
Introduction

Large amounts of phosphate-containing fertilizer 
are widely applied to support intensive agricultural 
production [1, 2]. It is estimated that globally about 
3×106–4×106  tons of P2O5 migrates from soil to water 

annually, including about 19.5  kg  ha−1 from farmland 
in China [3]. Therefore, management and control of 
phosphate in agricultural activities is essential for 
overall ecosystem health [4, 5]. 

Typically, phosphate can be readily adsorbed 
and immobilized by soil minerals such as iron and 
aluminum compounds [6]. On the other hand, anion 
and organic materials adsorbed on the surface of Al 
hydrolysis products can dissipate the positive charge at 
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the metal center, thereby reducing anionic adsorption 
[7]. Xu et al. showed that arsenate reduced phosphate 
uptake by aluminum hydroxides through competition 
with anions for adsorption sites [8]. 

However, in contrast to organic matter adsorbed on 
the surface, the incorporation of organic material into Al 
hydrolysis products enhances anion adsorption thereon 
[9]. Kwong and Huang found that the incorporation 
of citric acid into Al hydrolysis products increased 
phosphate adsorption [10]. Many soil/sediment-forming 
factors, such as the organic materials humic acid [11] 
and tannic acid [12], and low molecular weight organic 
compounds [13], can perturb the formation of Al (oxy)
hydroxides, resulting in the formation and stabilization 
of short-range order Al (oxy)hydroxides [14]. Due 
to structural defects, high specific surface area and 
charge density, and resultant high surface reactivity, 
short-range order Al (oxy)hydroxides formed under the 
influence of organic ligands are much more reactive in 
comparison to their crystalline counterparts [10, 15, 16]. 
This reactive nature is attributed to increased removal 
of surface-bound H2O by organic ligands, and/or 
adsorption of organic ligands on the Al (oxy)hydroxides, 
resulting in increased development of negative charge 
on their surfaces [9]. 

Variable-charge soils are acidic, with soluble Al 
and exchangeable Al being the most active components 
of Al pools therein [17]. Hydrolysis of active Al in 
soil occurs when acidic soils are ameliorated with 
alkaline materials; pure Al hydrolysis products rarely 
exist in natural environments [18]. Pectin is present 
in most primary cell walls of plant roots, particularly 
in root tips [19], and it can be extracted from suitable 
agricultural by-products, such as citrus peel [20]. It has 
a high cation-exchange capacity due to the presence of 
carboxyl, aldehyde, and hydroxyl functional groups [21]. 
Pectin secreted from plant roots affects the chemical 
properties of soil and minerals [22, 23]. It is assumed 
that pectin may take part in Al hydrolysis reactions, 
similar to other organic materials, and thus affect the 
structural and surface properties of Al hydrolytic 
products.

To the best of our knowledge, there have not 
hitherto been any reports on the incorporation of 
pectin into Al hydrolysis products and its effect on 
phosphate adsorption. The main objectives of this study, 
therefore, are: (1) to examine the structural and surface 
charge properties of Al (oxy)hydroxides formed by 
incorporating pectin, and (2) to evaluate the effect of 
incorporated pectin on the adsorption of phosphate by 
Al (oxy)hydroxides.

Material and Methods

Chemicals

Citrus pectin powder, partially consisting of 
methoxylated polygalactouronic acid, was provided  

by Sigma Chemical Co. The galactouronic acid 
content was about 740  g  kg−1 and the carbon content 
of the pectin was 365  g  kg−1. NaH2PO4 and NaNO3 
(both analytical grade) and deionized water were used  
for all experiments. An Na-pectin stock solution  
(pectin 420  mg  L−1) was prepared by first dissolving 
pectin (2.100  g) in deionized water (5.0  L) with the 
aid of magnetic stirring for 6 h. This pectin solution w 
as then titrated to pH  6.0 with 0.1  mol  L−1 NaOH 
solution.

Synthesis of Al (oxy)hydroxides

Al (oxy)hydroxides were synthesized using the 
method reported by Yu et al. [14], whereby AlCl3 
solution with or without pectin was slowly titrated with 
0.1  mol  L−1 NaOH solution under vigorous stirring. In 
summary, a 3.0 L aliquot of 7.0 mmol L−1 AlCl3 solution 
was titrated with a 0.1 mol L−1 NaOH solution in a 5.0 L 
beaker until pH  4.8 was reached. With or without the 
addition of 1.0 L of 420 mg L−1 Na-pectin solution, the 
AlCl3 solution was then further titrated with 0.1 mol L−1 
NaOH at a rate of 2.5  mL  min−1 until an OH/Al 
molar ratio of 3.0 was achieved (initial loading ratio 
of pectin/Al of 20  mg  mmol–1). The suspensions of 
all reaction systems were aged for 45  days at room 
temperature. After aging, the suspensions were 
centrifuged, the supernatants were removed, and the 
Al (oxy)hydroxides were washed with deionized water  
until the electrical conductivity of the filtrate was lower 
than 5  µS/cm. The Al (oxy)hydroxides were finally 
freeze-dried before analysis.

Characterization of Al (oxy)hydroxides

Al (oxy)hydroxides (30  mg) were digested in 
6  mol  L−1 hydrochloric acid (10.0  mL), and then 
solutions were diluted to a constant volume of 100 mL. 
The concentration of Al was measured by inductively 
coupled plasma-optical emission spectrometry  
(ICP-OES; Optima 8000, Perkin-Elmer, Waltham, 
MA, USA). Carbon contents were determined using 
an elemental analyzer (Vario Max CN, Elementar, 
Germany). The mineralogical components of the 
formed Al (oxy)hydroxides were identified by X-ray 
diffraction (XRD) analysis (Ultima IV, Rigaku 
Industrial Corporation, Japan), employing Cu-Kα 
radiation filtered by a graphite monochromator and 
operating at 40  kV and 40  mA. XRD patterns were 
recorded from 4° to 60° at a scanning rate of 2°  min–1

in continuous mode. A surface morphological study of 
the samples was undertaken using an environmental 
scanning electron microscope (SEM; Quanta 200, FEI, 
Netherlands). Fourier-transform infrared (FTIR) spectra  
of the formed Al (oxy)hydroxides were recorded on 
a Nicolet is10 spectrophotometer (Thermo Fisher 
Scientific, USA), scanning from 400 to 4000  cm–1 
at a resolution of 4 cm–1.
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Surface Charge Measurement

The surface charge of Al (oxy)hydroxides was 
determined by titration experiment  [24]. Briefly, an 
aliquot of 50  mL of 1.0  mmol  L−1 or 100  mmol  L−1 
NaNO3 solution was placed in a 100  mL polyethylene 
bottle containing 0.200  g of Al (oxy)hydroxides. The 
suspension was then titrated to pH  4.5 using 0.1  m 
HNO3. After equilibration for 30  min, the suspension 
was titrated to pH 11 using 0.1 m NaOH solution at 25ºC 
with an automatic potentiometric titrator (Metrohm 
862, Switzerland). In order to ensure that atmospheric 
CO2 did not enter the system, all titration experiments 
were conducted under N2. OH– uptake recorded for 
blank samples was subtracted from the results for the 
suspensions to remove potential contamination errors. 
The points of zero salt effect (PZSE) of Al (oxy)
hydroxides were obtained from the intersections of the 
two titration curves in 1.0 and 100  mmol  L−1 NaNO3 
solutions. The net surface charge was calculated from 
the amount of OH– adsorbed relative to the PZSE.

Phosphate Adsorption Batch Experiments

Al (oxy)hydroxides formed with and without 
the incorporation of pectin were selected for batch 
adsorption experiments. Al (oxy)hydroxides (0.200  g 
each) were placed in 80  mL polyethylene bottles. 
Aliquots of 2.5  mmol  L−1 NaNO3 solution (10  mL) and 
NaH2PO4 solutions (15  mL) of various concentrations 
were then added to each bottle. In order to study the 
effect of pH, the initial concentration of phosphate 
was 3.0  mmol  L−1. Phosphate adsorption isotherms 
were studied with initial phosphate concentrations of 
0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0  mmol  L−1 at pH  5.5. 
The polyethylene bottles were then shaken for 6  h in  
a constant-temperature water bath set at 25±1ºC.  
During this period, the pH of the suspension was 
checked at least twice, and adjusted if necessary, 
to meet the target pH value. The suspensions were 
then left to stand overnight before being centrifuged 
at 13583  g for 5  min. The samples were then filtered 
through a 0.45  μm membrane filter. The concentration 
of phosphorus in the solutions was determined by ICP-
OES. The amount of phosphate adsorbed by the Al (oxy)
hydroxides was calculated from the difference between 
the total amount added and the amount remaining in 
solution.

Kinetic Experiments on Phosphate Adsorption

The kinetics of phosphate adsorption by Al (oxy)
hydroxides formed with and without incorporation 
of pectin was studied by the conventional method. Al 
(oxy)hydroxides (2.0  g) was placed in a 500  mL glass 
beaker. An aliquot (250  mL) of a solution containing 
3.0  mm NaH2PO4 and 1.0  mm NaNO3 was then added 
and the mixture was magnetically stirred at 450  rpm.  
At various intervals, a 2  mL aliquot of the suspension 

was withdrawn and filtered through a 0.45 μm membrane 
filter within 15  s using an injector. The phosphate 
concentration and pH of the filtrate were measured 
by using ICP-OES and a pH meter, respectively. The 
amount of phosphate adsorbed was determined based 
on the difference between the initial concentration 
and the fraction remaining in solution. The amount 
of phosphate adsorbed at time t, qt (mmol  kg−1), was 
calculated according to Eq. (1):

                 (1)

where C0 and Ct are the liquid-phase concentrations 
(mmol L−1) initially and at time t, respectively, V is the 
volume (mL) used for the kinetic experiments, and m (g) 
is the mass of Al (oxy)hydroxides added.

Results and Discussion

Characterization of Al (oxy)hydroxides

The incorporation of pectin resulted in a decrease in 
the total Al content of the Al (oxy)hydroxides from 331 
to 252 g kg−1. The organic carbon content in the Al (oxy)
hydroxides with pectin incorporation was 67.3 g kg−1.

XRD patterns of Al (oxy)hydroxides with and 
without the incorporation of pectin are presented in 
Fig.  1. The results indicated that Al (oxy)hydroxides 
formed in the absence of pectin was dominated by 
crystalline gibbsite and bayerite. When Al (oxy)
hydroxides were formed in the presence of pectin, 
the gibbsite peaks were no longer seen, and those of 
bayerite were greatly diminished compared to those 
for the sample without pectin. The decrease in peak 
intensity indicated that the bayerite was less crystalline, 
smaller in size, and/or present at a lower level. 
This result indicated that pectin interfered with the 
formation of crystalline Al (oxy)hydroxides, a finding 
in accordance with those of Xu et al. [13] and Hu et al. 
[12], who observed perturbation of the crystallization of 
Al (oxy)hydroxides with varying concentrations of low 
molecular weight organic acids/humic acid and tannic 
acid, respectively. 

Images acquired by SEM provided insight into  
Al hydrolysis products formed under conditions 
with and without pectin (Fig.  2). SEM analysis has 
previously been used to characterize crystalline or  
non-crystalline Al hydrolysis products [11]. In terms 
of size, Al (oxy)hydroxides formed in the absence of 
pectin had a smaller diameter and were crystalline;  
Al hydrolysis products incorporating pectin were larger 
and only contained a small amount of crystals on 
their surfaces. These results are consistent with those 
obtained by XRD.

FTIR spectra of pectin and of Al (oxy)hydroxides 
formed with or without pectin (Fig.  3) feature  
a band at 1745  cm−1 attributable to the C=O stretching 
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Fig. 1. X-ray diffraction patterns of Al (oxy)hydroxides formed without (control) and with incorporation of pectin.

Fig. 3. FTIR spectra of pectin and Al (oxy)hydroxides formed without (control) and with incorporation of pectin.

Fig. 2. Scanning electron micrographs of Al (oxy)hydroxides formed without a) and with b) incorporation of pectin.
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vibration of the carbomethoxy group, and a band at 
1617  cm−1 attributable to the asymmetric stretching 
vibration of carboxylate [25]. The fingerprint region 
of pectin features characteristic bands at 1235, 1102, 
and 1017  cm−1 [26]. In the spectrum of the Al (oxy)
hydroxides product obtained without pectin, the band at 
3465  cm−1 can be assigned to hydroxyl stretching, and 
the fingerprint region comprises bands at 1023, 768, 
and 533 cm−1 [14]. The spectra of samples incorporating 
pectin showed a broad peak at 3465  cm−1, attributable 
to the formation of noncrystalline Al (oxy)hydroxides 
[27]. The peak at 1617  cm−1 in the spectrum of pectin-
incorporating Al (oxy)hydroxides can be assigned to 
the asymmetric stretching vibration of carboxylate 
in pectin, verifying the envisaged incorporation [28]. 
No shift was observed in the position of this peak at 
1617 cm−1, possibly indicating the presence of some free 
pectin in the Al (oxy)hydroxides.

Surface Charge of Al hydroxides

The changes in surface charge of the Al hydrolysis 
products with and without incorporation of pectin are 
presented in Fig. 4. With an increase of pH, the surface 
positive charge of the Al hydrolysis product decreased. 
The incorporation of pectin also led to a decrease in 
the surface positive charge on the Al (oxy)hydroxides 
(Fig.  4). For example, at pH  5.0, the positive surface 
charge on Al (oxy)hydroxides was decreased from  
516 mmol  kg−1 for the control to 185  mmol  kg−1 for 
the pectin-incorporating sample. The PZSE values of Al 
(oxy)hydroxides with and without pectin were obtained 
from the intersection of two curves of their surface 

charge with changing pH in 1.0 and 100  mmol  L−1 
NaNO3 solutions. The incorporation of pectin decreased 
the PZSE of Al hydrolysis products from 10.5 to 9.3 
(Fig. 4).  A similar effect of tannate on the PZSE of Al 
(oxy)hydroxides was reported by Yu et al [14]. They 
found that the PZSE of Al (oxy)hydroxides formed 
under the influence of tannate substantially decreased 
with an increase in the initial tannate/Al molar ratio. 
This change was attributed to increased removal of 
surface-bound H2O from the Al (oxy)hydroxides by 
organic materials through co-precipitation and/or 
adsorption, resulting in more exposure of the COO− 
groups of organic materials, and increased development 
of negative charge on the surfaces of the materials.

Effect of pH on phosphate adsorption

The adsorption of phosphate on Al (oxy)hydroxides 
formed with or without pectin was seen to decrease 
with increasing pH (Fig.  5). This change can be 
mainly attributed to increasing negative charge on the 
surfaces of the Al hydrolysis products (Fig.  4). For 
example, when the pH was increased from 5.25 to 
7.05, the amount of phosphate adsorbed by Al (oxy)
hydroxides incorporating pectin decreased from 234.2 
to 148.5  mmol  kg−1. Our results also indicated that the 
amount of phosphate adsorbed by Al hydrolysis products 
incorporating pectin was much greater than that 
adsorbed by Al hydrolysis products without pectin at the 
same pH within the range 4.5-7.0 (Fig. 5). At pH 6.0, the 
amount of phosphate adsorbed by Al hydrolysis product 
incorporating pectin was 187.0 mmol kg−1, as compared 
with only 102.5 mmol kg−1 for the Al hydrolysis product 
formed without pectin, an increase of 82.4%.

Fig. 4. Surface charges of Al (oxy)hydroxides formed without 
(control) and with incorporation of pectin in 1 mmol L−1 (solid 
points) and 100 mmol L−1 NaNO3 (hollow points) solutions at 
different pH levels, as determined using an acid–base titration 
method.

Fig. 5. Phosphate adsorption by Al (oxy)hydroxides formed 
without (control) and with incorporation of pectin at different 
pH levels (initial concentration of phosphate 3.0 mmol L−1).
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Phosphate Adsorption Isotherms

Adsorption isotherms of phosphate on Al (oxy)
hydroxides formed with and without pectin indicated 
that phosphate adsorption increased with an increase in 
equilibrium concentration (Fig. 6). Pectin incorporation 
increased the amount of phosphate adsorbed on Al (oxy)
hydroxides at various initial phosphate concentrations. 
The Langmuir and Freundlich equations were used  
to fit the data of phosphate adsorption isotherms [29]. 
The linear forms of the Langmuir and Freundlich 
equations are expressed as Eq.  (2) and Eq.  (3), 
respectively:

Ce/Qe = (1/Qmax) × Ce + 1/(Qmax × KL)       (2)

logQe = (1/n) × logCe + logKF          (3)

where Qe (mmol  kg–1) is the quantity of phosphate 
adsorbed; Ce (mmol  L–1) is the concentration of 
phosphate in the equilibrium solution; Qmax is the 
maximum adsorption capacity of phosphate; and KL is 
the Langmuir adsorption constant related to the binding 
strength of phosphate on the surface of the Al (oxy)

hydroxides. KF and n are the Freundlich constants, 
which represent the adsorption capacity and intensity, 
respectively. The maximum adsorption capacities 
of phosphate on Al (oxy)hydroxides formed with 
and without pectin, as obtained from the Langmuir 
equation, were 248.2  mmol  kg–1 and 134.7  mmol  kg−1, 

Fig. 6. Adsorption isotherms of phosphate on Al (oxy)hydroxides 
formed without (control) and with incorporation of pectin at 
pH 5.5 (initial concentrations of phosphate 0.5, 1.0, 1.5, 2.0, 2.5, 
3.0, and 4.0 mmol L−1, respectively).

Table 1．Fitting parameters of the Langmuir and Freundlich equations for the adsorption isotherms of phosphate on aluminum hydroxides 
formed without pectin (control) and incorporating pectin at pH 5.5.

Langmuir Freundlich

Qmax KL R2 n KF R2

Control 134.7 13.14 0.995 8.99 120.2 0.984

Incorporation of pectin 248.2 9.37 0.984 5.38 210.3 0.990

Fig. 7. Adsorption kinetics of phosphate on Al (oxy)hydroxides 
formed without (control) and with incorporation of pectin a) by 
the conventional method and pH of solution during this process 
b) (initial concentration of phosphate 3.0 mmol L−1).
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respectively (Table  1). Pectin incorporation increased 
the maximum adsorption capacity of the Al (oxy)
hydroxides for phosphate. Similarly, the values  
of KF obtained from the Freundlich equation were 
greater for the pectin-incorporating sample than for the 
control (Table 1). Incorporation of pectin decreased the 
KL of the Langmuir equation and n of the Freundlich 
equation. Therefore, although incorporating pectin 
resulted in an increase in the amount of phosphate 
adsorbed on Al (oxy)hydroxides, it decreased the 
binding strength.

Phosphate Adsorption Kinetics

Kinetic studies are of great importance in delineating 
the processes and parameters that govern the fate of 
species in the environment [30]. Phosphate adsorption 
kinetics was studied in order to ascertain the factors 
controlling the rate of adsorption, potentially providing 
profound insight into the adsorption process [31]. The 
phosphate adsorption process on Al (oxy)hydroxides 
formed without the incorporation of pectin was initially 
rapid (120  min), but thereafter increased only slowly 
until a plateau of adsorption equilibrium was reached. 
In contrast, the phosphate adsorption process on Al 
(oxy)hydroxides incorporating pectin increased more 
slowly, but the adsorption amount exceeded that on the 
control after 120 min (Fig. 7a). 

Three further kinetic models, namely pseudo-first-
order [Eq.  (4)], pseudo-second-order [Eq.  (5)], and the 
Elovich equation [Eq.  (6)], were used to describe the 
adsorption kinetics [32]:

                 (4)

              (5)

           (6)

where q1 and qt are the amounts of phosphate adsorbed 
on the Al (oxy)hydroxides at equilibrium and at 
time t (mmol  kg−1), respectively, and k1 is the rate 
constant (min−1) of the pseudo-first-order model for 
the adsorption process; q2 is the maximum adsorption 
capacity (mmol  kg−1) and k2 is the rate constant 
(kg  mmol−1  min−1) for the pseudo-second-order model; 
α is the initial adsorption rate (mmol kg−1 min−1) and β 
is the desorption constant (kg  mmol−1) for the Elovich 
model. The kinetic parameters of phosphate adsorption 
on Al (oxy)hydroxides formed with and without 
incorporation of pectin were calculated with Origin 8.5 
software (OriginLab, Northampton, MA) and are listed 
in Table 2.

The pseudo-second-order model fitted the 
experimental data for the phosphate adsorption process 
on Al (oxy)hydroxides formed both with and without 
incorporation of pectin (Table  2). This implies that 
phosphate adsorption is a chemisorption process, which 
may involve a chemical reaction between PO4

3− and 
functional groups on the Al (oxy)hydroxides surface 
[31, 33]. This was further indicated by the release of 
hydroxyl during the kinetic experiments (Fig. 7b). 

The rate constant (k2) for the pseudo-second-order 
model decreased from 2.1612×10−3  kg  mmol−1  min−1 
for the control to 2.599×10−5  kg  mmol−1  min−1 for the 
pectin-incorporating sample (Table 2). Incorporation of 
pectin decreased the positive charge on the hydroxides 
(Fig.  4) and thus increased the electrostatic repulsion 
between Al (oxy)hydroxides and phosphate, although 
phosphate was mainly adsorbed by the Al (oxy)
hydroxides by chemical adsorption [34]. Therefore, 
phosphate could more easily reach the surface of the 
Al hydrolysis product formed without incorporation of 
pectin compared to that with pectin.

The maximum adsorption capacity (q2) based on 
the pseudo-second-order model was increased from 
71.942 mmol kg−1 for the control to 192.308 mmol kg−1 
for the pectin-incorporating sample (Table 2). These 
results are also consistent with those derived from the 
phosphate adsorption isotherms. This suggests that the 

Table 2. Kinetic parameters for the adsorption of phosphate on Al (oxy)hydroxides formed without and with incorporation of pectin.

Kinetics model Parameter Control Incorporation of pectin

Pseudo first order

k1 (min-1) 0.41077 0.00453

q1 (mmol kg-1) 64.516 154.6

R2 0.8466 0.9890

Pseudo second order

k2 (kg mmol-1 min-1) 2.1612×10-3 2.599×10-5

q2 (mmol kg-1) 71.942 192.308

R2 0.9982 0.9745

Elovich quation

α (mmol kg-1 min-1) 16246 4.4996

β (kg mmol-1) 0.19887 0.03583

R2 0.9790 0.90702
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adsorption rate of phosphate is mostly dependent on the 
availability of adsorption sites on the surface of the Al 
(oxy)hydroxides [35]. Two mechanisms can be envisaged 
for the pectin-enhanced adsorption of phosphate on Al 
(oxy)hydroxides. First, XRD and SEM analyses have 
indicated that the incorporation of pectin interferes 
with the formation of crystalline Al (oxy)hydroxides 
(Fig. 1 and Fig. 2). As has been reported, the phosphate 
adsorption capacity of synthesized non-crystalline Al/
Fe hydroxides materials increases with decreasing 
structural ordering [36]. Secondly, phosphate can 
compete with pectin incorporated in poorly crystalline 
aluminum hydroxides. This is similar to the situation 
whereby phosphate may mobilize arsenate more easily 
from mixed iron-aluminum matrices rich in aluminum 
[37, 38].

The results showed that the pseudo-first-order model 
better fitted the experimental data for the phosphate 
adsorption process on Al (oxy)hydroxides formed 
by the incorporation of pectin, suggesting that the 
adsorption process mainly depends on the equilibrium 
phosphate concentration in the solution [35]. The results 
also showed that the Elovich model better fitted the 
experimental data for the phosphate adsorption process 
on Al (oxy)hydroxides formed without incorporation 
of pectin, corresponding to the chemical adsorption of 
phosphate on Al (oxy)hydroxides [39].

Conclusions

XRD, SEM, and FTIR spectroscopic analyses have 
confirmed that the incorporation of pectin suppresses 
the crystallization of Al hydrolysis products, thereby 
introducing defects in their structure. The incorporation 
of pectin decreases the positive charge and the PZSE of 
Al (oxy)hydroxides, thereby enhancing the adsorption 
of phosphate thereon. The amount of phosphate 
adsorbed on Al hydrolysis products incorporating 
pectin is considerably higher than that on those formed 
without pectin at the same pH within the range 4.5-6.0. 
Although incorporating pectin increases the phosphate 
adsorption capacity, it decreases the binding strength 
of phosphate on Al (oxy)hydroxides. The incorporation 
of pectin decreases the rate constant and increases 
the maximum adsorption capacity of phosphate on 
the surface of Al (oxy)hydroxides. In conclusion, the 
incorporation of pectin affects the charge properties 
of Al (oxy)hydroxides, and the perturbation of Al 
hydrolysis products leads to poor crystallization, which 
increases the adsorption of phosphate.
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