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a b s t r a c t
The reuse of zirconium-modified red mud (Zr-RM) as a phosphate adsorbent for wastewater treat-
ment was assessed herein. The physicochemical properties and phosphate adsorption performance 
of Zr-RM were investigated, revealing a single-layer adsorption pattern according to the Langmuir 
isotherm model. The adsorption rate followed a pseudo-second-order model. The maximum phos-
phate adsorption capacity was 33.14 mg/g and was positively correlated with temperature and 
initial phosphate concentration, and negatively correlated with the solution pH. In a solution 
containing fluoride and sulfate ions, due to competitive adsorption, the adsorption capacity of 
phosphate decreased. The material and wastewater treatment costs of Zr-RM are 0.99 and 61.3 $/
kg of P, respectively. This study showed a potential method for using RM with high value for 
environmental protection.

Keywords: Red mud; Zirconium modification; Phosphate removal; Adsorption; Waste reuse

1. Introduction

Red mud (RM) is a highly alkaline industrial alumina 
waste product that contains silicon, aluminum, iron, and 
calcium [1]. Generally, approximately 1.0–1.5 tons of RM 
waste products are produced per ton of alumina produc-
tion [2]. The global stock of RM reached nearly 4 billion 
tons in 2015, with the annual production increasing by 
approximately 150 million tons [3]. The annual production 
of RM in China, Australia, India, and Brazil is 88, 30, 10, 
and 10.6 million tons, respectively [4]. However, due to the 
very limited use of RM, most of the RM waste is stockpiled 
on land, seriously endangering environmental safety and 
human health. The accumulation of RM solids also causes 
major environmental pollution to surface water, groundwa-
ter, soil, and even the atmosphere. The general cost of prop-
erly handing RM is US$15 per ton [3], which also increases 

the financial burden. Therefore, the utilization or recycling 
of RM resources has become a major issue worldwide.

In order to reduce the accumulation of RM in the 
environment, attempts were made to reuse RM as con-
struction materials [5], in the extraction of metal ele-
ments [6], and as environmental restoration materials [7]. 
Nevertheless, despite these practices accelerating the reuse 
of RM, the economic benefits were not substantial. Therefore, 
the high value-added reuse of RM has become of interest.

Excessive phosphate in water can lead to eutrophica-
tion and deterioration of water quality [8]. Therefore, the 
effluent phosphate discharged from point source treatment 
facilities is severely restricted. Phosphate removal can be 
achieved through various techniques, including biolog-
ical methods [9,10], chemical precipitation [11], electro- 
flocculation [12], adsorption [13,14], and ion exchange 
[15]. Owing to the simple operation process, the treatment 
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effectiveness, and the lack of sludge by-products, adsorp-
tion technologies have been widely applied for the removal 
of low-concentration phosphates from wastewater [16]. 
RM has been shown to absorb phosphorus, fluorine, heavy 
metals, and some organic matter in wastewater through a 
simple preparation process (such as acid treatment, heat 
treatment, and other treatment methods) [17–19]. These dis-
coveries have opened new scenarios for RM reuse as pollu-
tion control materials, greatly improving the economic ben-
efits of RM reuse and its importance to the environment. 
However, Huang et al. [20] modified RM using acid and 
heat methods to treat phosphate in wastewater and showed 
that RM has a very low phosphate adsorption capacity 
(0.58 mg/g). Therefore, the large-scale application of RM as 
a phosphate adsorbent in the field of wastewater treatment 
requires effective modification methods to enhance the 
adsorption capacity of RM.

The adsorption capacity can be enhanced by increasing 
the specific surface area of RM [21]. ZrO2 has the potential 
to increase the specific surface area of inorganic materi-
als and enhances the phosphate surface complexing ability 
even under acidic and basic conditions [22,23]. Chitrakar 
et al. [24] synthesized unstructured ZrO2 by precipitation, 
demonstrating its high adsorption capacity for phosphate 
in seawater and synthetic wastewater. These studies indi-
cated that the RM adsorption capacity could be improved 
through Zr modification. To the best of our knowledge, 
the modification of RM by Zr to increase its pollutant 
removal capacity has not been studied to date.

The purpose of this study is to establish the effective-
ness and mechanism of Zr modification of RM (Zr-RM) for 
wastewater treatment. The ability of Zr-RM to remove phos-
phorus removal was evaluated by establishing the adsorp-
tion kinetics and isotherms. The key factors that may affect 
the adsorption performance were identified to explore the 
potential application of Zr-RM in wastewater purification.

2. Materials and methods

2.1. Chemicals

The original RM used in the study was collected from 
a local aluminum corporation, which is the largest alu-
minum oxide production company in China. RM is an 
industrial waste product from the Bayer process for alu-
minum oxide manufacturing. All chemicals and reagents 
used in the experiment were of analytical grade.

2.2. Preparation of Zr-RM adsorbent

The original RM was first crushed and dried in an 
oven at 105°C for 48 h. The dried RM was sieved through 
a 50-mesh grid. The raw chemical of ZrOCl2·8H2O was 
also dried to constant weight to remove all crystal water. 
Subsequently, 7.8241 g of ZrOCl2 and 10 g of RM were 
mixed with 200 mL of double-distilled water in a beaker 
to prepare a mixture with a Zr to RM mass ratio of 0.4 as 
this was shown to have the highest adsorption capacity of 
materials within a Zr to RM mass ratio range of 0.1–0.5. 
The mixed liquid-suspended solids were continuously 
stirred for 3 h for thorough mixing. The pH of the solution 

was ~7.2. The mixture was then dried at 105°C for 24 h and 
the powder was crushed, washed, dried, and sieved to 
100 mesh as a Zr-RM adsorbent prepared for future use.

2.3. Characterization of Zr-RM adsorbent

The surface morphology of Zr-RM was checked with 
scanning electron microscopy (SEM; Hitachi, SU8020, 
Japan). The metallic element composition of Zr-RM was 
determined by X-ray fluorescence spectrometry (XRF; 
Shimadzu, XRF-1800, Japan). The specific surface area 
and pore size distribution of Zr-RM were determined by 
an adsorption tester (Micromeritics, Gemini V, USA). 
The X-ray diffraction (XRD) patterns of Zr-RM were 
detected under Cu Kα radiation of 40 kV and 30 mA and 
recorded in the range of 2q from 10° to 70° at a scanning 
speed range of 0.02°s−1 (Rigaku, D/max-RB, Japan).

2.4. Batch adsorption experiments

A series of batch experiments of isothermal adsorption, 
adsorption kinetics, and adsorption conditions were 
conducted to explore the phosphate adsorption char-
acteristics of the prepared Zr-RM. All batch experi-
ments were carried out in flasks stirred with a magnetic 
stirrer. The reaction was allowed to proceed for 3 h fol-
lowing preliminary experiments that showed the tested 
adsorption equilibrium to have been reached by 3 h of 
reaction. During the experiments, samples were taken 
regularly. The analysis of phosphorus in the solution 
was carried out after filtering through a 0.45 μm filter 
according to the standard method [25]. All batch experi-
ments were performed in triplicate and the average value 
of the three tests was recorded as the measured value.

In order to study the adsorption isotherms, 50 mg of 
Zr-RM were placed in 100 mL of phosphate solutions at var-
ious initial concentrations (5–100 mg/L) and at a constant 
temperature of 25°C. The initial pH of the phosphate solu-
tion was adjusted to 4 by adding HCl (0.10 M) or NaOH 
(0.10 M) solution. In the adsorption kinetics test, 0.25 g of 
the adsorbent were added to a 1,000 mL flask containing 
500 mL of the phosphate solution at different concentra-
tions (5, 10, and 30 mg/L) at pH 4. The reaction tempera-
ture was constant at 25°C. To establish the key influenc-
ing conditions, batch experiments within the range of 
5°C–55°C were conducted, where 50 mg of Zr-RM were 
added to 100 mL of phosphate solution (10 mg/L) at pH 4. 
The effect of pH (3.0–9.0) of the initial phosphate solution 
(10 mg/L) was studied at 25°C. Using the same experimen-
tal design, through four batches of experiments and using 
the same concentration of Cl−/NO3

−/F−/SO4
2– in the phos-

phate solution (10 mg/L), the effect of coexisting anions 
on phosphate adsorption performance was determined.

2.5. Calculations and simulation

The adsorption capacity of phosphorus on Zr-RM was cal-
culated by Eq. (1). The phosphorus removal efficiency from 
wastewater was expressed as in Eq. (2). In both formulas, qe is 
the amount of phosphate adsorbed in mg/g; Ci and Ce are the 



333Y.-L. Li et al. / Desalination and Water Treatment 225 (2021) 331–339

initial and final phosphate concentrations in mg/L; V is the 
volume of phosphate in L; and M is the mass of Zr-RM in g.

q
C C
M

Ve
i e=
−( )

×  (1)

The Langmuir [Eq. (2)] and Freundlich [Eq. (3)] isotherms 
were used to establish the adsorption models [13,26]:
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where Ce is the concentration of the phosphate solution 
at equilibrium (mg/L); qe is the corresponding adsorption 
capacity (mg/g); KL is the constant of the Langmuir model 
related to the free energy of adsorption (L/mg); qm is the 
single-layer adsorption capacity of Zr-RM (mg/g); KF is the 
constant of the Freundlich model (L/g); and n is the het-
erogeneity factor of the adsorbent related to the adsorption 
process.

Pseudo-first-order [Eq. (4)] and pseudo-second-or-
der [Eq. (5)] models were used to calculate the reaction 
kinetics [27,28]:
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where qe and qt are the amount of phosphate adsorbed on 
Zr-RM at equilibrium, over a given time, in mg/g; t is the 
contact time in min; k1 is the pseudo-first-order adsorption 
model parameter in L/min; k2 is the pseudo-second-order 
kinetic model parameter in g/(mg min); and h is the initial 
rate coefficient, equal to k2qe

2 in mg/(g min).
The Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy 

(ΔS°) were calculated to evaluate the thermodynamics of the 
adsorption process, using Eqs. (6)–(8) [17]:

∆G RT K° = − ln  (6)

∆ ∆ ∆G H T S° = ° − °  (7)

K
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C
e

e

=  (8)

where R and T are the universal gas constant (8.314 J/
mol K) and temperature (K); K is the equilibrium constant; 
and a is the adsorbent dose (g/L).

3. Results and discussion

3.1. Adsorption isotherm

The adsorption isotherm curve of Zr-RM at 25°C is 
shown in Fig. 1. As the initial concentration of phosphate 

 Fig. 1. Experimental and theoretical adsorption isotherm of phosphate on Zr-RM (dosage 0.5 g/L, temperature 25°C, solu-
tion pH 4, adsorption time 3 h). (a) Isotherms of phosphate on Zr-RM. Fitting calculation curve by (b) Langmuir iso-
therm model and (c) Freundlich isotherm model. The measured data are indicated by (), Langmuir isotherm model fitting 
is indicated by (——), and Freundlich isotherm model fitting is indicated by (- - - -).
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in the solution increased, the adsorption capacity also 
increased. When the initial concentration of phosphate 
increased from 80 to 100 mg/L, a very small increasing 
trend was noticed, indicating that the maximum adsorp-
tion capacity was close to 33.14 mg/g. The Langmuir iso-
therm model and Freundlich isotherm model adequately 
described the equilibrium adsorption data (Figs. 1b and 
c). The calculated maximum theoretical saturation adsorp-
tion capacity was 34.86 mg/g. The Langmuir isotherm sug-
gests that the adsorption of phosphorus by Zr-RM occurs 
as a monolayer surface chemical adsorption. Thus, theo-
retically, the adsorbed particles are independent of each 
other and the interaction between the adsorbed particles 
is negligible. Therefore, the maximum adsorption capac-
ity of Zr-RM depends on the adsorption site. According 
to the Freundlich isotherm, the reciprocal of the heteroge-
neity factor (n) is 0.4, indicating that adsorption is prone 
to occur and that the effect of the pollutant concentration 
is very small. Some adsorbents that use Zr as a modify-
ing agent exhibit similar adsorption characteristics as 
Zr-RM (Table 1) [29–31]. The use of Zr as a modifying 
agent may lead to a high adsorption capacity due to the 
increase in the number of adsorption sites. In contrast, 
the maximum saturation adsorption capacity of Zr-RM is 
lower than that of Zr-modified single compounds, such as 
Zr-based metal- organic frameworks and Zr-cross-linked 
N-2-hydroxypropyl trimethyl ammonium chloride chi-
tosan/bentonite, likely due to the fact that RM is a mix-
ture containing various metallic and non-metallic com-
pounds (Table 1), thereby reducing the effective adsorp-
tion site per unit mass. RM is usually acidified to absorb 

phosphorus. Compared with acid-modified RM [20], the 
adsorption capacity of Zr-RM was more than 75 times 
greater (Table 2), indicating that Zr plays an important 
role in improving the adsorption capacity of phosphorus.

3.2. Adsorption kinetics and thermodynamics

In order to understand the adsorption process, pseudo- 
first-order and pseudo-second-order kinetic models were 
used (Fig. 2). For the pseudo-second-order model, the 
correlation coefficient (R2) was greater than 0.98, regard-
less of the initial phosphorus concentration, indicating that 
the adsorption behavior follows a pseudo-second-order 

 Fig. 2. Experimental and theoretical adsorption kinetics of phosphate on Zr-RM (adsorbent dosage 0.5 g/L, temperature 25°C, 
solution pH 4, initial phosphate concentration 10 mg/L). (a) Kinetics of phosphate adsorption on Zr-RM, (b) pseudo-first-order, 
(c) pseudo-second-order kinetics fitting calculation curve. The measured data at 5 mg/L (), 10 mg/L (), and 30 mg/L () are 
shown. The pseudo-first-order kinetics fitting is indicated by (——) and pseudo-second-order kinetics fitting is indicated by (- - - - -).

Table 1
Metallic element composition of RM and Zr-RM

RM/wt.% Zr-RM/wt.%

Si 9.29 5.89
Ti 2.56 1.56
Ca 11.47 0.63
Al 11.60 7.04
Cl 0.011 1.46
Fe 8.68 5.33
K 1.57 0.61
Mg 0.61 0.36
Na 5.30 0.1
Zr 0.13 26.58
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kinetic model. In general, the adsorption kinetics can be 
controlled by the reaction rate, mass transfer, and pore 
filling of porous adsorbents. The pseudo-second-order 
behavior indicated that Zr-RM phosphate adsorption 
may be caused by chemical adsorption [32], consistent 
with the results of the adsorption isotherms. Therefore, 
a chemical reaction rather than the mass transfer step is 
the rate-limiting step of adsorption. According to ther-
modynamic calculations, the adsorption reaction can 
occur spontaneously (Table 3). The adsorption process of 
some absorbents modified by Zr and RM adsorbents also 
followed the pseudo-second-order model (Table 3). The 
Zr-modified adsorbent has a higher h value, indicating 
that the adsorption rate is higher in the initial stage of the 
reaction. In contrast, the h value of Zr-RM is only one-tenth 
or less than that of other modified materials and is nearly 
100 times higher than that of acid-modified RM. Thus, Zr 
modification can significantly improve the adsorption  
rate of RM.

3.3. Key influencing factors

The high adsorption capacity of Zr-RM was observed 
in acidic solution. As the pH of the solution increased, 
the phosphate adsorption capacity of Zr-RM gradually 
decreased (Fig. 3a). At the pH range of 3–7, the pH value 

of the solution played a major role on the adsorption capac-
ity of Zr-RM. Compared with the adsorption capacity at pH 
3, at pH 7, the adsorption capacity was reduced two-fold. 
At a pH above 7, the effect of pH on the adsorption capac-
ity became very small, likely due to the chemical reaction 
of Zr-RM in different pH solutions. The hydration process 
of the main elements in Zr-RM (such as aluminum and 
zirconium) depends on the pH of the solution, which is 
the key to chemical adsorption. In addition, since the sur-
face of RM may be more negatively charged in a solution 
with an increased pH, the decrease in Zr-RM adsorption 
capacity may be due to the increase in repulsion of phosphate 
species by the negative charges [33]. Finally, at different pH 
solutions, the existence of phosphate ions in water is also 
different. At a pH value lower than 7.2, the phosphate is 
mainly present in the form of H2PO4

−, whereas at pH 7.2–12.3 
phosphate is present as HPO4

2– [34]. Owing to the difference 
in electronegativity between H2PO4

− and HPO4
2– anions, the 

reaction of phosphate anions with Zr-RM could thus differ.
The influence of temperature on phosphate absorp-

tion was also assessed. In the test range of 5°C–55°C, the 
adsorption capacity of phosphate increased with increasing 
reaction temperature (Fig. 3b). These results indicated that 
the adsorption reaction is endothermic, which is consistent 
with thermodynamics (Table 3). Temperature plays a positive 
role in improving the adsorption capacity of phosphate. 

 
Fig. 3. (a) Effect of pH on the phosphate adsorption capacity of Zr-RM (adsorbent dosage 0.5 g/L, reaction temperature 25°C, 
initial phosphate concentration 10 mg/L, reaction time 3 h). (b) Effect of temperature on the phosphate adsorption capacity of 
Zr-RM (adsorbent dosage 0.5 g/L, solution pH 4, initial phosphate concentration 10 mg/L, reaction time 3 h). The measured data 
are indicated by ().

Table 2
Comparison of absorption characteristics with the modification adsorbents for phosphorus removal

Adsorbent Langmuir Freundlich Reference

qm KL R2 n Kf R2

Zr-based MOFs frameworks 167 0.046 0.99 1.98 16.52 0.98 [29]
Fe–Zr binary oxide 24.91 7.07 0.85 11.72 19.26 0.54 [30]
Zr-Crosslinked HACC/BT 65.35 0.094 0.99 3.33 14.55 0.99 [31]
Acid-modified RM 0.46 146.39 0.91 4.28 0.62 0.91 [20]
Zr-RM 34.86 0.064 0.99 2.46 5.59 0.96 This work
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When the reaction occurs above 25°C, the increase in adsorp-
tion capacity is not obvious; thus, considering the economic 
factors, this may be the optimal temperature for practical 
engineering.

The co-existing anions may compete for the phosphate 
adsorption sites of Zr-RM. At an initial phosphate concen-
tration of 10 mg/L, the effects of various coexisting anions 
(F−, SO4

2–, NO3
2–, and Cl−) on phosphate adsorption were 

investigated (Fig. 4). In the solution containing Cl− or NO3
− 

co-existing anions, the adsorption capacity of phosphate 
remained constant, while in the solution containing F− or 
SO4.

2– coexisting anions, the adsorption capacity of phos-
phate was significantly reduced. Competitive adsorption 
usually occurred in anions with similar chemisorption 
characteristics, indicating that the co-existing anion of F− or 
SO4

2– can follow a similar chemical adsorption reaction for 
phosphate. In future engineering design, the effects caused 
by competitive adsorption should be fully considered for 
real wastewater samples.

3.4. Adsorption mechanism

The SEM images of RM and Zr-RM before and after 
phosphate adsorption were obtained (Fig. 5). The sur-
face of the original RM particles was relatively smooth 
(Fig. 5a). After modification with Zr, convex particles 
attached to the Zr-RM surface were observed (Fig. 5b), 
indicating the formation of Zr compounds. After phos-
phate adsorption, the surface of Zr-RM became rough 
with irregularly shaped layered deposits (Fig. 5c). After 
modification, the specific surface area of Zr-RM was 

significantly increased by 11 times compared with the 
original RM (Table 4). The increase in specific surface area 
may be due to the decrease in average pore size. The aver-
age pore size of Zr-RM was nine-fold lower than the orig-
inal RM. It has been previously reported that compound 

Table 3
Pseudo-second-order kinetics and thermodynamics parameters

Adsorbent Pseudo-second-order kinetics Thermodynamics Reference

h k2 R2 ΔG° ΔH° ΔS°

Zr-based MOFs frameworks 13.9 0.0068 0.975 – – – [29]
Fe–Zr binary oxide 26.4 0.05 0.953 – – – [30]
Zr-Crosslinked HACC/BT 90.2 0.913 1 –19.4 –13.3 0.112 [31]
Acid-modified RM 0.02 0.0718 0.99 – – – [20]
Zr-RM 1.9 0.0036 0.99 –3.46 52.107 0.1832 This work

“–” means that data is not available.

 
Fig. 4. Effect of coexisting anions on phosphate uptake by 
Zr-RM (adsorbent dosage 0.5 g/L, reaction temperature 25°C, 
initial phosphate concentration 10 mg/L, solution pH 4, reac-
tion time 3 h). The line (- - - - ) shows the adsorption capacity of 
Zr-RM in solution without coexisting ions.

 
Fig. 5. SEM image of (a) RM, (b) Zr-RM, and (c) Zr-RM with adsorbed phosphate.
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crystals can be formed after acid modification, resulting 
in an increase in RM specific surface area ranging from 
14.09 to 19.35 m2/g [35]. From the significant increase in 
specific surface area after Zr element modification, it can 
be inferred that the convex particles adhered onto Zr-RM 
play a key role in adsorption. Furthermore, Zr increased 
the specific surface area of the material, thus accounting 
for the greater adsorption capacity of Zr-RM than of RM.

The Langmuir isotherm indicated that the Zr-RM 
adsorption chemistry of phosphate occurred on the surface 
of the adsorbent. In order to determine a possible reaction, 
the crystal composition was established using XRD (Fig. 6). 
According to the standard JCPDS card and the diffraction 
peaks of ferric oxide appearing in the RM diffraction pat-
tern, the main phases of crude RM were determined to be 
katoite, kaolinite, and cancrinite. The results can be fur-
ther verified by the elemental composition of crude RM 
(Table 1). The chemical elements that form these com-
pounds, for example, Al, Ca, Si, and Na, were observed to 
be abundant in the raw RM. In a neutral aqueous solution, 
these crude RM crystals cannot react with phosphate due 
to their low solubility, which explains the negligible phos-
phate adsorption on crude RM. Even following acid modi-
fication, these crude crystals, such as katoite, kaolinite, and 
cancrinite, showed a very low phosphate adsorption capacity 
(0.58 mg/g) due to their low reactivity with phosphate [20].

Following modification with the Zr element, two dif-
fraction patterns were observed. One of the main phases 
of Zr-RM was tetragonal Al(OH)3. Owing to the high con-
tent of Al, tetragonal Al(OH)3 is easily formed during the 
acidification and activation of aluminum oxides (Table 4). 
Although Zr was the main element, accounting for 26.58% 
of the weight content in Zr-RM (Table 1), the XRD analysis 
did not show any crystals containing Zr elements (Fig. 6). 
Therefore, it is reasonable to deduce that Zr would be the 
amorphous form in Zr-RM. According to a previous report 
[24], the taro peak that was formed between the diffraction 
angles of 20° and 35° was the amorphous Zr(OH)4 (Fig. 6). 
Therefore, the other main phase was determined as amor-
phous Zr(OH)4. Amorphous Zr(OH)4 not only greatly 
increased the specific surface area but also adsorbed phos-
phate on Zr-RM through ion exchange between hydroxyl 
and phosphate [26,36]. The reaction of Al(OH)3 with phos-
phate was also confirmed by observing that the intensity 
of the Al(OH)3 diffraction peak was considerably reduced 
following phosphate adsorption (Fig. 6). Therefore, it 
can be concluded that the adsorption of Zr-RM is mainly 
caused by the chemical reaction of Al(OH)3 and amor-
phous Zr(OH)4 with phosphate. Theoretically, these two 
reactions occur through an ion exchange reaction between 
the hydroxyl group and phosphate in solution [17]. Since 
the phosphate forms differed according to the pH of the 
solution, the reaction could be expressed by Eqs. (9)–(12):

≡ − + ≡ + < <( )− −Al OH H PO AlH PO OH pH2 24 4 2 1 7 2. .⇋  (9)

2 2

7 2 12 3
4
2

2 4≡ − + ≡( ) +

< <( )
− −Al OH HPO Al HPO OH

pH. .
⇋

 (10)

≡ − + ≡ − + < <( )− −Zr OH H PO Zr OPO H OH pH2 4 3 2 2 1 7 2. .⇋  
 (11)

≡ − + − + < <( )− − −Zr OH HPO Zr OPO H OH pH4
2

3 7 2 12 3. .⇋  
 (12)

3.5. Economic analysis

According to the above, the phosphate adsorption 
capacity of Zr-RM is affected by the initial phosphate 
concentration, reaction solution pH, and reaction time. If 
a sufficient dosage of adsorbent was provided (the total 
adsorption capacity of the used adsorbent was more than 
the total amount of phosphorus in water), the effluent phos-
phate concentration was lower than 0.2 mg/L independent 
of initial phosphate concentration when the adsorption 
reached equilibrium. Therefore, the application of Zr-RM 
showed the technical appeal for enhanced phosphorus 

Table 4
Pore properties of RM and Zr-RM

Specific surface area (m2/g) Pore volume (cm3/g) Average pore radius (nm)

RM frameworks 7.77 0.056 28.73
Zr-RM 96.97 0.076 3.13

 
Fig. 6. Powder XRD pattern of RM (line a), Zr-RM (line b), and 
Zr-RM after adsorption of phosphate (line c). The different 
phases are shown: katoite (●), cancrinite (◆), kaolinite (♣), Fe2O3 
(▽), and Al(OH)3 (◇).
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removal from wastewater treatment. Besides the techno-
logical advantages, the economics of the adsorbents could 
be viewed as the important factor influencing the further 
application of Zr-RM. The economics of the adsorbents 
are dependent on the chemical costs as well as the costs 
related to the manufacture. Since the cost of RM is very low, 
the material cost of Zr-RM is of ~0.99 $/kg, which can be 
ranked as a low-cost adsorbent [37]. Herein, the phospho-
rus concentration (10 mg/L) was simulated according to 
that present in common municipal wastewater. When the 
prepared Zr-RM was used to treat this kind of wastewa-
ter, the treatment cost was estimated at 61.3 $/kg P, which 
is lower than that of porous metal oxides and hybrid ion 
exchange resins (~100 $/kg P) and than that of a chemical 
precipitation method (~70 $/kg P) [37]. The cost of Zr-RM 
could be further reduced by replenishing the adsorbent 
active sites. The adsorbent cost is reported as a function 
of both regeneration cycles and the regeneration cost [37]. 
In view of the adsorption reaction of amorphous Zr(OH)4 
with phosphate, strong alkali chemicals could be used in 
the generation of Zr-RM. In this situation, due to the higher 
cost of alkali chemicals than that of RM, and even that of 
Zr-RM, the further lowering the economics of Zr-RM adsor-
bent by means of generation could show the low sensitivity.

4. Conclusions

This study was conducted to determine the feasibility 
of RM reuse for phosphate adsorption via Zr modification. 
RM was re-used as a raw material to prepare phosphate 
adsorbents through Zr modification, providing a potential 
solution to the accumulation of RM waste in the environment. 
Adsorption experiments showed that Zr-RM has a strong 
phosphate adsorption performance and a high phosphate 
adsorption capacity of 33.14 mg/g, which was positively 
related to the reaction temperature and the initial phosphate 
concentration in the solution but negatively related to the 
pH of the solution. Owing to competitive adsorption, the 
presence of F− and SO4

2– in the phosphate solution reduced 
the phosphate adsorption capacity. Following the Langmuir 
isotherm model and pseudo-second-order kinetic model, 
the adsorption of phosphate on Zr-RM is a single layer 
ion-exchange reaction between Al(OH)3 and amorphous 
Zr(OH)4 and phosphate. Following Zr modification, the spe-
cific surface area of RM increased to 96.97 m2/g, providing 
a large number of adsorption sites. The material and treat-
ment costs of Zr-RM are 0.99 and 61.3 $/kg P, respectively, 
showing high economic and environmental benefits.
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