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a b s t r a c t
Having unique properties, metal–organic frameworks are recognized as interesting materials for many 
applications. Leaf-shaped zeolitic imidazolate framework-8 (L-ZIF-8) with a 16.66 m2/g Brunauer-
Emmett-Teller (BET) surface area and total pore volume of 0.0572 cm3/g was synthesized in aqueous 
medium and room temperature. L-ZIF-8 then used for P removal from aqueous solutions and a poly-
nomial prediction model for phosphate (P) removal was developed by designing the experiments 
using central composite design. The model terms showed an increase in P removal with adsorbent 
dosage and contact time and also by decreasing pH. The highest P removal after model optimization 
determined to be at pH 4, L-ZIF-8 dosage 0.6 g/L, and 84 min contact time. The isotherm models indi-
cated a monolayer adsorption of P onto L-ZIF-8 with a maximum 51.24 mg P/g of adsorbent. Study of 
P removal dynamic revealed that the process controlled by chemisorption.
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1. Introduction

Clean water is necessary and vital to life on earth, and 
recently much attention is concentrated on the supply of 
clean water for human communities [1–5]. Many industries 
such as fertilizer, paint and dyes, detergent, corrosion inhib-
itor, pharmaceutical, and beverage production discharge 
phosphorous containing effluents in wide range of concen-
trations [6,7]. Among the industries, fertilizers are the most 
common which release large quantities of phosphorous [8,9]. 
Phosphorus is a critical nutrient causing eutrophication of 

the receiving water, which increases the growth of aquatic 
plants and algae, with some types of them being potentially 
toxic [10]. Furthermore, it depletes levels of dissolved oxygen 
in water and consequently exacerbates water quality. The 
conventional physical, chemical, and biological methods 
for phosphorous uptake have some inherent disadvantages, 
including high costs, post pollution, large quantity of sludge 
generation, large consumption of chemicals, and low flexi-
bility to wide range of concentrations [11,12]. Therefore, 
the high levels of phosphorous in effluents should be prop-
erly removed before being discharged into the environ-
ment, especially water bodies. Among many techniques, 
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the adsorption process is the most extensively employed 
method for removal of contaminants due to its environmen-
tally safe process, simple and fast operation, and low cost 
[13–19]. Exploring new adsorbents with high adsorption 
capacities is of great importance for the effective adsorption 
and removal of P from the aquatic environment.

Zeolitic imidazolate frameworks (ZIFs) are a relatively 
novel subcategory of porous hybrid metal–organic framework 
(MOF) solids fabricated by the bridging divalent metal cations 
such as Zn+2 and Co+2 by imidazolate anions into tetrahedral 
frameworks [20–23]. MOFs feature exceptional properties 
such as relatively large surface areas, a wide range of pore 
sizes, pore configurations, and chemical stability which have 
received a great attention by researchers in recent years [24,25]. 
The pore size of ZIFs is in range of nano [24,26,27]. Hence, ZIFs 
have recently received considerable attention for a variety of 
application in many fields, such as catalysis, gas adsorption, 
separation, clean energy, pharmacology, and chemical sensors 
due facile preparation and excellent thermal and chemical 
stability in comparison with other classes of MOFs [25,28,29]. 
One of the most common and extensively focused MOFs is 
ZIF-8 [30]. Herein, we synthesize a new two-dimensional ZIF 
with a leaf-shaped morphology named as L-ZIF (C10H16N5O3/2 
Zn). L-ZIF is a type of ZIF-8 having same identical building 
blocks but comprises a unique topology [31,32].

In literature, ZIF-8 has been successfully applied as adsor-
bent in the uptake of various pollutants such as phthalic acid 
(H2-PA) and diethyl phthalate [33], p-arsanilic acid [34], dye 
acid blue 40 and methylene blue [35], congo red [36], As(III) 
and As(V) [37], triiodide anion and rhodamine B molecule 
[25], and humid acid [38] from aqueous systems.

In this study, it is assumed that L-ZIF-8 can act as a use-
ful adsorbent for separation applications. Therefore, the 
adsorption feasibility of P from aquatic solution was studied 
for the first time by conducting batch experiments. Kinetics 
and isotherm studies of P adsorption onto prepared L-ZIF-8 
were thus investigated. Furthermore, the effects of key opera-
tional parameters of pH, adsorbent dosage, contact time, and 
competition anions were examined. Optimization of experi-
mental designs by the traditional procedure of one factor is 
time consuming, wasting energy and money, and also can-
not properly determine the interaction effects between the 
applied variables [39]. Recently, a growing attention has been 
focused on response surface methodology (RSM) as an effec-
tive approach for optimization of experiments [40]. Thus, 
in this research, we used RSM based on central composite 
design (CCD) in “Design-Expert version 7.0.0” software for 
runs design and statistical analysis. X-ray diffraction (XRD) 
patterns were taken to determine the phase purity of products 
and crystallinity of the synthesized L-ZIF-8. Furthermore, the 
surface morphology of the adsorbent was characterized by a 
scanning electron microscope (SEM) monograph.

2. Materials and methods

All reagents and chemicals in this research were of ana-
lytical grade and were utilized without any purification. 
Zn(NO3)2 6H2O and 2-methylimidazole were acquired from 
Sigma-Aldrich, Iran. Deionized water was used through-
out this work. Leaf-shaped zeolitic imidazolate frame-
work (L-ZIF-8) was prepared using Zn(NO3)2 6H2O and 

2-methylimidazole (Hmim) in distillated water at room tem-
perature in a manner similar to a method previously pub-
lished [31]. The molar ratio Hmim/Zn ion (e.g., 8) is a critical 
factor in shaping the crystals into two dimensions. By apply-
ing the exact amounts of Zn ions, L-ZIF-8 yielding above 
80% was obtained. The composition analysis of L-ZIF-8 was 
C10H16N5O3/2Zn. The crystals of synthesized L-ZIF-8 illus-
trated an exceptional leaf-like morphology with an approxi-
mate thickness of 150 nm and a size of about 5 × 2 µm.

2.1. Batch adsorption experiments

The levels of pH, L-ZIF-8 dosage, contact time, and other 
conditions were selected according to findings obtained from 
preliminary tests and ranges reported in the literature. The 
pH values of solutions were adjusted by applying 0.1 mol/L 
of NaOH or HCl.

2.2. Experimental design and data analysis

In this study, the standard RSM [41] based on CCD was 
used to measure the optimum conditions for the removal of 
P by L-ZIF-8. The input parameters chosen for this research 
were pH (A), adsorbent dosage (B), and time (C) in the ranges 
of 4–12, 100–1,000 mg/L, and 10–100 min, respectively. For all 
the runs, the amounts of P concentration (15 mg/L) and agita-
tion speed (250 rpm) were held constant. All the experiments 
were conducted at 25°C. The removal efficiency of P was con-
sidered as the response variable. The designed experiments 
were evaluated in triplicate with 54 tests in the whole adsorp-
tion process. Mathematically, the total number of experiments 
required for CCD is calculated using the following equation:

N k nK= + +2 2  (1)

where N is the total number of experiments, k is the number 
of variables, and n is repeat of center points [42]. The percent-
age removal of P by L-ZIF-8 was calculated using the follow-
ing expression:

Removal % =
−( )×C C
C

initial final

initial

100
 (2)

where Cinitial is the P concentration before adsorption and Cfinal 
is the P concentration after adsorption in mg/L. The amount 
of P adsorbed per gram of L-ZIF-8 at any time t, qe (mg/g), 
was evaluated from the following equation:

q
C C V

We =
−( )×initial final  (3)

where V is the volume of adsorbate in the solution (L), and 
W is the weight of the used adsorbent (g) [42–44]. The coded 
values of the input variables were showed as follows:

x
X X

i
i

X

=
− 0

δ
 (4)
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where Xi and xi are the coded and uncoded values of the ith 
variable, respectively, X0 stands for the uncoded value of the 
ith input variable at the center point and δX is the value of 
step change [14,45].

The level and range of coded and uncoded input vari-
ables chosen for adsorption study of P are given in Table 1. 
The modeling and optimization of P removal by L-ZIF-8 was 
carried out by three chosen input process variables using 
CCD with 18 designed runs consisting 6 axial points, 8 facto-
rial points, and 4 center points. The obtained data from CCD 

were evaluated by regression analysis and fitted into the qua-
dratic polynomial model to identify a relationship between 
the input variables and response:

Y b b X b X b X X
i i

k

i i

k

i i ii i

k k

ij i j= + + + +
= = = =

−

∑ ∑ ∑∑0
2

1

1 1 1 2

ε  (5)

In the above equation, Y is the response of the system 
(P removal), b0 is a constant value, bi, bii, and bij are the regres-
sion coefficients for linear, quadratic, and interactive effects, 
respectively, Xi and Xj belong to the independent variables, 
and ε is the random error of the model [46].

3. Results and discussion

3.1. Adsorbent characterization

The crystallinity of synthesized L-ZIF-8 was evaluated 
by the XRD patterns. Fig. 1(a) illustrates the XRD patterns, 
Fig. 1(b) shows as-synthesized white powder L-ZIF-8, and 
Fig. 1(c) depicts the SEM image of the L-ZIF-8. The peaks 
of XRD patterns obtained in this work are similar to those 

Table 1
The level and range of input variables chosen for adsorption 
study of P from aqueous system using L-ZIF-8

Factor Code Variable level
–1.525 –1 0 +1 +1.525

pH A 4 5.4 8 10.6 12
L-ZIF-8 dosage 
(mg/L)

B 100 254.8 550 845.1 1,000

Contact time (min) C 10 25.5 55 84.5 100
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Fig. 1. Characteristics of the as-synthesized L-ZIF-8: (a) XRD pattern, (b) schematic of as-synthesized L-ZIF-8, and (c) SEM micrograph 
of L-ZIF-8.
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reported in literature [31]. The SEM image clearly shows the 
leaf shape and two-dimensional configuration of the synthe-
sized adsorbent.

BET surface area and total pore volume of the samples 
were determined from nitrogen adsorption isotherms at 
77 K. N2 adsorption isotherm and pore size distribution of 
L-ZIF-8 are presented in Table 1 and Fig. 2.

3.2. CCD model for P adsorption

The removal efficiency of P was investigated using an 
RSM consisted of 18 experimental runs. By performing the 
experiments according to CCD, the following equation was 
developed for predicting the P removal by L-ZIF-8:

P removal % A B
C AB AC
BC

( ) . . .
. . .
.

= − +
+ − −
+ −

73 82 12 53 9 67
4 92 3 8 1 31
1 26 11 69 1 41
2 81 1 96 2 48 3 73

. .
. . . .

A B
C AC BC BC

−
− − − −

 (6)

where A is the solution pH, B is L-ZIF-8 dosage, and C is 
the contact time. Positive mark in Eq. (6) represents synergis-
tic influence of the factors, whereas negative mark presents 
antagonistic effects on P removal. The results of analysis of 
variance (ANOVA) for the fitted polynomial model are sum-
marized in Table 3. As can be seen in the table, the model 
terms including A, B, C, AB, AC, BC, A2, B2

, and C2 are statis-
tically significant.

The constants of Eq. (6) are obtained from RSM. The 
accuracy of the suggested model was evaluated by R2, and its 
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Fig. 2. N2 adsorption isotherm and pore size distribution of 
L-ZIF-8.

Table 2
Physical parameters of L-ZIF-8

Parameter Value

BET surface area (m2/g) 16.665
Total pore volume (cm3/g) 0.0572
Mean pore diameter (nm) 13.638

Table 3
Analysis of variance (ANOVA) of the fitted polynomial model for P adsorption by L-ZIF-8

Source Sum of squares Df Mean square F-value p-value Remarks

Model 3,566.997 12 297.24 131.98 <0.0001 Significant
A-pH 729.62 1 729.62 323.96 <0.0001 Significant
B-dosage 435.12 1 435.12 193.20 <0.0001 Significant
C-time 112.5 1 112.5 49.95 0.0002 Significant
AB 116.28 1 116.28 51.63 0.0002 Significant
AC 13.78 1 13.781 6.12 0.0426 Significant
BC 12.75 1 12.75 5.66 0.0489 Significant
A2 31.05 1 31.05 13.79 0.0075 Significant
B2 21.65 1 21.65678 9.61 0.0173 Significant
C2 85.56 1 85.56 37.99 0.0005 Significant
AC2 11.29 1 11.29 5.01 0.0601 Not significant
B2C 18.10 1 18.11 8.04 0.0252 Significant
BC2 41.05 1 41.05 18.23 0.0037 Significant
Residuals 15.76 7 2.252
Lack of fit 0.451 2 0.22 0.07 0.9299 Not significant
Pure error 15.31 5 3.06
Cor total 3,582.76 19
Standard deviation 1.50 R-squared 0.995
Mean 70.07 Adjusted R-squared 0.988
Coefficient of variation (%) 2.14 Predicted R-squared 0.985
PRESS 51.28 Adequate precision 38.321
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statistical significance was determined by the value of F test. 
The more the amount of R2, the better is the suggested model. 
Owning the results of ANOVA in Table 3, it can be stated 
that the model predictability is at 99% (R2) confidence inter-
val, implying an excellent fitness of the model in the range of 
selected variables. This suggested that only 0.01% of all the 
input variables were not confirmed by this model. Also, the 
value of adjusted R2 and predicted R2 was 0.988 and 0.985, 
respectively.

P value describes the adequacy of a studied model. 
Generally, a p value lesser than 0.05 represents that the model 
parameter is significant. The p value lesser than 0.0001 in this 
work indicated that the model terms are statistically signifi-
cant. Lack of fit value (0.9299) was non-significant illustrat-
ing the adequacy of the quadratic model for adsorption of 
P by L-ZIF-8. F and p values were applied to describe the 
importance of the studied parameters in the quadratic model. 
Furthermore, values of the sum of squares, degrees of free-
dom, and mean squares were also determined. The amount 
of F value was calculated from dividing mean squares by 
degrees of freedom; whereas, the mean squares value was 
derived from dividing sum of squares by degrees of freedom. 
Adequate precision is the ratio of signal to noise and a ratio 
greater than 4 is favorable. The value of adequate precision 
in this study was 38.321, validating the viewpoint mentioned 
earlier.

The accuracy of the results was evaluated by consider-
ing a normal probability plot of the residuals. Generally, the 

points distributed in the plot should obey a straight line. 
Fig. 3 shows the experimental vs. predicted, and Fig. 4 shows 
the normal plot of studentized residuals vs. normal proba-
bility for P removal. Experimental vs. predicted adsorption 
efficiencies for P removal are presented in Table S1.

3.3. Optimization, model validation, and confirmation 
experiments

In order to maximize the removal percentages of P by 
L-ZIF-8, optimization analysis was performed. Variable con-
strains, optimum conditions, and predicted P removal are 
presented in Table 4. For validation of the optimum predicted 
levels, some additional experiments were conducted at lab. 
These experimental results were good agreements with 
obtained results, representing that the selected quadratic 
model could predict experimental results properly.

3.4. Determination of isoelectric pH (pHpzc)

Solutions with 0.01 molar NaCl were prepared. Then, the 
pH value was adjusted in range of 2–12 by adding exact amount 
of 0.1 N NaOH or 0.1 N HCl. This pH was initial pH (pHi). 
A total of 0.2 g of L-ZIF-8 was then added to series of flasks 
containing 50 mL of NaCl with specified pH, and the suspen-
sion was agitated for 48 h. Then, the final pH (pHf) of superna-
tant was measured and used to determine the value of pHpzc 
(Fig. 5). As shown in Fig. 4, the pHpzc of L-ZIF-8 is about 9.3.

Fig. 4. Normal plot of studentized residuals vs. normal 
probability for P % removal.

Fig. 3. Experimental vs. predicted adsorption efficiencies for P 
removal.

Table 4
Variables constraints and predicted removal optimization of P adsorption by L-ZIF-8 (P: 15 mg/L)

Name Goal Constraints
Lower limit Upper limit Lower weight Upper weight

pH Is in range 4 10 1 1
Dosage Minimize 200 1,000 1 1
Time Is in range 25.48 84.51 1 1
Removal Is target = 100 51 100 1 1

Best solution
pH Dosage Time Removal Desirability Experimental removal
4 601.87 84.51 98.24 0.81 96.7 ± 1.9
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3.5. Interaction effects of process variables

3.5.1. Effect of pH and adsorbent dosage

The solution pH and applied adsorbent dosage are 
among the most influential process items for the removal of a 
contaminant. Adsorption tests were carried out at pH range 
of 4–12 and adsorbent dosage of 100–1,000 mg/L. The plot 
of pH vs. adsorbent dosage is presented in Fig. 6. As can be 
seen in the figure, by increasing the pH value from 4 to 12, 

the removal efficiency of P decreases which clearly shows the 
removal of the contaminant is more favorable at lower pHs. 
ZIF-8 has different functional groups in its structure which 
induces different charges. Accordingly, at pH < 9.3, ZIF-8 
surface was positively charged but at pH > 9.3 its charge 
changes into negative. This can be the reason for the higher 
removal efficiency of negative charges of P by positively 
charged surface of L-ZIF-8 at lower pH. The higher removal 
efficiency by increasing adsorbent dosage may be due to the 
availability of more adsorbing binding sites on the adsorbent 
surface.

3.5.2. Effect of pH and contact time

The contact time to reach a desirable removal has a high 
influence in the size of the real treating units and thus the 
economy of sorption system. Combined effect of pH and 
contact time on adsorption of P by L-ZIF-8 is depicted in 
Fig. 7. As shown in the figure, the L-ZIF-8 is a very fast 
adsorbent toward P. The P uptake increased by time, con-
sequently of having more time for P ions to penetrate into 
L-ZIF-8 pores.
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Fig. 5. The pHpzc of L-ZIF-8.

Fig. 6. Combined effect of pH and adsorbent dosage on P 
adsorption by L-ZIF-8.

Fig. 7. Combined effect of pH and contact time on P adsorption 
by L-ZIF-8.

Table 5
The parameters of fitted models for P adsorption equilibrium data

Isotherm Formula Linear form Parameter Value

Langmuir
q

q bC
bCe

m e

e

=
+1

C
q
e

e

= +
1 1
q
C

q bm
e

m

qmax (mg/g) 51.24
KL (L/mg) 1.5
R2 0.99

Freundlich q K Ce F e
n= 1/

log  log logq K Ce F e= +
1
n

KF (mg/g(L/mg)1/n 3.42
n 25.9
R2 0.98

Temkin
q RT

b
k Ce T e= ( )ln q B ln k B Ce t e= +1 1. ln kt (L/mg) 0.51

B1 6.41
R2 0.90

Dubinin–Radushkevich q q expe m= −( )βε2 ln lnq qe m= −β 2 qmax (mg/g) 33.5
β 1.4
R2 0.76
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3.6. Sorption isotherm

The Langmuir, Freundlich, Temkin, and Dubinin–
Radushkevich isotherms [47–49] were applied to investigate 
the adsorption behavior of P by L-ZIF-8. The isotherm study 
was conducted by changing the initial concentration of the 
contaminant from 5 to 40 mg/L at a constant adsorbent dos-
age of 0.625 g/L. The parameters and graphical presentation 
of fitted models are shown in Table 5 and Figs. 8(a)–(d), 
respectively.

As shown in Table 5, Langmuir model described the 
equilibrium data well. The Langmuir isotherm is based on 
two assumptions: First, the adsorbate molecules cover the 
adsorbent surface as a monolayer form. Secondly, the model 
considers a homogenously distributed sorption sites on the 
adsorbent that have same binding energies [50]. A compar-
ison of different adsorbents used for P removal is given in 
Table 6. As seen, L-ZIF-8 has a higher monolayer adsorbent 
capacity (qmax) comparing many of adsorbents reported in the 
literature, including our previous work on P adsorption by 
cubic ZIF-8 [20].

From the Langmuir isotherm, a dimensionless parame-
ter has been developed that exhibits the essential features of 
the sorption process. Separation factor (KR) can be obtained 
from Eq. (7) and reveals the sorption process to be unfavor-
able (KR > 1), linear (KR = 1), favorable (0 < KR < 1), or irrevers-
ible (KR = 0).

K
K CR
L

=
+

1
1 0

 (7)

where KL is the Langmuir constant and C0 is the initial P con-
centration. Table 7 shows a KR range between 0.1 and 0.01 for 
P removal by L-ZIF-8. These values for KR indicate the favor-
ability of P sorption by L-ZIF-8.
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Fig. 8. Fitting the experimental data with (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin–Radushkevich models.

Table 6
A comparison between various adsorbents used for P removal

Adsorbent Q0 (mg/g) Reference

Humic acid-coated magnetite 
nanoparticles

28.9 [51]

Magnetic iron oxide nanoparticles 5.03 [52]
Poly(vinyl alcohol) (PVA) 
hydrogel beads

11.5 [53]

Hydrous zirconium oxide 
(HZO) embedded in quaterna-
ry-ammonium Chinese reed

59.2 [54]

Lanthanum-incorporated porous 
zeolite

17.2 [55]

Fe–Mn oxide adsorbent 18.4 [56]
Zirconium-modified activated 
carbon nanofiber

26.3 [57]

Zero valent iron (ZVI) 35 [58]
Cross-linked chitosan bead 52.1 [59]
Nanostructured iron(III)–cop-
per(II) binary oxides

35.2 [60]

Cubic zeolitic imidazolate 
framework-8

38.22 [20]

L-ZIF-8 51.24 Present work
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3.7. Sorption kinetics

The kinetic study of the adsorption of P by L-ZIF-8 
was carried out, and results were analyzed with kinetic 
models. Equations of pseudo-first-order kinetic model, 
pseudo-second-order kinetic model, and intra-particle 
diffusion kinetic [61] are given in Table 8. The table shows 
the coefficients for the kinetic models. The kinetic graphs are 
also illustrated in Fig. 9. Pseudo-second-order kinetic model 

with higher R2 values in most cases was the most appropriate 
among the studied models, an indication of chemisorption as 
a rate limiting step in sorption process.

4. Conclusions

In this study, we have prepared a leaf-shaped ZIF-8 in 
a simple and green synthesis method in aqueous media at 
room temperature. The results of this study suggested that P 
removal by L-ZIF-8 is strongly affected by parameters such 
as pH, adsorbent dosage, and contact time. Among the vari-
ous models examined, Langmuir isotherm model was found 
to give the best fit to the experimental data, demonstrating a 
monolayer adsorption with a maximum adsorption capacity 
of 51.24 mg P/g of adsorbent. The study of adsorption kinetics 
also indicated that the process was in good agreement with the 
second-order kinetic model. Use of green approach in the syn-
thesis of L-ZIF-8, high yield of L-ZIF-8 synthesis, rapid adsorp-
tion, and high capacity of L-ZIF-8 for P, all makes L-ZIF-8 an 
exceptional candidate for use as adsorbent for P removal.

Table 7
Separation factor (KR) for different initial P concentrations

Initial P concentration (mg/L) KR

5 0.117
10 0.062
20 0.032
30 0.0217
40 0.016
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Fig. 9. Kinetic models studied for P removal by L-ZIF-8: (a) pseudo-first-order, (b) pseudo-second-order, and (c) intra-particle diffusion 
kinetic models.

Table 8
Parameters of kinetic models fitted to P adsorption experiments

C0 (mg/L) qe,exp 

(mg/g)
Pseudo first order
log( ) log

.
.q q q

k
te t e− = − 1

2 303

Pseudo second order
t
q k qe q

t
t e

= +
1 1

2
2 .

Intra-particle diffusion
q k t ct p= +. .0 5

qe,cal (mg/g) K1 (min–1) R2 qe,cal (mg/g) K2 (min–1) R2 Kp (mg/g. min–0.5) R2

10 15.94 8.43 0.08 0.98 16.47 0.02 0.99 0.6 0.92
20 30.04 10.4 0.04 0.87 30.65 0.01 0.99 1.1 0.99
30 40.17 17.4 0.07 0.98 38.4 0.005 0.99 1.94 0.92
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Supplementary

Table S1
Experimental design and results for P removal by L-ZIF-8

Run no. Coded variable Response (% removal)
A B C Observed Predicted

1 0 0 0 71.8 73.8
2 –1 1 1 97 97.1
3 –1 –1 1 75 75.1
4 –1 1 –1 87 87.1
5 0 –1.5 0 56 55.8
6 1 –1 1 51 51.2
7 0 0 0 76 73.8
8 –1 –1 –1 70 70.2
9 0 1.5 0 85.5 85.3

10 0 0 0 72 73.8
11 0 0 1.5 75 74.8
12 1 1 –1 53 53.2
13 –1.5 0 0 89.2 89
93 0 0 0 74.6 73.8
15 0 0 0 75.2 73.8
16 0 0 –1.5 60 59.8
17 0 0 0 73 73.8
18 1.5 0 0 51 50.8
88.5 1 1 1 57 57.9
73.8 1 –1 –1 51 51.4


