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SURFACE MODIFICATION OF FLY ASH SPHEROIDAL
PARTICLES AND THEIR APPLICATION IN THE ADSORPTION
OF PHOSPHORUS AND CHROMIUM(VI) FROM SINGLE
AND COMPETITIVE SOLUTE SYSTEMS

This work focuses on the surface modification of fly ash spheroidal particles and their application
in phosphorus and chromium(VI) adsorption. The results show that through surface modification,
amorphous silica-alumina gels precipitated on the spheroidal particle surface (by which the microsur-
face area of the reaction products is effectively enlarged) and the surface zeta potential was changed to
fit for adsorbing anions. During the adsorption experiment (single and competitive solute systems),
chromium(VI) was easier to adsorb. The surface zeta potential and the existence of competitive ions
should be recognized as two important factors affecting adsorption efficiency. A higher temperature
could improve the adsorption efficiencies of the two solute systems. The fitting results of the pseudo-
second-order model (single and competitive solute systems) show better agreement than those of the
pseudo-first-order model at every temperature. The Langmuir adsorption isotherm equation can better
simulate the adsorption process in single solute sy039stems, but only the chromium(VI) adsorption
process can be fitted by the competitive Langmuir adsorption isotherm in competitive solute systems.

1. INTRODUCTION

As a result of rapid economic development, China currently faces serious wastewater
pollution. According to the National Environmental Statistics Bulletin, in 2014, China dis-
charged approximately 7.162x10'"t of wastewater, of which 2.053%10't was industrial
wastewater and the remainder was domestic sewage [1]. It is well known that major
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pollutants in wastewater such as phosphorus and chromium(VI) can present severe
threats to human health and environmental safety. Many human industrial, agricultural,
and domestic activities can discharge phosphorus and chromium(VI) with wastewater.
Although phosphorus is considered a nutrient element important for the growth of hu-
mans, animals and plants, excessive phosphorus in lakes and other water bodies can lead
to several environmental problems, such as eutrophication and the outbreak of cyano-
bacteria and red tide [2]. These problems can threaten drinking water safety and biodi-
versity in the water environment. Chromium(VI) is also a contaminant of concern in
wastewater. Chromium(VI) has been proven to be extremely hazardous to human
health, and it can cause ulcer formation, dermatitis, liver damage, bronchitis, and even
cancer [3].

Considering the negative effects of phosphorus and chromium(VI), the Ministry of
Environmental Protection of the People’s Republic of China has stipulated that the con-
centrations of phosphorus and chromium(VI) in discharged wastewater must be below
0.1 and 0.5 mg-dm, respectively [4]. The National Health and Family Planning Com-
mission of the People’s Republic of China has stipulated that the concentration of chro-
mium(VI) in drinking water be below 0.05 mg-dm™ [5]. The improved removal of phos-
phorus and chromium(VI) from wastewaters could have significant benefits to the
health of the population and water systems in China. Many advanced treatment technol-
ogies for phosphorus and chromium(VI) removal have been developed and applied. The
main treatment technologies include biological treatment [6], chemical precipitation [7],
membrane separation[8], ion exchange [9], and adsorption [10, 11].

Compared with the other technologies, adsorption is generally thought to offer
a high removal efficiency at a low cost. The significant benefits of adsorption have been
proven by several researchers. Most research in this field focuses on developing new
adsorbents. Adsorbents that are suitable for a given application, have a high removal
efficiency for the target contaminant, and are low cost could not only reduce the envi-
ronmental threats of phosphorus and chromium(VI) but also expand the application ar-
eas of adsorption technology.

Fly ash is a solid waste generated from coal-fired power plants. Because the major-
ity of energy in China comes from coal-fired power plants, in 2014, China produced
approximately 58 million tons of fly ash, of which approximately 60% is reused in var-
ious applications. The storage of residual fly ash occupies large areas of cultivated land
and contributes to local air and water pollution. Fly ash particles are spheroidal and have
a large surface area. Besides, the main chemical components of fly ash are silicon oxide
and aluminum oxide. Therefore, fly ash is also considered raw material for synthesizing
low-cost adsorbents. Modifying fly ash into a suitable adsorbent can decrease the environ-
mental pollution caused by fly ash, as well as reduce the cost of adsorption technology.

In this study, microspheroidal particles in fly ash were modified by a three-step
process to make them a suitable adsorbent for both phosphorus and chromium(VI). Con-
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sidering that these two contaminants often coexist in wastewater, the adsorption exper-
iments used both single and competitive solute systems. The impact of parameters such
as adsorption time, pH, and temperature on the adsorption performance was also exam-
ined in both single and competitive solute systems. Then, the adsorption kinetics and
isotherm equations were used for the analysis of the adsorption process.

2. EXPERIMENTAL

Materials. Fly ash material was obtained from Taicang Harbor Golden Concord Elec-
tric Power Generation Co., Ltd. (Taicang, Jiangsu). The main chemical composition was as
follows: SiO (56.71 wt. %), ALOs (28.9 wt. %), CaO (2.34 wt. %), Fe,03 (4.02 wt. %),
NaxO (0.46 wt. %), MgO (0.04 wt. %), KoO (1.32 wt. %), and TiO2 (1.07 wt. %). KHoPO4
(analytically pure) and K,Cr,O7 (analytically pure) were dissolved in deionized water.
The concentrations of phosphorus and chromium(VI) were both 20 mg-dm. The KOH
and HDTMA (hexadecyl trimethyl ammonium bromide) solution was prepared by dis-
solving KOH (analytically pure) and HDTMA (analytically pure) in deionized water.
The concentrations of KOH and HDTMA in solution were 5 mol-dm™ and 0.066
mol-dm™=. The solutions for adjusting pH were obtained by dissolving (0.2 mg-dm™)
either NaOH (analytically pure) or HNO; (analytically pure) in deionized water.

Modifving of fly ash spheroidal particles. The fly ash spheroidal particles were mod-
ified by a three-step process as follows: First, to gain pure fly ash spheroidal particles,
uncombusted carbon and other impurities in the original fly ash must be removed by
mixing the fly ash with deionized water (water/fly ash weight ratio = 5) with stirring at
200 rpm at room temperature, after which the dispersion was left to stand. Afterward,
the fly ash was removed by filtration through a 0.45-um membrane and dried to constant
weight at 105 °C. Then, the filtrate was purified, and we obtained pure fly ash spheroidal
particles. Subsequently, they were mixed with a 5 mol-dm~ KOH solution at 75 °C for
2 h (water/fly ash weight ratio = 10) with stirring at 200 rpm. In contrast to previous
studies, the modified conditions control the alkaline reaction process and transmit the
silicate alumina to the amorphous phase [12, 13]. Following this, the dispersion was
also filtered through a 0.45-um membrane. The solid reaction products were washed
with large amounts of deionized water to remove residual alkali, and this washing was
continued until pH of the wash water was approximately 7. Then, the solid was dried to
constant weight at 105 °C to obtain alkali-modified fly ash spheroidal particles (herein-
after referred to as AFPs). Subsequently, approximately 60 g of AFPs were mixed with
250 cm® of HDTMA solution in a conical flask at 25 °C for 10 h with stirring at 200 rpm.
Following this, the dispersion was filtered through a 0.45-um membrane. The solid re-
action products were washed with large amounts of deionized water. Then, the solid
was dried to constant weight at room temperature to obtain the surface-modified fly ash
spheroidal particles (hereinafter referred to as MFPs) [14, 15].
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Material characterizations. The MFPs were characterized by X-ray diffraction (XRD),
scanning electron microscopy-energy dispersive spectroscopy, and Fourier transform infra-
red (FT-IR) spectroscopy, as well as using a microiontophoresis apparatus and a particle
size analyzer. The XRD patterns of the powder samples were acquired using a Shimadzu
XD-3A diffractometer employing Cu-Ka radiation (4 = 1.54056 A). The morphologies of
the composites were observed with a JSM6480 scanning electron microscope, and FT-
IR spectra were recorded on a Nicolet iS5 FT-IR spectrometer using pressed KBr discs.
The surface zeta potentials were determined by a JS94H microiontophoresis apparatus
(POWEREACH). The specific surface areas were measured using a particle size ana-
lyzer (Mastersizer).

Adsorption experiments. The adsorption experiments were conducted as typical
batch trials in single and competitive solute systems. In single solute systems, the orig-
inal concentrations of phosphorus and chromium(VI) solutions were both 20 mg-dm™,
whereas, in competitive solute systems, the phosphorus and chromium(VI) coexist in
one solution, and the concentrations were also 20 mg-dm™. In each adsorption trial,
a quantity of the MFPs was dispersed in 10 cm® of a phosphorus and chromium(VI)
solution in a 20 cm® Teflon bottle. The bottles were subsequently immersed in a water
bath and agitated at 200 rpm. Following adsorption, each dispersion was filtered through
a 0.45-um membrane, and the phosphorus and chromium(VI) concentrations in the fil-
tered solution were determined by ion chromatography using an ICS-2100 Thermo
Fisher instrument. pH of the solutions ranged from 1 to 13. The adsorption temperature
ranged from 30 to 60 °C, and the adsorption time from 0 to 240 min. The doses of MFP
were 0.5-8 g-dm™.

3. EQUATIONS USED IN THE STUDY

The symbolic representation and equations used in this paper are list as below:

0 -GGV
m 1)
0 ==t @

where, ¥, cm?, is the solution volume, m, g, is the mass of the adsorbent, O, mg-g‘l, 18
the mass of phosphorus or chromium(VI) adsorbed per unit mass of the adsorbent at
time ¢, Q., mg-g ™, is the mass of phosphorus or chromium(VI) adsorbed per unit mass
of the adsorbent at equilibrium, Cy, mg-dm™, is the initial concentration of phosphorus or
chromium(VI), C;, mg-dm, is the concentration of phosphorus or chromium(VI) at time ¢,
C., mg-dm™, is the concentration of phosphorus or chromium(VI) at equilibrium.
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The kinetics equations used in the study are as follows:
e The pseudo-first-order model [16]:

ln(Qe-exp - Qt) = ln(Qe-cal) - klt (3)

where k;, min ', is the rate constant of the first-order model.
e The pseudo-second-order model [17]:

t 1+L @)

Qt kZ Qez-cal Qe-cal

where k2, g'mg'-min”', is the rate constant of the second-order model.

The optimal kinetics model could be chosen based on the regression coefficient (R?)
and root mean square error (RMSE) [18, 19]. The R* was determined with fitting soft-
ware, and the value that is more close to 1 corresponds to the model that is more suitable
for explaining the adsorption process. The RMSE is defined as follows:

N 1/2

z (Qe-exp - Q@-ca] )2

RMSE =| - 5
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Lower RMSE values indicate that the results obtained from a model are closer to the
actual experimental data.

The adsorption isotherm equations are as follows:

e Langmuir isotherm

kLQmCe
1+k,C,

0= (6)

where Q., mg-g', is the mass of phosphorus or chromium(VI) adsorbed per unit mass

of the adsorbent at adsorption equilibrium; C,, mg-dm™, is the concentration of phos-

phorus or chromium(VI) at adsorption equilibrium, Q,,, mg-g', is the maximum adsorp-

tion capacity. kz, dm’>-mg™', is the Langmuir constant related to the energy of adsorption.
After modification, we arrive at

C.__1 .G )
Q0. ko, 0,
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The equation of the Freundlich isotherm is as follows:
0, =k.C." ®)
where kr, mg-g'-mg-dm™ and n are constants indicative of the adsorption capacity and

adsorption intensity.
After modifications we obtain

InQ, =Ink, +llnCe )
n

The equations of competitive Langmuir isotherms [20, 21] are as follows:

kL-Cer-Cr Ce-Cr

= 10
QE'Cr 1+ kL»Cr Ce-Cr + kL-PCe-P ( )
k C
Qe-P — L—PQm-P e-P (1 1)
1+ kL—PCe-P + kL—CrCe—Cr

where Q.;, mg-g', is the mass of element i adsorbed per unit mass of the adsorbent at

adsorption equilibrium in a competitive adsorption system, C., mg-dm™, is the concen-

tration of element 7 at adsorption equilibrium in a competitive adsorption system, Qy.i,

mg-g ', is the maximum adsorption capacity of element i in a competitive adsorption

system, kz;, dm®>-mg™', is the competitive Langmuir constant related to the element i.
After some modifications of equation (11), we obtain:

Ce-Cr — 1 + Ce-Cr + kL-PCe-P (12)
Qe-Cr kL-Cer-Cr Qm-Cr kL-Cer-Cr
Ce-P — 1 + Ce-P _|_kL-CrCe-Cr (13)

Qe -p kL P=Zm-P Qm -P kL -P=m-P

4. RESULTS AND DISCUSSION
4.1. CHARACTERIZATION OF MFP

Figure 1 shows the SEM images of the original fly ash, an AFP, and an MFP. In
Figs. la, b, spheroidal particles with a relatively smooth surface are observed. After the
alkali modification process, abundant amorphous gels are found in Fig. 1c, and the sur-
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face of the residual spheroidal particles is also wrapped with the amorphous gels. Ac-
cording to the previous study and reference, the amorphous gels should be the silicate
alumina “precursors” of a crystalline zeolite [12]. The modified conditions (water/fly
ash = 10) control the alkaline reaction process and transmit the silicate alumina to the
amorphous phase [13]. Meanwhile, because the microshapes change from spheroidal to rec-
tangular ones, the microsurface area of AFPs grows from the original 3 to 380 m*-kg™' (ob-
tained from a particle size analyzer). Comparing Figs. 1c and 1d, no clear differences
are observed between the AFP and MFP. The MFP keeps the surface morphology after
the HDTMA modification process.

Fig. 1. SEM morphologies of the original fly ash (a, b), AFP (c) and MFP (d)
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Fig. 2. XRD patterns of the original fly ash (a), 10 30 30 20 20 80 70
AFPs (b), and MFPs (¢): 1 — mullite, 2 — quartz 20/deg
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Figure 2 shows the XRD patterns of the original fly ash, AFPs, and MFPs. Crystal-
line phases observed in all three samples are indexed for quartz and mullite using the
standard JCPDS (Card Nos. 65-0466 and 15-0776). Characteristic peaks are related to
20 at approximately (26.603°), (20.822°), and (50.103°) for quartz and to 26 at approx-
imately (26.181°), (25.940°), and (40.801°) for mullite. The results indicate that there
is no crystalline phase change during the surface modification process. Otherwise, the
glass phase in the original fly ash shows no diffraction peaks but a broad “halo” at 26
approximately 20—40°. The decreasing strength of the broad “halo” in the AFP patterns
implies the dissolving of the glass phase during the alkali modification process. Further-
more, no new crystalline phase is found, suggesting that under the limit of the modified
conditions (mass water/fly ash = 10), the reaction products of the alkali modification
process should be an amorphous phase (as seen in Fig. 1¢), which is insensitive to XRD
technology.
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Figure 3 presents the FT-IR spectra of the original fly ash, AFPs, and MFPs. Intense
peaks observed in the spectrum of the original fly ash are at 1083, 795, 570, and 464 cm™".
The peak at 1083 cm ™' should be attributed to the T-O (where T is Si or Al) stretching mode.
The double peak at 795 cm™' should be attributed to quartz. The peak at 570 cm™ should be
attributed to mullite, and the peak at 464 cm™' should be attributed to a SiO4 tetrahedron
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(O-Si—O) deformation mode [22]. After the alkali modification process, the FT-IR spec-
trum of AFPs shows peaks at 3475, 1610, 1540, 1023, and 583 cm™'. The broad peak at
3475 cm™' and others at 1610 and 1540 cm™" correspond to the stretching vibration and
bending vibrations of O—H [23]. The peaks assigned to the Si(Al)~O-Si(Al) stretching
vibration and the O—-Si(Al)-O bending mode can be observed at 1023 and 583 cm™' [24].
These peaks correspond to amorphous silica alumina gel forming during the alkali mod-
ification process. The evident differences between the FT-IR spectra of AFPs and MFPs
can be found at 2850 and 2920 cm™'. The sharp peaks at 2850 and 2920 cm™ are as-
signed to the —CH,— group in HDTMA [25], which implies that the HDTMA was de-
posited on the surface of the fly ash spheroidal particles.

OH Si 4+
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OH - OH - -
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phase alkaline alkaline amorphous alkaline
solution solution silica alumina gel solution

HDTMA surface modified fly ash,
solution spheroidal particles, MFP

Fig. 4. Modification processes of fly ash spheroidal particles:
top: alkali-modified process, bottom: HDTMA-modified process

Based on the above analysis, the modification process of fly ash spheroidal particles
can be concluded as shown in Fig. 4. At the initial stage, the fly ash particles react with
the alkaline solution, which leads to the dissolving of Si*" and AI’* from the glass phase
of fly ash particles to the solution environment. Subsequently, with their concentrations
continuously increasing, Si*" and AI’" ions in the solution environment tend to form an
amorphous silica alumina gel and deposit on the surface of residual fly ash spheroidal
particles (as AFPs). Due to the potential equilibrium, the surface of AFPs shows a neg-
ative charge in the solution. Such a negatively charged surface can only adsorb pollu-
tants with a positive charge, such as heavy metal ions, and is almost invalid to pollutants
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with a negative charge, such as phosphorus and chromium(VI) ions. To optimize the
surface charge, the AFPs must be modified by the HDTMA solution. With the HDTMA
adsorbed on the AFPs, the negative charge of the surface is balanced with the positively
charged head group of HDTMA. As a consequence of additional HDTMA precipitation,
HDTMA bilayers or patchy bilayers form on the surface of AFPs, and then, the posi-
tively charged head groups of later precipitated HDTMA transform the surface charge
of AFPs from negatively charged to positively charged (MFPs) [14]. As Figure 5 shows,
before modification by HDTMA, the surface zeta potential of AFPs appears as a miniscule
positive charge (when the solution pH is lower than approximately 5.5) and a strong
negative charge (when the solution pH is higher than approximately 5.5). This surface
charge could lead to the adsorption tendency of molecules (H,CrO4 and H3PO4) and
anions (HCrOg, CrO7, Cr,07 ", H,POz, HPOZ ", and PO3") on AFPs to become very dif-
ficult. In contrast, after modification by HDTMA, the surface zeta potential of MFPs is
drastically positively charged except for a minutely negatively charged surface still
found in a solution environment at high pH. Considering the electrostatic attraction ef-
fect, the excellent anion adsorption ability of MFPs can be believed and will be proven
by the experimental results below.
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4.2. pH OF THE SOLUTIONS

pH of the solution is recognized to be an important factor affecting the adsorption
efficiency of phosphorus anions and chromium(VI) anions on MFPs. In our study, the
role of solution pH (1-13) is examined in both single and competitive solute systems.
The adsorption temperature and MFP concentration are 50 °C and 4 g-dm™. As clearly
seen from Fig. 6, in single chromium(VI) anion systems, the adsorption efficiency con-
tinuously decreases with the pH increasing from 1 to 13. The adsorption efficiency at
pH =1 is approximately 98%, which is higher than 87% at pH = 5 and 66% at pH = 13.
Similar results can be observed in single phosphorus anion systems. The adsorption ef-
ficiencies of phosphorus anions at pH = 1, 5, and 13 are approximately 93%, 74%, and
6.6%, respectively.
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The factors influencing the adsorption efficiency for solute anions and solid adsor-
bent can be concluded as follows: the surface property of the adsorbent, the solute spe-
cies of anions and the other competitive solute anions. First, the surface charge of the
adsorbent has long been known to be an important factor influencing the adsorption
efficiency. Regularly, the surface charge of the adsorbent can be examined by the zeta
potential. From Fig. 5, it can be seen that with the solution pH increasing from 1 to 13,
the surface zeta potential of MFPs shows a decreasing tendency. The pH,c of MFPs can
be found when the solution pH is approximately 8.5. This means that the surface of the
MFPs should be positively charged when the solution pH is lower than 8.5, while neg-
atively charged surface can be observed when the solution pH is higher than 8.5. Theo-
retically, the positively charged adsorbent surface can extremely force the formation of
complexes between anions and chemical groups loaded on the adsorbent surface, and
many complexes would result in excellent adsorption efficiency. This interaction means
that a higher positive zeta potential would greatly attract the anions, while the adsorption
process would be impeded by a negatively charged surface. Therefore, the adsorption
efficiency of chromium(VI) anions and phosphorus anions can be understood to contin-
uously decrease with the solution pH ranging from 1 to 13, and this notion is consistent
with the experimental results.
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Fig. 6. Effects of pH on the adsorption 0 T T T T T T ]
of phosphorus and chromium(VI) on MFP 0 2 4 6 8 10 12 14
(single solute systems) pH

Second, in aqueous solution, the forms of phosphorus and chromium(VI) anions
are extremely related to pH. For the phosphorus solutions, the following equilibria
occur [26]:

H,PO, «*— H,PO, +H" (14)

H,PO, « X HPO; + H" (15)
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HPO; «=— PO, +H" (16)

where pK; =2.12, pK> = 7.21, and pK3 =12.3.

Because of these ionic equilibria, the dominant species in the phosphorus solution
change as the pH increases. When the pH < 3, the dominant species is H3POs. Then,
H>PO4 becomes the dominant species when pH ranges from 3 to 7. With the pH increas-
ing above 8, the dominant species changes to HPO; . Finally, the POi replaces the
HPO7 after the solution pH reaches higher than 12. Similarly, in the chromium(VI)
solution, the present species include H,CrO4 HCrO4, CrOF and Cr,O7 , and the domi-

nant species also vary strictly depending on the following chemical equilibrium func-
tions [27].

H,CrO, «*— HCrO, + H" (17)
HCrO, <« CrO; +H" (18)
Cr,07 +H,0 <t 2HCrO; (19)

where pKs = 4.1, pKs =5.9, and pKs = 2.2.

Based on the ionic equilibrium calculations and references, CrO7~ has been proved
to be the major ions when then solution pH is higher than 6. HCrOs become the major
ions when pH is between 2 and 6. Trace HoCrO4 species can be found at pH < 2. Addi-
tionally, a small amount of Cr,O7 ions coexists with HCrOz and CrOF ions when pH
is lower than approximately 7. According to the analysis above, the ionic charge of
phosphorus and chromium(VI) anions decreases as pH increases (the sequence is as
follows: H3PO4 to H,POz to HPO3 ™ to POF~ and H,CrO4 to HCrO; to CrO5).

Generally, in a typical solid-liquid phase adsorption system, the anions with the
higher negative charge are more likely to be adsorbed by the adsorbent with the positive
charge on the surface. Thus, the adsorption efficiency of PO3~and CrOj is higher than
that of the other anions. However, there are still some differences between the theoreti-
cal analysis and practical experimental results. The reason why there are differences is
that the adsorption efficiency of anions in the solution is affected by not only the charge
of anions but also the surface properties of the adsorbent, the existence of competitive
ions, and some other factors. Though the anions PO3~and CrO7 " certainly present higher
negative charges than other anions, POi~ and CrOF both exist in the solution with
a pretty high value of pH. The potential of the MFP surface shows an evident negative-
charge property (Fig. 5). A surface with negative charges will hinder the adsorption
process of anions because of electrostatic repulsion, which leads to a decrease in the
adsorption efficiency. These results imply that the adsorption ability of MFPs towards
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anions at higher pH is extremely less than that at lower pH. This phenomenon should
be related to the surface property of MFPs.

Apart from the solute species and surface charge, competitive ions should also be
recognized as an important factor affecting the adsorption efficiency. The competitive
ions generally fall into two categories: the original anions existing in solution and the
anions added into the solution. OH™ is the most common original competitive anion
present during the adsorption process. Because of its small ionic radius, OH™ is adsorbed
by the adsorbent significantly more readily than the other anions, and then, extremely
influences the adsorption efficiency of anions.
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Similar to the original anions, the anions added into the solution can also affect the
adsorption process. Figure 7 shows the effects of pH on the adsorption of phosphorus
and chromium(VI) anions by MFPs in competitive solute systems (coexisting phospho-
rus and chromium(VI)). The adsorption efficiency still presents a decreasing tendency
as the solution pH increases from 1 to 13. This appearance can still be attributed to the
increasing concentration of OH". The adsorption efficiencies of competitive solute sys-
tems are substantially lower than those of single solute systems. For chromium(VI),
when pH is 3 and 9, the values of the adsorption efficiency in a competitive solute sys-
tem are approximately 87.8% and 68.4%, while in single solute systems, — 97.8% and
74.6%. A similar result can be obtained from the phosphorus adsorption process. In
single solute systems, the adsorption efficiency can reach 85.3% and 56.5% when the
pHs are 3 and 7; however, in a competitive solute system, the adsorption efficiency can
only reach 54.3% and 16.5%. An even more important item is that in a single solute
system, the maximum adsorption efficiency of phosphorus anions can achieve approx-
imately 93.4%; however, in a competitive solute system, the adsorption efficiency limit
is 62%. These results imply that the adsorption process of phosphorus is extremely in-
fluenced by chromium(VI) anions, and a satisfactory adsorption efficiency is very dif-
ficult to achieve.
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4.3. TEMPERATURE AND ADSORPTION KINETICS

Figures 8 and 9 show the effect of the temperature on the adsorption efficiency. An
increase in temperature and adsorption time can improve the adsorption efficiency, no
matter whether in single or competitive solute systems.
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For example, in the chromium(VI) single system, the adsorption efficiency is ap-
proximately 61.6% after 60 min at 30 °C. Then, the adsorption efficiency improves to
approximately 85.8% or 96% when the temperature increases to 60 °C or the adsorption
time increases to 240 min. Similarly, in the phosphorus single system, after the temper-
ature increases from 30 to 60 °C, the adsorption efficiencies at 40 min and 90 min are
improved from 43.1% and 69.8% to 76.6% and 91.3%. When the adsorption time is
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increased from 60 min to 240 min, the adsorption efficiency of phosphorus increases from
43% t0 89.9% at 30 °C and from 63.2% to 93.2% at 50 °C. Comparing the chromium(VI)
and phosphorus single systems, it can be found that the chromium(VI) maintains a slightly
higher adsorption efficiency than the phosphorus does during the whole adsorption process.
The results imply that the affinity of chromium(VI) to the adsorption active sites on MFPs
is stronger than that of phosphorus. The adsorption efficiency difference between chro-
mium(VI) and phosphorus distinctly appears in competitive solute systems.
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From Figure 9, it can be seen that in the competitive solute systems, the adsorption
efficiency of chromium(VI) maintains a relatively high level, while the adsorption effi-
ciency of phosphorus decreases substantially. For example, at 50 °C, the adsorption ef-
ficiencies of chromium(VI) remain at approximately 75.9% and 81.9% after 60 min and
240 min. In contrast, the adsorption efficiencies of phosphorus are only approximately
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42.4% and 59.3% under similar conditions. A similar phenomenon can be observed un-
der every condition, which provides further evidence that adsorption of phosphorus is
more difficult than that of chromium(VI). Chromium(VI) can form a stronger complex
with the adsorption active sites on MFPs. On the other hand, according to a comparison
of Figs. 8 and 9, we can discover that the adsorption efficiencies of phosphorus and
chromium(VI) on MFPs can reach more than 95% and even close to 100% by improving
the adsorption temperature and lengthening the adsorption time for a single adsorption
system. However, in a competitive solute system, though the improvement in adsorption
temperature and the lengthening of the adsorption time still can increase the adsorption
efficiency, and the final saturated adsorption efficiency of 90% is difficult to surpass.
As is seen from Fig. 9, at 60 °C, the highest adsorption efficiencies of phosphorus and
chromium(VI) can only reach 64.1% and 84.4%, respectively, and the increasing trend
of adsorption efficiency becomes very weak after 180 min.

Table 1
Adsorption kinetic parameters calculated based on the pseudo-first-order and pseudo-second-order models
Single solute systems
T 0 Pseudo-first-order Pseudo-second-order
I oo . -ca
)| mgg | B | Qe e | RMSE ko Qe | RMSE
[min"] | [mg-g] [gmg ‘min] | [mg-g]
30 5 0.0133 336 | 0.8157 | 1.64 0.00434 5.7 0.9854| 0.7
Cr| 50 5 0.0138 226 |0.8546 | 2.74 0.00964 532 10.9981| 0.32
60 5 0.0102 | 1.161 [0.7384| 3.039 0.0149 5.05 10.9993| 0.05
30 5 0.0092 3.7 09597 13 0.00322 5.62 10.9936| 0.62
P | 50 5 0.0089 249 109311 ] 2.51 0.00788 5.133 109988 | 0.133
60 5 0.0091 1.598 ]0.8047 | 3.402 0.0228 5.05 ]0.9988| 0.05
Competitive solute systems
T 0 Pseudo-first-order Pseudo-second-order
I e-exp ] ea
oMec)| mgg | K| Qe g | RMSE ko Qeaall 4| pusE
[min"] | [mg-g] [gmg -min] | [mg-g ]
30 4.5 0.0036 | 1.562 |0.6769 | 2.938 0.0424 3.81 10.9999 | 0.69
Cr| 50 4.5 0.005 2.35 0.7675 | 2.15 0.0401 414 109992 | 0.36
60 4.5 0.0057 | 0.952 0.9049 | 3.548 0.0492 428 10.9975| 0.22
30 35 0.0052 | 3.417 [0.9773| 0.083 0.00072 531 [0.7229| 1.81
P | 50 35 0.0062 | 1.212 [0.9577| 2.288 0.00935 324 109914 | 0.26
60 35 0.0089 | 0.991 ]0.8603 | 2.509 0.01207 3.54 10.9997 | 0.04

In our study, pseudo-first-order and pseudo-second-order kinetic models have been
applied to fit the experimental data. As seen in Table 1, in single and competitive solute
systems, the pseudo-second-order model shows better fitting results than does the
pseudo-first-order model at every temperature. The R? values of the pseudo-second-or-
der model are all higher than 0.98 (except for the phosphorus adsorption process at
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lower than 30 °C in competitive solute systems), while all the R* values of the pseudo-
-first-order model are relatively lower. Moreover, the RMSE of the pseudo-second-or-
der model is lower than that of the pseudo-first-order model, which means that the cal-
culated saturated adsorption capacity gained from the pseudo-second-order model is
significantly closer to the practical value and that the pseudo-second-order model can
better describe the adsorption processes of phosphorus and chromium(VI) on MFPs.

4.4. ADSORPTION ISOTHERMS
Figures 10 and 11 show adsorption isotherms of chromium(VI) and phosphorus on

MFPs in single solute systems. The Langmuir adsorption isotherm equation can better
simulate the adsorption processes of phosphorus and chromium(VI) on MFPs.
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Fig. 10. Adsorption isotherms of chromium(VT):
a) Langmuir isotherm model, b) Freundlich isotherm model
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Fig. 11. Adsorption isotherms of phosphorus:
a) Langmuir isotherm model, b) Freundlich isotherm model
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The values of R* (Langmuir) are 0.9913 and 0.994 for phosphorus and chromium(VI),
which are higher than those for the Freundlich isotherms. The maximum adsorption capac-
ities (On) of chromium(VI) and phosphorus are 9.71 mg-g™' and 9.28 mg-g™', respectively.
The adsorption ability of chromium(VI) on MFPs is a little stronger than that of phos-
phorus. Finally, the results are consistent with the previous experimental data. Because
chromium(VI) and phosphorus can better obey the Langmuir adsorption isotherm in
single solute systems, the competitive Langmuir isotherm equation is applied to fit the
adsorption process of chromium(VI) and phosphorus in a competitive solute system.
The adsorption capacity of chromium(VI) (Q..cr) on MFPs is no longer a unitary func-
tion of the equilibrium concentration (C,.cr) but transforms into binary functions that are
concerned with the equilibrium concentration of chromium(VI) (Ce.cr) and phosphorus
(Ce.p). The binary function analysis results are shown in Fig. 12.

Fig. 12. Results of the adsorption analysis for the competitive Langmuir isotherm model:
a) chromium(VI), b) phosphorus

In a competitive solute system, the maximum adsorption capacity of chromium(VI) on
MFPs decreases from 9.70 mg-g ™' to 6.86 mg-g~'. Chromium(VI) cannot monopolize all the
active adsorption sites and must compete with phosphorus. On the other hand, in a compet-
itive adsorption system, there is no accepted result that can be achieved for phosphorus, and
the result appears as divergent data (Fig. 12b). Consequently, in a competitive solute system,
because of the disturbing effect of chromium(VI), the adsorption process of phosphorus on
MFPs no longer strictly fits the Langmuir adsorption isotherm equations.

5. CONCLUSION

The surface of fly ash spheroidal particles is modified by surface structural recon-
stitution and zeta potential optimization. After the surface structural reconstitution, the
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surfaces of spheroidal particles (AFPs) are wrapped with amorphous gels, and the mi-
crosurface area of the particles increases from 3 m*kg™' to 380 m*-kg™'. Via reacting
with the HDTMA solution, the positively charged head groups of precipitated HDTMA
can transform the surface charge of the spheroidal particles (MFPs) from negatively
charged to positively charged, which can adsorb electronegative anions from the solu-
tion. No matter whether a single or competitive solute system, the adsorption efficiency
continuously decreases as pH increases. The surface zeta potential and existence of
competitive ions should be recognized as two important factors affecting the adsorption
efficiency. Chromium(VI) was more easily adsorbed by MFPs. The adsorption efficien-
cies of chromium(VI) and phosphorus in single and competitive solute systems can be
improved by increasing temperature; however, compared with a single solute system,
the final equilibrium adsorption efficiency of a competitive solute system reaches more
than 90% only with difficulty. Based on the whole adsorption process (single and com-
petitive systems), the fitting results of the pseudo-second-order model show better
agreement than does the pseudo-first-order model at every temperature. The adsorption
process of phosphorus and chromium(VI) on MFPs in single adsorption systems can be
better simulated by the Langmuir adsorption isotherm; however, in competitive solute
systems, the competitive Langmuir adsorption isotherm can only could be applied to the
chromium(VI) adsorption process.
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