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Remediation of PO}~ and Ni* from aqueous solution by novel jarosite:
competitive adsorption performance and mechanism

Rui Han? Shengtao Wang?, Yilin Xu®, Zhenxing Wang**, Haoquan Yu?®, Fan Yang®

“The Development Construction Co., Ltd., of China Construction Eighth Engineering Division, Qingdao 266061, China,
Tel.: +86 15253285729; emails: dzwangzhenxing@163.com (Z. Wang), hrhyj@126.com (R. Han), yxcp@163.com (S. Wang),
yhqyhqyhq163@163.com (H. Yu), 18660279553@163.com (F. Yang)

vState Key Laboratory of Pollution Control and Resources Reuse, College of Environmental Science and Engineering,

Tongji University, Shanghai 200092, China, email: 15227585680@163.com

Received 2 July 2022; Accepted 25 December 2022

ABSTRACT

The wastewater containing both PO} and Ni* (e.g., nickel plating) causes a strong threat on the
environment and human health. In this study, novel jarosite was prepared by using the chemical
oxidation method as natural adsorbent and was employed for simultaneous PO} and Ni* removal
in aqueous solution. The results revealed that as-synthesized jarosite had sea urchin-like morphol-
ogy with the 24 nm needle burr structure and developed S, (215.6 m*g) and pore structure. The
adsorption capacity of Ni* on jarosite increases significantly as the concentration of PO} increases,
and when the concentration of phosphoric acid increases, the maximum adsorption capacity of Ni*
on jarosite (0.22 mmol/g) under 4.0 mM PO?" is approximately 1.6 times than that of pure Ni** solu-
tion (0.14 mmol/g), indicating that the presence of PO} reduces the electrostatic repulsion between
jarosite and Ni*". pH can significantly affect the adsorption of PO} and Ni* on jarosite by electro-
static interaction. The proposed adsorption mechanism for PO~ and Ni*" includes porous entrapment,
ion exchange, electrostatic attraction and surface mineral precipitation/complexation.

Keywords: Jarosite; POZ; Ni*; Competitive adsorption; Adsorption mechanism

1. Introduction as play a crucial role in gene synthesis and energy transfer
in biological systems.

As a result, the focus of research on wastewater reme-
diation shifts to the development of efficient methods for
removing PO and Ni*. Up to now, adsorption technology
is considered one of the most environment friendly and
highly efficient options [5]. Activated carbon and molec-
ular sieves were widely used because of their distinctive
adsorption properties, resulting from firm micro and mes-
oporous structures [6,7]. However, their high cost, com-
plex preparation and recycling methods remain a major
obstacle to the large-scale application [8].

Natural jarosite [KFe,(SO,),(OH),] is a kind of hydrated
iron oxide rich in sulfate, with weak crystallinity and a

The increasingly developed industrial and agricultural
production has not only brought a more convenient life to
human beings, but also led to worldwide environmental
pollution, among which water pollution has become a major
concern [1]. Phosphate (PO}) and Ni* are both typical pol-
lutants in the water environment, Ni** has been considered
the most critical environmental pollutants due to their car-
cinogenic nature and longer persistent in the environment
[2-4]. Excessive Ni* is toxic to blood and kidneys cells and
causes skin diseases, allergies, or cancer. Moreover, excess
POZ‘ in water can lead to eutrophication of water bodies
and impair the quality of the aquatic environment, as well
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large specific surface area [9,10]. Acidic mine wastewater
(AMD), acid sulfate soil, and their environs are frequently
discovered to include natural jarosite, which regulates and
influences the form, migration, and return of various heavy
metal contaminants and oxygen-containing anions in this
environment [11,12]. Moreover, the higher oxygen content
and acidic groups of jarosite also play a part in increasing
its PO} and Ni* adsorption efficiency [13,14]. In addition,
jarosite has the advantages of wide range, easy access and
low toxicity. Therefore, jarosite was expected to become an
efficient adsorption material for water treatment.

The preparation of jarosite and examination of its effec-
tiveness in eliminating PO} and Ni** from aqueous solu-
tion were the two main objectives of this investigation. To
address this aim, our study mainly includes: (1) prepar-
ing and characterizing jarosite; (2) determining the effects
of pH, contact time and initial pollutant concentration on
competitive adsorption efficiency; (3) further study on
competitive adsorption mechanisms of the pollutant.

2. Materials and methods
2.1. Materials

NaOH, HNO,, FeSO,-7H,0, K,SO,, NaH,PO,, Ni(NO,), in
this work were obtained from Sinopharm Chemical Reagent
Co., Ltd., (China) at analytical grade and used without fur-
ther purification (China). The standard PO}~ and Ni* stock
solution of 10 mmol/L were prepared by dissolving the
specific quality pollutants (NaH,PO,, Ni(NO,),) in deion-
ized water (18.0 MQ c¢m). Deionized water was produced
from a Millipore Milli-Q Ultrapure Gradient A10 purifica-
tion system. Experimental solutions of desired concentra-
tion were configured by diluting the stock solution with
deionized water.

2.2. Preparation method

The preparation method of jarosite refer to the previ-
ous work with slight modifications [15]. As shown in Fig. 1,
the 13.90 g FeSO,-7H,O and 1.48 g K SO, was impregnated
in deionized water under magnetic stirring (500 rpm) at
85°C for 60 min. The obtained samples were subsequently
soaked with deionized water and rinsed with deionized
water to neutral (pH = 7). Finally, the samples were dried
at 85°C for 6 h, and then allowed to cool to room tempera-
ture. The ultimately acquired samples were denoted as
jarosite.

FeSO, TH,0
De-ionized
water

K,S0,

De-ionized

 water .

L 14

25°C, soaked

Fig. 1. Fabrication of jarosite.
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2.3. Characterization of as-synthesized jarosite

The surface morphology of as-synthesized were observed
by scanning electron microscopy (SEM, Zeiss Supra 40,
Germany) and microstructures were identified by high-res-
olution transmission electron microscopy (HRTEM, Zeiss
Libra 200). The textural parameters including specific sur-
face area, total pore volume, and N, adsorption/desorption
isotherms were determined by Brunauer-Emmett-Teller
(BET) (GEMINI VII 2390, USA). The crystal phase struc-
ture of as-synthesized were presented by X-ray diffraction
(XRD, D/max-1200X, Cu Ka radiation (A = 1.5406 A) oper-
ating. Point of zero charge (PZC) was used to determine the
surface charges of jarosite [16].

2.4. Adsorption experiments
2.4.1. Solution configuration and measurement

The concentration of PO} was determined by the
ammonium molybdate spectrophotometric method. The
concentration of Ni** was determined by ICP-OES analyzer
(iCAP6300, Thermo, USA) [17]. The adsorption capac-
ity Q, (mmol/L) and removal rate (%) of jarosite were cal-
culated by:

_ (Co — CL,)V
Q=" @
Removal(%) = @x 100% )

0

where C, and C, are the initial and equilibrium concentra-
tions of the PO} and Ni** (mmol/L), respectively, V is the
volume (L), and M is the mass of carbons used (g). Three-
sample t-tests were used to evaluate the significant differ-
ence of each group. The data were all the average of two
or more replicates. When the p-value was less than 0.05,
the results were deemed statistically significant.

2.4.2. Adsorption kinetics

The kinetic experiments were done to investigate the
effect of contact time and evaluate the kinetic properties.
The pollutant solutions with specific concentration (PO}
(0.5 mM) alone or Ni* (0.2 mM) alone) were configured in
a 2 L beaker and stirred with a magnetic stirrer (300 rpm) at

purified water

25°C, rinsed jarosite
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25°C + 1°C. The mixture solution had specific initial pH (5.0)
by NaOH and HNO,, which was detected using a pH meter
(Model PHS-3C, Shanghai, China). The kinetic reactions were
initiated by spiking as-synthesized jarosite (0.20 g) into the
pollutant solutions. Then 5 mL of solution samples were
taken at a desired time interval within the set time range
(0-48 h). The solution sample was filtered through a 0.45 pm
membrane, and the residual concentration of pollutants
was detected using the method mentioned in 2.4.1.

2.4.3. Competitive adsorption and adsorption isotherms

Batch competitive adsorption experiments were car-
ried out by 0.01 g as synthesized jarosite into brown coni-
cal flasks (250 mL) containing pollutant solution (100 mL)
with PO} solution (0.5-2.5 mM) to investigate the effects of
Ni* ionic strength (1 and 2 mM) on the adsorption. At the
same time, batch competitive adsorption experiments were
carried out by 0.01 g as-synthesized jarosite into brown con-
ical flasks (250 mL) containing pollutant solution (100 mL)
with Ni** solution (0.1-1 mM) to investigate the effects of
PO? ionic strength (1.5 and 3 mM) on the adsorption. The
conical flask was then shaken at 200 + 10 rpm in a shaded
water bath shaker (SHZ-88) at 25°C + 1°C for 24 h until
the equilibrium was achieved. Finally, the concentration of
the remaining pollutant solution was determined.

5.00um

177

2.4.4. Effect of initial pH

To explore the adsorption performance of pollutants
on as-synthesized jarosite at different initial pH values, a
certain amount of as-synthesized jarosite was added into
a conical flask (150 mL) containing 50 mL of the pollutant
solution PO} (1.6 mM) and Ni* (0.2 mM) with different
initial pH values (pH = 3-7).

2.4.5. Analysis methods

Statistical analysis uses the SPSS statistical software
package (SPSS 23.0, IBM Corp., New York, USA). Graphs
were plotted using the Origin 9.0 software.

3. Results and discussion
3.1. Textural characteristics of jarosite

Based on the SEM and transmission electron microscopy
(TEM) observations and analysis of as-synthesized jarosite,
the sea urchin-like morphology [18] with the 2—4 nm nee-
dle burr structure [19] was observed in Fig. 2a and b. The
surfaces of as-synthesized jarosite were rough, and pores of
different sizes and irregular structures had been developed,
which is conducive to improve their adsorption character-
istics [20]. The XRD patterns of the as-synthesized jarosite
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Fig. 2. SEM (a) and TEM (b); XRD spectrum (c) and N, adsorption/desorption isotherms (d) of as-synthesized jarosite.
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are shown in Fig. 2c. The peaks at 20 values 24.36°, 35.2°,
49.98°, and 62.54° in as-synthesized jarosite were observed,
which could be assigned to the planes of the jarosite structure
(PDF 29-0713) [21]. The results suggested that the prepared
materials was jarosite. The S, . of as-synthesized jarosite
was 215.6 m?/g accordance to the result of the N, adsorp-
tion/desorption isotherms were determined by Brunauer-
Emmett-Teller (BET), the big BET could improve physical
adsorption properties of jarosite. As shown in Fig. 2d,
condensation and hysteresis of isotherms (in higher P/P )
showed that the isotherm is of I and IV hybrid with well-de-
fined H3-type hysteresis loop according to the IUPAC [22],
which was characteristic for mesoporous materials.

3.2. Adsorption kinetics

As shown in Fig. 3a, the adsorption capacity of PO}~ and
Ni* on as-synthesized jarosite increased with the contact
times. The adsorption capacity of PO} and Ni* increased
rapidly in the initial stage of reaction (1-2 h), then the
increase became slow and finally reached a dynamic equilib-
rium due to initial as-synthesized jarosite’s enough adsorp-
tion sites for PO} and Ni** adsorption. With the increase
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Fig. 3. Adsorption kinetics fitted by pseudo-first-order (solid
lines) and pseudo-second-order models (solid lines) for PO (a)
and Ni* (b).

of time, the number of adsorption sites on the surface of
applied minerals decreases, and Ni** and PO} need more
time to be adsorbed on the surface of applied minerals, so
the increasing trend of adsorption capacity becomes slow.
As the adsorption sites tend to be saturated, the adsorption
capacity gradually tends to be stable [23,24].

Adsorption processes were analyzed by pseudo-first-
order [25] and pseudo-second-order [26] kinetic models.
The comparisons of different kinetic models for the adsorp-
tion of jarosite are plotted in FFigs. 3a and b. As shown
in Table 1, the pseudo-second-order model fit the exper-
imental data quite well with all R? higher than 0.996, and
there were good agreements between Q_, and Q_ , so the
adsorption of PO} and Ni** by jarosite obeys the pseudo-
second-order model indicating that chemical adsorption is
the main adsorption process [27].

3.3. Adsorption isotherms and competitive adsorption

The Langmuir isotherm model assumed monolayer cov-
erage of the adsorbate over a homogenous adsorbent surface
[28]. By contrast, Freundlich isotherm explains the reversible
multi-layer adsorption on adsorbent surfaces. [29] In this
study, the adsorption isotherm was thoroughly described
using the Langmuir and Freundlich isotherms (Fig. 4).
The isotherm models were given by Egs. (3) and (4):

QOI<LC
= e 3
Q 1+K,C, )
1
InQ, =InK, +=InC, 4)
n

where Q (mmol/g) is the maximum adsorption capacity of
adsorbents; C, (mg/L) is the equilibrium BbFA concentration;
Q, (mmol/g) is the initial adsorption capacity; K, (L/mg) and
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Fig. 4. (a) Adsorption isotherms of PO on the as-synthesized
jarosite at different Ni** ionic strength and (b) adsorption iso-
therms of Ni* on the as-synthesized jarosite at different PO}
ionic strength. Solid lines represent the Langmuir isotherms,
dash lines represent the Freundlich isotherms.
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Table 1
Langmuir and Freundlich isotherms for PO?- and Ni** adsorption
Model Parameters
POF [Ni*]=2 mM [Ni*]=1mM [Ni*] =0 mM
Q, (mmol/g) 2.667 2432 2321
Langmuir K, (L/mg) 0.275 0.303 0.411
R? 0.983 0.999 0.997
K, ((mmol/g)/(L/mg)"") 0.271 0.155 0.115
Freundlich n 0.50585 0.244 0.578
R? 0.960 0.967 0.965
Ni* [POF]=3mM [POF]=1.5mM [POF]=0mM
Q,, (mmol/g) 0.227 0.123 0.103
Langmuir K, (L/mg) 0.163 0.238 0.166
R? 0.993 0.981 0.998
K, ((mmol/g)/(L/mg)"") 2.358 2.147 2.043
Freundlich n 0.169 0.178 0.265
R? 0.922 0.897 0.909

K, ((mg/g)/(L/mg)"") are the Langmuir isotherm constant
and Freundlich affinity coefficient, respectively; n is the
adsorption intensity.

Table 1 provides a summary of the isotherm lines,
constants, and correlation coefficients of isotherm mod-
els. From Fig. 4a and Table 1, it is easy to find that the
Freundlich model had a better fit to the PO}  adsorption
process of the jarosite, which indicated that the PO}~ adsorp-
tion tended to be homogeneous and showed monolayer
coverage due to the strong interactions between the sur-
face of jarosite and PO}. The Langmuir isotherm model
also provided the best explanation for the complicated
chemical and multi-layer adsorption process that resulted
from the hybridization of metal oxides in jarosite during
the Ni*" adsorption process onto the material. In addition,
the Freundlich constant n values were in the range of 0-1,
suggesting that the jarosite composites can actively adsorb
PO} and Ni*. Overall, the adsorption of Ni** and PO} on
as-produced jarosite is synergistic.

The results of competitive adsorption can explain the
adsorption mechanism for adsorption of PO}~ and Ni* on
jarosite [30]. The effect of Ni* on the adsorption of PO
on jarosite is shown in Fig. 4a, the jarosite can effectively
adsorb PO} in the absence of Ni** due to electrostatic attrac-
tion. With the increase of Ni* concentration in PO} solution,
the adsorption capacity of phosphoric on jarosite increased,
surface mineral precipitation and complexation between
PO?¥, Ni* and jarosite can explain the result. Interestingly,
phosphoric can also promote the adsorption of Ni* onto
jarosite in Fig. 4b. According to the effective results of PO}
on the adsorption of Ni* on jarosite, the adsorption of Ni**
is poor in the absence of PO}~ due to electrostatic repulsion.
The adsorption capacity of Ni*" on jarosite increases sig-
nificantly as the concentration of PO} increases, and when
the concentration of phosphoric acid increases, the maxi-
mum adsorption capacity of Ni** on jarosite (0.22 mmol/g)
under 4.0 mM PO} is approximately 1.6 times than that
of pure Ni* solution (0.14 mmol/g), indicating that the

presence of PO} reduces the electrostatic repulsion between
jarosite and Ni?*.

3.4. Effect of pH on PO}~ and Ni** adsorption

As we know, pH is one of the most important significant
factors affecting the adsorption process since it influences
the degree of ionization and the kind of pollutants already
present in addition to the adsorbent surface charge, func-
tions, and adsorption site. For PO} adsorption in Fig. 5a,
the removal efficiency of PO by jarosite decreased with the
increasing pH value. According to Fig. 5b, jarosite has an
isoelectric point of 7.5. The surface of jarosite is positively
charged when pH <7.5. Because PO}~ was negatively charged
in this instance and was attracted to the surface of jarosite, its
removal rate was comparatively high. The adsorption of PO~
is likewise lessened as the positive charge on the jarosite sur-
face decreases (pH > 7.0). Depending on the pH value, Ni**
can potentially exist as the species of Ni* (pH < 8), Ni(OH)",
Ni(OH),’, Ni(OH),” and Ni(OH),* [31]. As shown in Fig. 5c,
the pH value increased the effectiveness of Ni** removal
by jarosite. This is due to the weak repulsion of positively
charged Ni*" due to the decrease of positive charge indicated
by as-synthesized jarosite, which is favourable to Ni*" adsorp-
tion and the mild repulsion of positively charged Ni* [32].

3.5. Mechanisms of PO;- and Ni** adsorption onto jarosite

Jarosite may hold more PO and Ni* ions due to its
large specific surface area and well-developed pore struc-
ture. Jarosite has a lot of O-containing functional groups
(hydroxyl), sulfate and other chemical active groups. Proton
release has been suggested to have occurred concurrently
with Ni** adsorption, which was recognized as an ion
exchange process [33,34]. The following equation reactions
[(5)—(8)] explain this ion-exchange mechanism [4]. Due to
electrostatic attraction, jarosite with the positively charged
surface can absorb large amounts of metal ions (Ni**) and
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Fig. 5. (a) Effect of initial pH on the removal of PO?, (b) the
points of zero charge (PZC) onto jarosite and (c) effect of initial
pH on the removal of Ni*.

inorganic anions (POY). On the surface of jarosite, Ni** and
PO? can combine to form ternary complexes, which is pri-
marily due to surface complexation and mineral precipita-
tion. Fig. 6 illustrates how the adsorption mechanism was
primarily attributed to four processes: surface mineral pre-
cipitation and complexation, ion-exchange, electrostatic
attraction, and porous entrapment [4].

Surface-COOH + OH" < Surface-COO™ + H,0O (5)
Surface-OH + OH" « Surface-O™ + H,0 (6)

Surface-O™ + Ni*" <> Surface-O™ - Ni(II) )

Electrostatic
attraction

H+
Ton
exchange

H*

Mineral
precipitation

Niz+

Fig. 6. Schemes of the mechanisms for adsorption of PO}~ and
Ni* on jarosite.

Surface-COO™ + Ni** «> Surface-COO™ - Ni(II) (8)

4. Conclusions

In this work, the as-prepared jarosite had sea urchin-
like morphology and had developed S, (215.6 m*g) and
pore structure. The isoelectric point of jarosite is 7.5. There
is a synergistic adsorption effect between POJ" and Ni*
on jarosite, however the effect of Ni* on PO} adsorption
is inferior than that of phosphorus on Ni* adsorption. pH
can significantly affect the adsorption of PO and Ni* on
jarosite by electrostatic interaction. The proposed adsorption
mechanism for PO} and Ni* includes porous entrapment,
ion exchange, electrostatic attraction and surface mineral
precipitation/complexation.
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