SEM images clearly show 
interconnected grains by sub-spherical pores, which size approximately was around 1.0 
microns [26,27], that caused porosity of obtained material, and whose smooth surface is 
formed by the addition of methylhydrocyclosiloxane and sintering (Fig. 2a), before 
modifications, and noticeable deposits (irregularities) of magnetite after modification (Fig. 
2b). 

 
 

Fig. 2. SEM photographs of 3D printed wollastonite a) and b) 3D_W/M. 
 
3.2.2 XRD analysis 
 
 The phase composition of 3D_W/M was studied using XRD diffractograms. On the 
diffractogram in Fig. 3, almost all peaks of maximum intensity at diffraction angles of 21.13°, 
27.638°, 31.905°, and 45.870° appear to belong to triclinic α-wollastonite. This indicates that 
β-wollastonite is transformed into a polymorphic form during 3D printing due to the high 
temperature in α-CaSiO3. This transformation is supported by the fact that β-wollastonite 
begins to convert to the α-form above 1125oC according to the phase diagram of the CaO-
SiO2 system. It is noticeable that cristobalite at a diffraction angle of 2θ equal to 21.939°, 
which is a polymorphic form of silicon, begins to appear at this low temperature. 
Furthermore, XRD analysis [23,28,29] reveals that calcite (CaCO3) at 2θ of 29.539° is present 
as unreacted material. It was also observed that the relatively small peak at 2θ, equal to 
27,566°, belongs to pseudo-wollastonite (α-CaSiO3). The diffractogram shows a series of 
small characteristic peaks at 2θ, (29.866°), (35.06°), (43.4°), which are well in line with the 
inverse cubic spinel phase of Fe3O4 (magnetite, JCPDS card No. 85-1436). 
 

 
 

Fig. 3. XRD diffractogram of 3D printed wollastonite and 3D_W/M. 
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3.2.3 TGA-DTA analysis 
 
 The DTA and TG analysis of for 3D_W is given in recently discusses by Casas-Luna 
et al. [23]. Three endothermic was noticed: first at around 115oC relate to water desorption, 
second one at ~500oC was explained as slow quartz crystallization and third one at ~840oC 
represent phase transformation of the quartz into tridymite and/or cristobalite phase [23]. 
 The DTA and TG curves for 3D_W/M in the range from room to 1200oC is presented 
on Fig. 4. Three mass changes are also visible, at different temperature intervals, of a total of 
8 % in the whole interval. 3D_W/M in DTA diagram also has a pair of characteristic peaks, 
the first being in the range of room temperature to 200oC. There is a noticeable endothermic 
peak that indicates the release of moisture or the bound water from the sample (endothermic 
processes that mainly occur up to 200oC). This process is followed by a change or with a mass 
drop of about 2 %. The DTA diagram shows a sharp exothermic peak at about 350oC, which 
corresponds to the oxidation of Fe3O4 and the transition to Fe2O3. The oxidation process, the 
incorporation of oxygen, from the compound is followed by mass increase for~1.5 %, which 
is noticeable in the range of 300-400oC [30].Weak endothermic peaks are visible on the DTA 
curve: two at about 800 and 900oC, which are not followed by a change in the mass, that may 
correspond to the transformation of the quartz into tridymite and/or cristobalite phase [23]. 
The mass mass drop of about 2 % at higher temperature can be attributed to the incorporation 
of Fe into CaSiO2, and the formation of a solid solution as well as structural rearrangement of 
the wollastonite into pseudo wollastonite [23]. 
 

 
 

Fig. 4. Graph of changes in physical parameters in the system as a function of temperature 
(DTA curve blue and TGA curve black) for 3D_W/M. 

 
3.2.4 FTIR spectroscopy 
 
 FTIR spectra of magnetite, wollastonite, and 3D_W/M, then 3D_W/M loaded with 
Cr(VI) and As(V), are presented in Fig. 5. The bands’ characteristic for wollastonite 
containing ceramics, observed at 982 cm−1, 1054 cm−1, and 1076 cm−1 originates from 
stretching vibrations of Si–O bridging groups, while bands at 935 cm−1, 914 cm−1, and 791 
cm−1 originate from stretching non-bridging Si–O-Si vibrations. The intensity band at 710 
cm−1 originates from stretching bridging Si–O-Si, which indicates the presence of a three-
member ring in wollastonite-containing ceramics [27,31]. The most intensive band in the 
spectrum of magnetite was observed at 536 cm-1. The lower intensity of this peak, observed at 
similar position in the FTIR spectrum of 3D_W/M, originates from vibration of the Fe–O 
group [32] overlapped with Si–O-Si vibration of wollastonite structure. After As(V) and 
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Cr(VI) adsorption, this band is slightly shifted to 560 cm−1 in the spectrum of 
3D_W/M/Cr(VI) and to 550 cm−1 in the spectrum of 3D_W/M/As(V).  
 

 
 

Fig. 5. FTIR spectra of magnetite, wollastonite, 3D_W/M, mixture 3D_W/M with Cr(VI), 
and mixture 3D_W/M with As(V). 

 
3.3. Influence of solution pH on adsorption efficiency 
 
 The effect of the solution pH on the 3D_W/M adsorption efficiency is presented in 
Fig. 6. The pH change in the range from 4 to 12 was applied to study the effect of the solution 
of the pH on pH-dependent pollutant speciation and the generated surface charges of the 
adsorbent, i.e.the efficiency of the adsorption.In aqueous systems, the surface of MG is 
covered with FeOH groups that can be protonated or deprotonated and generate surface 
charge FeOH2

+ or FeO− at pH values below or above the point of zero charge for magnetite 
(pHPZC), respectively [33]. Electrostatic forces between metal ion species and surface charges 
are responsible for adsorption [33,34]. The point of zero charge for magnetite is the pH value 
at which the surface concentrations of FeOH2

+ and FeO− groups are equal. According to that 
the adsorption capability of 3D_W/M depends on both the, it is necessary to determine the 
pHPZC.The measured pHPZC of unmodified WL was 2.7, while pHPZC of MG modified 3D_W 
based adsorbents was 7.2 (Fig. S1) [31]. 

The dependence of adsorption efficiency of the oxyanions As(V) and Cr(VI) removal 
versus the initial pH on 3D_W/M is given in Fig. 6. 
 On the other side, oxyanions that are negatively charged could be effectively bonded 
to positively charged 3D_W/M surface at the pH<pHPZC (Fig. 6). Hence, the applicability of 
the 3D_W/M depends on the initial pH solution where the adjustment of the pH of the inlet 
water determinates the adsorption efficiency.It could be noted low dependence of As(V) and 
Cr(VI) on 3D_W/M in the pH adsorption efficiency range from 4-6with > 85 % removal, and 
subsequently, the gradual decrease is observed at pH>7. The pH-dependent successive 
ionization of triprotic arsenic acid (H3AsO4) can be presented by the following equilibrium 
[35]: 
 

H3AsO4
pKa(1) = 2.24 H+ + H2AsO4

-
2H+ + HAsO4

2-pKa(2) = 6.69 pKa(3) = 11.5
3H+ + AsO4

3-

 
 
Similar equilibria could be given for chromic acid: 
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H2CrO4
pKa(1) = -0.98

H+ + HCrO4
-

2H+ + CrO4
2-

pKa(2) = 6.49

 
 
And also participating equilibrium in acidic condition (pH 0-7, Ka = 3.4-5.0 × 1014) [36]: 
  

Cr2O7
2- + H2O2H+ + 2CrO4

2-
 

 
The crucial role in the adsorption processes is the presence of the molecular forms at pH<2 
and the equilibrium of the arsenic ions in the different forms at the higher pH [37]. Weak 
arsenous acid as well as chromic acid effectively interacts with 3D_W/M at pH in the 
vicinity of pKa [38]. At the pH<pHPZC the negatively charged As(V) species, i.e. H2AsO4

- 
and HAsO4

2- (Fig. 6), and Cr(VI) species, i.e. HCrO4
- and CrO4

2- (Fig. 6), could participate in 
an electrostatic attraction with the positively charged adsorbent surface. Oppositely, the low 
adsorption efficiency is caused by electrostatic repulsion at pH>pHPZC.  

 

 
 

Fig. 6. The influence of pH on the adsorption of Cr(VI) and As(V) ions on 3D_W/M (in %) 
[Ci[Cr(VI)]= 5.3 mg dm-3,Ci[As(V)]= 5.5 mg dm-3, m/V = 1250 mg dm-3 and T = 25oC]. 

 
 Consequently, three factors determine choice of the initial pH 6: the adsorption 
capacity, adsorbent stability, and pH of natural water used as inlet water in the adsorption 
experiment (avoidance of inlet water pH adjustment). The higher hydrolytic stability of the 
surface functionalities, long-term adsorbent usability, in the pH range nearby neutral and 
weak base environment, from pH 6 to 8, are very important characteristics of the adsorbent 
that are of great importance the economic and technological aspects. The determined pHPZC 
and pH dependent adsorption study corroborate selection of optimal operative pH to be ~6.2. 

 
3.4. Adsorption kinetics 
 
 The study of kinetics provides an insight into the possible mechanism of adsorption 
along with the reaction pathways. The effect of the time on the adsorption of arsenate ions 
was monitored in the range of 5 to 120 minutes for As(V), while for the Cr(VI) ions, the 
equilibrium was established after 70 minutes. In order to interpret the adsorption mechanism, 
pseudo-first, pseudo-second-order, and second-order models as well as the Weber Morris 
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diffusion model [39] was used for modelling kinetic data. Details on the models used are 
given in the Supplementary material, Table SII and SIII (eq. S5-eq. S11). According to 
the regression coefficient (R2) and the calculation of the standard error for all the model 
parameters, the experimental kinetic data is the best described using a pseudo-second-order 
model (Equation S6). The kinetic parameters for adsorption of As(V) and Cr(VI) on 
3D_W/M adsorbent are shown in Table I. 
 
Tab. I Pseudo-first, PSO and second order model parameters for the adsorption of As(V) and 
Cr(VI) on to 3D_W/M (Ci [As(V)] = 5.5 mg dm-3, Ci [Cr(VI)] = 5.3 mg dm-3; pH = 6.0; m/V = 125 
mg L-1, T = 298 K). 

Adsorbent Ion Parameter Pseudo-first PSO Second order 
 
 
3D_W/M 

 qe 15.357 28.177 28.177 
As(V) k (k1, k2) 0.0328 0.0042 0.0036 
 R2 0.818 0.996 0.797 
 qe 23.804 29.117 29.117 
Cr(VI) k (k1, k2) 0.0149 0.00621 0.0049 
 R2 0.853 0.995 0.859 

 
Additionally, the rate of adsorption steps was determined using the Weber-Morris (W-M), 
Dunwald-Wagner, and Homogenous Solid Diffusion Model (HSDM) (Table SIII). The 
obtained model parameters are given in Table II. 
 
Tab. II Kinetic parameters of the W-M, D-W and HSDM models for the adsorption of As(V) 
and Cr(VI) onto 3D_W/M. 

Model Parameter As(V) Cr(VI) 
Weber-Morris (W-M) 
(Step 1) 
 

kp1 (mg g-1 min-0.5) 4.144 2.4302 
C (mg g-1) 1.329 10.528 
R2 0.996 0.995 

Weber-Morris 
(Step 2) 
 

kp2 (mg g-1 min-0.5) 0.0703 0.415 
C (mg g-1) 23.612 22.981 
R2 0.997 0.996 

Dunwald-Wagner  
(D-W) 

K 0.0232 0.0333 
R2 0.821 0.870 

Homogenous Solid 
Diffusion Model 

Ds 2.86 x 10-11 3.9 x 10-11 
R2 0.812 0.869 

Bangham’s kinetic 
model 

k 
á 

0.483 
2.574 
0.939 

0.373 
2.614 

R2 0.934 
 
 The complex nature of the adsorption process was considered either as a single step, 
as described by the pseudo-second-order equation, or can be described by 
consecutive/competitive steps. The Weber-Morris method reveals two linear steps that 
describe the adsorption process: fast kinetics in the first step and slower in the second. The 
first linear part describes the external mass transfer to the adsorbent surface, while the second 
part describes the process of material transfer to the porous structure of the adsorbent, and 
strictly depends on the dimensions and shape of the pores and the density of their network on 
the adsorbent 3D_W/M. Intra-particle and film diffusion slow down the transport of 
adsorbates. In the final phase of the process, adsorption is slow until the saturation on the 
entire available surface of the adsorbent is achieved. The value of constant C from W-M 



M. Popović et al.,/Science of Sintering, 54(2022)105-124 
___________________________________________________________________________ 

 

114 
 

model indicates that intra-particle diffusion is the main limiting process to overall pollutant 
transport in the adsorption process. 
 Kinetic data can be additionally used to check whether the pore diffusion is an only 
rate-controlling step or not. If the experimental data are represented by this equation, the 
adsorption kinetics is described by using pore diffusion Bangham’s equation (S11). From the 
results of non-linear fitting between the experimental values and the predicted values for the 
3D_W/M/As(V) and 3D_W/M/Cr(VI) system (R2 = 0.939 and 0.934) may be concluded that 
the diffusion of adsorbate into pores of the studied adsorbents is not the only rate controlling 
step, as stated by others [40]. 
 
3.5. Adsorption activation energy 
 
 In relation to the results of kinetic research performed at temperatures of 298, 308, 
and 318 K (Table SIV), it is possible to determine the activation energy using the Arrhenius 
equation (S12). The value of activation energy occurs as a reason for the mechanism of metal-
ion adsorption on the adsorbent used. Physisorption or physical adsorption generally 
possesses energy up to 40 kJ·mol-1, while chemisorption requires a higher energy and 
activation energy over 40 kJ mol-1. Based on the obtained results where Ea = 17.44 and 14.49 
kJ·mol-1 for adsorption As(V) and Cr(VI) on 3D_W/M, respectively, it can be concluded that 
the main mechanism of adsorption is physical adsorption. 
 
3.6. Adsorption isotherm 
 
 The state of interactions/bonds on the surface of the adsorbate/adsorbent can bev 
analyzed by fitting the experimental data with different adsorption isotherms. The normalized 
correlation coefficient and standard deviation were used to estimate the fit of the adsorption 
data. The data obtained from the experiments were compared with the models of Langmuir, 
Freundlich, Temkin, Dubinin-Radushkevich, and Toth isotherms (Table SV), the parameters 
of which are shown in Table III. In order to fit the experimental adsorption data with the 
isotherm models, nonlinear regression was used; the normalized standard deviation Δq was 
calculated together with the correlation coefficient R2. By analyzing the experimental data on 
the adsorption of As(V) and Cr(VI) ions on the tested adsorbent, the best fit is given by the 
Freundlich isothermal model Figs. 7 and 8. According to the Freundlich isotherm, the 
mechanism of ion adsorption at 3D_W/M can be described as heterogeneous adsorption, 
where the adsorbed ions have different enthalpies and adsorption activation energies. The 
value of n from the Freundlich isotherm is a measure of adsorption intensity or surface 
heterogeneity. Values of n close to zero indicate a highly heterogeneous surface. Values of n 
<1 imply a chemisorptions process, and higher values (Table III) indicate combined 
adsorption, e.g. physisorption and chemisorption with different process contributions at 
different system balancing steps. The apparent energy of absorbent adsorption onto 3D_W/M 
is found out by using Dubinin–Radushkevich isotherm. Gaussian energy distribution onto a 
heterogeneous surface [41] is usually used to express the adsorption mechanism by applying 
the model. It has often successfully fitted into the intermediate-range of concentrations data 
properly and high solute activities. As the mean free energy expresses the energy for taking 
out a molecule from its location in the sorption space to the infinity, the model was usually 
useful to distinguish the physical and chemical adsorption of ions with its mean free energy, 
i.e. E, per molecule of adsorbate. The value E from the DR isotherm can be used to predict the 
reaction mechanism where adsorption energies < 8 KJ mol-1 indicate physisorption, in the 
range 8 to 16 KJ mol-1 dominate ion exchange, and > 16 KJ mol-1 prevail chemisorptions [42]. 
The obtained Ea values from 7,735 to 7,805 indicate that physisorption is the most 
contributing mechanism in the sorption of As(V) on 3D_W/M. While obtained E a values 
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from 8.0 to 8.05 indicate that the combined mechanism of physisorption and ion exchange is 
the determining mechanism in the sorption of Cr(VI) on 3D_W/M. 
 
Tab. III Parameters of adsorption isotherms for As(V) and Cr(VI) adsorption on 3D_W/M. 

 

Non-linear isotherms model fitting for As(V) and Cr(VI) removal using 3D_W/M are given 
on(Fig. 7)and (Fig. 8), respectively. 
 

 
 
Fig. 7. Non-linear fit using Freundlich, Langmuir and Toth isotherm for As(V) adsorption on 

3D_W/M. 

Isotherm 
model and parameters 

As(V) Cr(VI) 
25oC 

 
35oC 

 
45oC 

 
25oC 

 
35oC 

 
45oC 

 

Langmuir 
isotherm 

qm (mg g-1) 24.08 25.744 27.058 31.46 32.08 34.78 
KL  (dm3 mg-1) 5.206 5.553 6.319 5.650 5.759 6.021 
KL (dm3 mol-1) 270691 288734 328563 423298 431464 451093 
R2 0.908 0.904 0.918 0.929 0.930 0.941 

Freundlich 
isotherm 

KF (mg g-1) (dm3 
mg-1)1/n 

18.349 20.015 22.337 25.117 25.859 29.038 

1/n 3.129 3.116 3.277 2.695 2.679 2.559 
R2 0.994 0.993 0.984 0.997 0.997 0.997 

       

Temkin 
isotherm 

AT (dm3 g-1) 126.56 149.97 206.31 132.04 136.27 135.19 
b (mg g-1) 3.89 4.04 4.20 4.96 5.03 5.49 
BT (J mol-1) 637.39 634.44 630.01 500.1 508.9 481.4 
R2 0.964 0.957 0.965 0.941 0.939 9.366 

Dubinin-
Radushkevich  

qm (mg g-1) 17.59 18.49 20.44 21.20 21.57 23.32 
Kad (mol2 

  
8.36 8.31 8.21 7.80 7.79 7.71 

E (KJmol-1) 7.735 7.758 7.805 8.00 8.01 8.05 
R2 0.906 0.904 0.923 0.915 0.916 0.923 

Toth 

q (mg g-1) 13.712 14.691 17.298 16.979 17.390 19.105 

KL(mg g−1) 45.792 50.734 45.406 56.941 58.530 51.805 

n(mg g−1) 0.720 0.714 0.748 0.662 0.695 0.646 

R2 0.998 0.996 0.990 0.999 0.999 0.999 
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Fig. 8. Non-linear fit using Freundlich, Langmuir and Toth isotherm for Cr(VI) adsorption on 

3D_W/M. 
 

 Even the results from non-linear model fitting, using Langmuir equation, are of lower 
statistical validity, in comparison to Freundlich, they are in good agreement with result 
obtained from Figs. 7 and 8, i.e. isotherm model calculation for specific condition: As(V), 
Co=5.5 mg L-1;  m/V = 125 mg L-1, 25oC q= 24.16, 35oC q=25.65 and 45oC q = 27.136 mg g-1 
, and Cr(VI) Co=5.3 mg L-1; m/V = 125 mg L-1, 25oC q = 29.60, 35oC q= 30.08 mg g-1 and 
45oC q = 31.92 mg g-1 . 
 
3.7. Thermodynamic studies 
 
 Gibbs free energy (ΔGΘ), enthalpy (ΔHΘ), and entropy (ΔSΘ) are calculated by Van’t 
Hoff equation (1) and (2): 
 

)ln(bRTG −=∆ Θ
                     (1) 

)(
)ln(

RT
H

R
Sb

ΘΘ ∆
−

∆
=

              
(2) 

 
where T is the absolute temperature in K, R is the universal gas constant (8.314 mol-1 K-1) and 
the adsorption constant b is calculated using the Langmuir isotherm (Table IV). The ΔHΘ and 
ΔSΘ were calculated from the slope and sections in the diagram ln(b) - T–1, assuming that the 
adsorption kinetics are stationary. The calculated thermodynamic parameters are shown in 
Table IV. 
 
Tab. IV Calculated Gibbs free adsorption energy, enthalpy, and entropy for adsorption As(V) 
and Cr(VI) on 3D_W/M at 298, 308, and 318 K. 

Ion ΔGΘ (kJ mol-1) 
ΔHΘ (kJ mol-1) ΔSΘ(J mol-1 K-1) R2 

 298 K 308K 318K 
As(V) -40.96 -42.50 -44.22 7.61 162.82 0.957 

Cr(VI) -42.07 -43.53 -45.06 2.50 149.44 0.942 
 
 The negative adsorption standard of free energy (ΔGΘ) and positive standard values 
of entropy (ΔSΘ) at all temperatures indicate that the adsorption process takes place 
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spontaneously [38,43]. A decrease in the Gibbs free energy (ΔGΘ) with an increase in 
temperature also indicates the spontaneity of the reaction increases with temperature increase. 
Positive values of ΔSΘ indicate a tendency of greater disorder of the 3D_W/M surface system 
and As(V) and Cr(VI) solution. A positive value of enthalpy (ΔHΘ) indicates that adsorption 
is an endothermic process. According to generally accepted interpretations, changes in the 
enthalpy value may indicate the nature of the adsorption mechanism. A change in enthalpy 
between 2 and 21 kJ mol-1 indicates physical adsorption (Table IV), while a change in 
enthalpy in chemisorption is in the range between 80–200 kJ mol-1. 
 
3.8. Adsorption mechanism 
 
 The possible adsorption mechanism is complex and could be presented as it is given 
in Fig. 9. It was explained that dominant surface complexes were formed between one 
adsorbed arsenate oxyanion and two FeO6 octahedra on surfaces of magnetite [44-46]. In a 
similar fashion, the H2AsO4

- and HAsO4
2- could be linked via the oxygen atoms to magnetite 

iron by forming either monodentate mononuclear or bidentate binuclear complexes. Ligand 
exchange is a process at surface which produces formation of monodentate complex, while 
the next slowsteprepresents a second ligand exchange resulting in the formation of an inner-
sphere bidentate binuclear complex [47]. 
 

 
 

Fig. 9. Adsorption mechanism of As(V) ions on 3D_W/M. 
 

 Except for this, experiments performed with 3D_W/M in the presence of a different 
concentrations of KCl (0.5, 1 and 3 mg L-1), led to somewhat enhanced As(V) and Cr(VI) 
removal (in the range 2-5 %). The increase of the negative charge in the electrical double 
layer is due to the biding of negatively charged As(V) and Cr(VI) species [47], where the 
higher ionic strength of the solution, increased concentration of counterions could compensate 
the surface negative charges. This result corroborate that the main adsorption mechanism is 
the formation of the inner-sphere complexes [48]. Additionally, the low influence of 
interfering ionsand pHPZC decreases after adsorption (pHPZC after adsorption of arsenate 6.6 
and chromate 6.4) are the properties indicative of the formation of inner-sphere surface 
complexes [49]. Thus, formation of inner-sphere complexes is the process of the high 
probability, while the interactions between the As(V) and Cr(VI)species and the protonated 
hydroxyl groups lead to the formation of the outer sphere due to electrostatic interactions 
[50]. In general complex mechanism operates where surface complexation with contribution 
of physical adsorption, i.e. electrostatic interactions, is of utmost contribution to overall 
mechanism.  
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3.9. Adsorption performances of 3D_W/M in a flow system 
 
 The behaviour of the adsorbate solution under dynamic conditions is difficult to 
describe. Due to the difficulty of finding the right model, four different flow adsorption 
models were used (detail description is given in Supplementary material, eqs. (S18) – 
(S24). The maximum adsorption capacity qexp (mg g–1) of the adsorption A (V) and Cr(VI) on 
3D_W/M, for the given parameters, can be calculated from the experimental data, i.e. the area 
under the breakthrough curve. This was done by multi-parameter nonlinear modelling of the 
breakthrough curve using one of the selected models, and fitting using commercial software 
Origin 8. The most commonly used models are Bohart-Adams, Yoon-Nelson, Thomas, and 
Clark, results are shown in Fig. S2 and given in Table V. 

 
Tab. V Column adsorption parameters for As(V) and Cr(VI) onto 3D_W/M(C0[As(V)] = 5.50 
mg dm-3; C0[Cr(VI)] = 5.30 mg dm-3 ; mads = 1.08 g; t=25oC; pH=6, flow rate 1.0 cm3min-1). 

Model Ion  As(V) Cr(VI) 

Bohart-Adams model 
kBA dm3 mg-1 min-1 0.181 0.156 
qo mg g-1 21.358 24.823 
R2  0.998 0.997 

Yoon-Nelson model 
kYN min-1 0.995 0.829 
θ min 4.194 5.056 
R2  0.998 0.996 

Thomas model 
kTh  0.181 0.156 
qo mg g-1 21.358 24.812 
R2  0.998 0.999 

Clarke model 

A  22.287 7.052 
r min-1 0.884 0.656 
n  1.649 1.348 
R2  0.998 0.999 

 
 According to the results given in Table V, it could be deduced that the column with 
3D_W/M shows acceptable performances. Initially, in the continuous flow maximum 
removal occurs at the top of the column until the adsorbent becomes saturated (Fig. S2). After 
that, the adsorption zone gradually moves downward and eventually reaches the exit of the 
bed, when concentrations of the adsorbate in the effluent and the influent become equal. Fast 
saturation of the bed occurred after the breakthrough point, which is evident from the steep 
gradient of the curve in Fig. S2. Total adsorbed As(V) or Cr(VI) (qm) in the column were a 
little bit lower than in the batch system, which is similar to other research results [37,51,52]. 
 
3.10. Comparative analysis of the adsorption performance of 3D_W/M with 

literature data 
 
 In order to recognize the benefits of the possible use of the 3D_W/M in the water 
purification processes, the data from the literature were compared with results obtained from 
this study (Table VI). 
 According to the results presented in Table VI the absorption capacity of 3D_W/M 
(23.873 mg g-1) for removal of the As(V) from the water, compared with qmax values of 
materials e-MWCNT/Fe2+ [38] possess a similar adsorption capability, while compared with 
DFH [55], 3D_W/M showed a better adsorption capability. 
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Also, the adsorption capacity of 3D_W/M at pH 6.4, was higher than that of the materials 
zinc oxide nanocrystal-decorated regenerated micro-fibrillated cellulose scaffolds (from jute) 
[56], for removal of As(V) with adsorption capacity of 4.421 mg g-1. Interestingly, three 
materials, adsorbents NC-MA/ L-MG[54], Magnetite [54] and PEI-Al2O3 [53], on the pHpzc 
similar to 3D_W/M, showed the higher adsorption capacity 85.3 mg g-1, 91.2 mg g-1and 61.3 
mg g-1, respectively, than in the material 3D_W/M, whileMC-O/NC-L-MG [54] showed the 
lower value of the adsorption capacity, 18.5 mg g-1. 
 
Tab. VI Material properties and adsorption capacities of different adsorbents. 

Ion Adsorbent pHpzc Capacity Reference 
As(V) PEI-Al2O3 6.2 61.3 mg g-1 (pH 6) [53] 
As(V) 3D_W/M 7.2 23.873 mg g-1 (pH 6.2) This paper 
As(V) NC-MA/ L-MG 6.5a/5.7b 85.3 mg g-1(pH 6.0) [54] 
As(V) MC-O/NC-L-MG 6.1a/5.8b 18.5 mg g-1(pH 6.0) [54] 
As(V) Magnetite 6.6a/5.9b 91.2 mg g-1(pH 6.0) [54] 
As(V) e-MWCNT/Fe2+ 7.5 23.47 mg g-1(pH 4.0) [38] 

As(V) Dust Ferric Hydroxide 
(DFH) 

5.3 6.9 mg g-1 (pH 7.9) [55] 

As(V) 

Zinc-oxide 
nanocrystal-decorated 

regenerated micro-
fibrillated cellulose 
scaffolds (from jute) 

/ 4.421 mg g-1(pH 7.0) [56] 

As(V) Magnetite/Starch 6.1 248 mg g-1 (pH 5.0) [57] 
As (V) NC-PEG/FO 8.5a/7.6b 26 mg g-1(pH 6.9) [22] 

Cr(VI) 
Propyrrole/monodisper

sed Latex sphere 
(PPy/MLS) 

4.6 343.64 mg g-1 (pH 2.0) [58] 

Cr(VI) PPy/OMWCNTs NCs / 294 mg g-1 (pH 2.0) [59] 
a - before adsorption, b- after adsorption 
 
 On the other hand, the adsorption capacity for the removal of the As(V) at the weak 
acidic conditions pH (4-6) of Magnetite/Starch was 248 mg g-1[57]. Also, for removal of the 
As(V) from the water using NC-PEG/FO [22], the adsorption capacity 26 mg g-1. Finally, 
polypyrrole/monodispersed latex sphere (PPy/MLS) for removal of the Cr(VI) from the water 
[58] had the adsorption capacity 343.64 mg g-1 at pH 2.0, while the PPy/OMWCNTs NCs had 
the adsorption capacity 294 mg g-1, on the same pH value [59]. Scientific results that we 
obtained from this study, should be applied in the real system for the water purification, the 
removal of the As(V) ions form the water, as well as, comparative analysis that justifies the 
application of the 3D_W/M in this area. 
 
 
4. Conclusion 
 
 In this work 3D printed wollastonite, obtained using the 3D printing technique and 
modified with magnetite showed high adsorption performances for oxyanions removal from 
water. FTIR, XRD, TGA/DTA, and SEM techniques confirmed the wollastonite phase and 
the successfulness of magnetite precipitation. Likewise, the SEM analysis confirmed porosity 
of 3D_W support and formation of MG aggregates in the course of deposition process. The 
adsorption properties of the hybrid adsorbent largely depended on the surface properties of 
magnetite which was achieved by the controlled process of magnetite deposition on 3D 
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printed wollastonite. Based on the obtained results, it can be found that the process of arsenic 
and chromium oxyions adsorption can be best described by the Freundlich model of the 
adsorption isotherm, which indicates multilayer adsorption. Also, low value of the adsorption 
enthalpy indicates endothermic character of the process and higher adsorption capacity at 
higher temperature. Experimental data obtained from kinetic experiments were fitted using 
pseudo-first, pseudo-second, and second order, where the best description of the kinetic was 
obtained using second-order rate constant. According to results presented, it was found the 
As(V) and Cr(VI) adsorption mechanism was complex process with contribution of both 
physical and chemical adsorption, i.e. formation of inner sphere complexes. Also, comparing 
the obtained results with the results of other authors, it can be noticed that 3D_W/M 
adsorbent showed satisfactory adsorption performances and potential applicability in column 
system. 
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Сажетак: У овом раду је окарактерисана структура, морфологија и састав 
синтетизованог композита магнетит/3D штампан воластонит (3D_W) и проучаване 
су његове адсорпционе перформансе у односу на As(V) и Cr(VI). Магнетитом (МГ) 
модификовани 3D штампани воластонит је добијен поступком у два корака: 
модификацијом 3D_W са 3-аминопроилсиланом (АПТЕС) праћеном контролисаним 
таложењем магнетита (МГ) да би се добио 3Д_В/М адсорбент. Структура/особине 
3D_W/M су потврђене применом ФТИР, КСРД, ТГД/ДТА и СЕМ анализе. Адсорпциона 
својства хибридних адсорбената су спроведена за уклањање As(V) и Cr(VI) – једно у 
односу на почетну pH вредност, масу адсорбента, температуру и време адсорпције. 
Студија адсорпције зависне од времена најбоље је описана једначином псеудо-другог 
реда, док је Вебер Морисова анализа показала да дифузија унутар честица 



M. Popović et al.,/Science of Sintering, 54(2022)105-124 
___________________________________________________________________________ 

 

124 
 

контролише дифузиони транспорт. Слична енергија активације, 17,44 и 14,49 kЈ•mol-1 
за адсорпцију As(V) и Cr(VI) на 3D_W/M, респективно, указује на главни допринос 
физичке адсорпције. Одређивање параметара адсорпције извршено је применом 
различитих модела изотерме адсорпције, а најбоље уклапање добијено је коришћењем 
Фројндлиховог модела. Добијени су адсорпциони капацитети од 24,16 и 29,6 mg g-1 за 
As(V) и Cr(VI) на 2oC, Cо = 5,5 и 5,3 mg L-1. Термодинамичка студија је показала 
повољан процес на вишој температури. Прелиминарна студија са фиксном колоном и 
резултати који су усклађени са Бохарт-Адамсом, Јон-Нелсоном, Тхомасом и 
модификованим моделом доза-одговор показали су добро слагање са резултатима 
серије серије. 
Кључне речи: арсен, хром, адсорпција, магнетит, 3 D штампа воластонит. 
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