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Abstract 

In the current study, photocoupling of Ag3Po4-Ag2CO3with 

molecularly imprinted Polymerwas synthesized and 

characterizedby XRD, FTIR and SEM analysesunder sun light. 

The results suggested theapplication of the synthesized 

photocatalyst inphotocatalytic degradation of phenol was 

studied using the Taguchimethod and the chosen parameters 

were as follows: pH (2–9), concentration(50–300 mg/l), solar 

light radiation time (30–180 min), and catalyst dosage (0.5–3.5 

g/l).The results indicate that the optimum dosage ofthe catalyst 

1.5 g/l, pH =9, phenol concentration = 50 mg/l, and irradiation 

time = 120 min, and the phenol removal efficiencyreached up 

to 73.9 % at these optimal conditions.  
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INTRODUCTION 

Molecular imprinting polymer (MIP) is a well-known 

technique to generate highly selective synthetic polymer 

receptors for target molecules. Recently, Multifunctional 

composite materials prepared from different functional 

elements have attracted great interest because of their many 

practical applications. Combining MIPs with inorganic 

nanoparticles can lead to new chemical sensors [1−3], high 

efficiency photocatalysts, [4,5] and magnetic adsorbents useful 

for fast molecular separation [6−8]. Because of their synthetic 

accessibility, molecularly imprinted polymer (MIP) is ideal 

building blocks for preparing multifunctional composites. 

Formation of a heterojunction (or interface) over two 

semiconductors has already proven to be an effective way to 

improve photocatalytic activity or stability, according to 

previous reports. Theoretically, when a p‐type semiconductor 

and n‐type semiconductor form a p–n junction, a strong inner 

electric field will be formed near the junction, pointing from n 

toward p, owing to the arrangement of the high concentrations 

of negatively and positively charged ions. The difference of the 

electric potential in the electric field can enhance the separation 

of photogenerated electrons and holes, increasing the quantum 

efficiency of the photocatalytic reactions [9–12]. The p–n 

junction photocatalysts, have been shown to exhibit a high 

photocatalytic efficiency compared with other heterojunctions. 

Therefore, Ag2CO3, as a p‐type semiconductor, can form a p–n 

heterojunction with Ag3PO4, which is an n‐type semiconductor. 

Phenolic pollutants are toxic in nature. Their presence can be 

commonly observed in the streams of various industrial 

wastewaters [13, 14]. The presence of phenolic compounds 

represents a serious potential hazard for human health and 

aquatic life, and that is why phenols have been registered as a 

priority pollutant by the US Environmental Protection Agency 

(USEPA) [15] with a permissible limit of 0.1 mg/l in 

wastewater [15, 16]. In this work, we developed a general 

photocoupling chemistry to enable simple conjugation of MIP 

with inorganic catalyst. The photocatalytic activity of the 

material was evaluated by phenol degradation under solar light 

irradiation and different conditions. 

 

EXPERIMENTAL SECTION 

Photocatalyst synthesis of Ag3PO4-Ag2CO3 

All chemicals were of analytical grade purity and used without 

furtherpurification. Briefly, 252 mg NaHCO3 and 312 mg 

NaH2PO4·2H2O were dissolved in 80 mL deionized water 

understirring. Then, 40 mL AgNO3 aqueous solutions 

(approximately0.3 mol/L) was added dropwise to the solution 

under stirring.The precipitate was collected by centrifugation, 

washed threetimes with deionized water after stirring for 12 h 

and dried inair at 70 °C for 12 h to yield the 40%‐Ag3PO4-

Ag2CO3compositephotocatalyst (40 mol% Ag3PO4 and 60 

mol% Ag2CO3).  

 

Preparation of molecular imprinted polymer 

(MIP/Ag2PO4-Ag2CO3) 

A typical procedure for preparing MIP is as following: 0.15 g 

phenol (1 mmol)and 0.12g styrene were dissolved in 10 mL of 

dichloromethane with 0.1 g of dispersed Ag2PO4-Ag2CO3 and 

stirred for 4 hours. Then 2.93 g EGDMA and 0.122 g benzoyl 

peroxide were added to the solution under nitrogen atmosphere. 

After hyper acoustic mixing, the mixture was then polymerized 

overnight by thermal initiation at 80oC, free phenol in the 
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formed polymer was continuously extracted and washed with 

methanol/acetic acid solution (9:1, v/v) until no phenol was 

detected by HPLC Instrument,phenol free MIP was washed by 

water, dried overnight and kept for further investigation.  The 

resultant polymer was coded as MIP/ Ag3PO4-Ag2CO3. 

 

Design of experiments (DOE) 

In order to photodegrade phenol, the Taguchi method, a 

powerful tool for design of experiments, wereapplied to 

determine the optimum number of the experiments [17]. This 

method has been used by other researchers for statistical 

analysis in advanced oxidation processes [18]. This technique 

includes data transformation to a signal-to-noise (S/N) ratio, 

which is a measure of the variations presented, and the larger 

the S/N ratio, the more important the factors and the better the 

results [19]. In this paper for evaluating the performance of 

synthesized catalyst,determining optimum operational 

conditionwe used the Taguchi method in which initial pH value 

of the phenol solution, concentration, dosage of the catalyst, 

and irradiationtime are considered as the effective parameters. 

The factors andtheir assigned levels are presented in Table 

(1).The photocatalytic experiments were performed using 

solutions of phenol at different initial pH values (2–9), 

concentrations (50–300 mg/l),solar light radiation time (30–

180 min), and catalyst dosage (0.5–3.5 g/l). 

 

 

Table 1:Factors and their levels for design of experiments 

Variables Levels 

1 2 3 4 

1 pH 2 5 7 9 

2 Dose (g/l) 0.5 1.5 2.5 3.5 

3 Conc.(mg/l) 50 100 250 300 

4 Time (hr) 2 3 4 6 

 

For analysis of the results andoptimization of the conditions, 

Minitab software (Version 17) was used and theefficiency of 

photocatalytic reaction was reported as % degradation. 

 

Table 2:Experimental layout for using the L16OA and experimental result for phenol removal 

Run No. pH Dose 

g/l 

Conc. 

mg/l 

Time 

hr 

%degradation S/N ratio 

1 2 5.0  50 2 00.00 36.9020 

2 2 1.5 000 3 86.06 36.7492 

3 2 2.5 250 4 00.06 37.1201 

4 2 3.5 000 6 80.00 36.5215 

5 5 5.0  000 4 00.10 37.1346 

6 5 1.5 50 6 00.00 36.9020 

7 5 2.5 000 2 86.00 36.6502 

8 5 3.5 250 3 80.00 36.5215 

9 0 0.5 250 6 80.60 36.6246 

10 0 1.5 000 4 81.00 36.7770 

11 0 2.5 50 3 00.17 37.1394 

12 0 3.5 000 2 00.70 36.9515 

13 1 0.5 000 3 81.00 36.7770 

14 1 1.5 250 2 73.9 37.3729 

15 1 2.5 000 6 86.10 36.7644 

16 1 3.5 50 4 81.00 36.7770 
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For each experiment, a solution of the phenol with desired 

concentration was prepared,and after adjusting the pH value, it 

was injected into the reactor chamber along with theneeded 

dosage of the catalyst (according to the Taguchi table). The pH 

of the solutionswas adjusted on desired values using HCland 

NaOHdiluted solutions with the aid of pH meter. After the 

reactionperiod was over, the resulting solution was analyzed by 

the HPLC.In order to monitor the phenol concentration, 

samples of the solution were taken outof the reactor after the 

reaction time and the photocatalyst particles were filtered 

andseparated after a 10 min centrifugation process at 5000 rpm 

in a centrifuge.The degree of photodegradation(efficiency) as a 

function of time, which demonstrates the efficiency ofthe 

experiment, could be calculated with the following equation: 

𝑅𝐸 = (
𝐶𝑜−𝐶𝑒

𝐶𝑜

) × 100             (1) 

Where Co and Ce (mg/l) are the initial and final phenol 

concentrations, respectively. 

RESULTS AND DISCUSSION 

Characterization of the catalyst 

The crystallographic structures of the as-prepared samples were 

examined by X-ray powder diffraction (XRD). As shown in Fig 

(1) X-ray of the Ag3PO4-Ag2CO3samples. The peaks at 18.5° 

(020), 20.6° (110), 32.6° (–101),33.7° (–130), 37.1° (040) and 

39.6° (031) are indexed to that ofmonoclinic Ag2CO3 (JCPDS 

01-073-4385)Further, the crystallite size was calculated using 

Scherrer's formula for the high intensity peak, the estimated 

grain size was found to be 87 nm with d-spacing 0.227  nm. 

The peaks at 21.0° (110),29.8° (200), 33.4° (210), 36.7° (211), 

47.9° (310), 52.8° (222),55.1° (320) and 57.4° (321) are 

indexed to that of cubic Ag3PO4 (JCPDS 00-006-0505), the 

estimated grain size was found to be 81.95 nm with d-spacing 

0.16  nm., the diffraction peaks of both Ag3PO4 andAg2CO3 can 

be observed in the MIP/Ag3PO4-Ag2CO3composite polymer 

samples but with low intensity compared to the catalyst alone. 

 

 

Figure 1: XRD patterns of prepared catalyst 

 

InFT-IR spectrum of Ag3PO4-Ag2CO3Fig (2) absorption peaks 

at 567 and 1016 cm-1 can be attributed to thestretching 

vibrations of the PO4group[20] which verify the existenceof 

Ag3PO4 in the sample, and the peaks around 1600 and3200 cm-

1 represent the physically adsorbed water on thecatalyst 

surface.the characteristic absorptionbands of CO3
-2 could be 

observed at 708 cm_1, 802 cm_1, 883cm_1, 1328 cm_1 and 1449 

cm-1[21]. Besides, the peaks at 1640cm-1 and 1540 cm-1 are 

found and the peak intention of CO3
2-. The IR peaks at 1140 

and 1730 cm−1 corresponds to C–O and C=O in EGDMA, 

respectively in case of MIP/Ag3PO4-Ag2CO3.The original 

cross-linking agent EGDMA and styrene have abundant vinyl 

groups. However, the characteristic C=C peaks at 1630, 990, 

and 910 cm-1 show low intensity that verified the crosslinking 

polymerization reaction. After surface grafting, a new 

vibrational peak appears in the polymer sample around 2990-

2995 cm−1 belongs to aliphatic C–H stretching vibration. 

Additionally, flexions at 700–1000 cm−1 corresponding to 

aromatic C–H bond can be seen in the spectra. Peaks observed 

at 1313, 1185 and 1046 cm-1 related to the =C–H in-plane 

vibration and the =C–H out-of-plane vibration is found at 617 

and 918 cm-1. Data strongly confirms the formation hydrogen-

bonding interactions between imprinted polymer and phenol 

molecule.  
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Figure 2: FTIR curves of the prepared materials 

 

Formation of specific cavities into polymer matrix loaded 

with Ag3PO4-Ag2CO3plays an important role in the selective 

reorganization and photodegradation of phenol. The surface 

morphology of free and loaded polymer was examined using 

scanning electron microscopy. SEM images Fig. 3 (A) show 

particles with a polyhedral morphology similar to rhombic 

dodecahedral particles of Ag3PO4-Ag2CO3.Irregular shapes 

were found in the prepared molecular imprinting material 

(MIP) Fig. 3 (B) has abundant pores on the coarse surfacewith 

Ag3PO4-Ag2CO3deposited on the surface of polymer Fig. 3 

(C). 

 

(A) 

 

(B) 

 

(C) 

 

Figure 3: SEM images of (A) Ag3PO4-Ag2CO3 (B) IMP (C) IMP/ Ag3PO4-Ag2CO3 

 

Photocatalytic activity 

Taguchi orthogonal array L16 shows the effect of pH, dose, 

concentration and time on the photocatalytic activity of 

Ag3PO4-Ag2CO3 on to imprinted polymerusing 

simulatedsunlight irradiation for phenol degradation.Solar 

irradiation plays an important role in thephotocatalytic 

process in order to generate hydroxylradicals, the removal 

efficiency of phenol was recorded only 10% without 

exposure to thesolar irradiation. The removal of phenol was 

due tothe adsorption mechanism on the surface of Ag3PO4-

Ag2CO3 and beside the cavity of polymer. 

The obtainedresults after elapsing the desired irradiation time 

are presented in Table(2). Theoptimum value for each 

parameter was as follows: pH = 9, phenol concentration= 50 

mg/l, catalyst dosage = 1.5g/l and solar light time = 120 min. 
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Figure 4:  Response table for mean S/N ratios of MIP/Ag3PO4-

Ag2CO3 for phenol degradation 

 

Figure 5:  Interaction plot ofMIP/Ag3PO4-Ag2CO3 for phenol 

degradation 

 

The initial concentration of organic pollutants in 

contaminated water is asignificant parameter that affects the 

efficiency of the treatment process [23]. Results also 

showthat as the initial phenol concentration was increased 

from 50 to 300 mg/L, thedegradation efficiency decreased, 

this phenomenon is dueto the decrease in the relative ratio of 

the hydroxyl radicals to the molecules of theorganic 

contaminants in the solution as suggested by Hashim et al. 

[24]. Theyfurther stated that when the concentration of the 

pollutant increases, the amount ofthe molecule adsorbed onto 

the surface of the catalyst also increases resulting infewer 

cavities bind with the recognition sites. Also, as the 

concentration of the compoundincreases, the solution 

becomes more turbid thereby reducing the amount ofphotons 

that get to the catalyst surface and as a result, the amount of 

hydroxylradicals attacking the organic molecules becomes 

limited thus reducing thedegradation efficiency [25, 26]. 

Fig(4) and confirmed by sever interaction between these 

factors as shown in Fig (5) shows the effect of catalyst 

loading on the photodegradation process. Theresults show 

that the percentage of phenol degraded increased with 

increasingcatalyst loading up to 1.5g/L of MIP/Ag3PO4-

Ag2CO3 and thereafter decreased with increasing 

MIP/Ag3PO4-Ag2CO3loading. Thedecrease in degradation 

efficiency observed beyond a catalyst loading of 1.5 g/Lcould 

be attributed to the increase in the turbidity of the solution as 

a result of theexcess catalyst present in the degradation 

reaction vessel. This leads to the so calledscreening effect that 

involves the reflectance, interception and scattering of light 

andhence a fraction of the available light rays do not penetrate 

into the solution [29]. A similar behavior was observed by 

Hashim et al. [24] who reported that inbatch or dynamic flow 

photoreactors, the initial reaction rates are 

directlyproportional to the catalyst loading indicating a true 

heterogeneous catalytic regime,but above a certain loading 

limit, the reaction rate levels off and further increase 

incatalyst loading does not benefit the process. So et al. [30] 

suggested thatagglomeration and sedimentation of the 

catalyst particles at high catalyst loadingcould also be 

responsible for the decrease in degradation efficiency. 

During optimization of the removal of phenol, all factors 

affecting the activity of should be considered, particularly pH 

which is the most important factor, the concentration of free 

phenoxide ions and OH- is expected to increase as solution 

becomesmore basic. It is evident fromthe Fig. (4) That 

removal of phenol by MIP/Ag3PO4-Ag2CO3 was lower at 

acidic pH, due to pH below 7, a significantly high 

electrostatic attraction exists between the positively changed 

surface and phenolate ion (C6H5O-) similar observation was 

reported by Nabais et al, [22]. 

The optimum contact time is 120 minunder sunlight recorded 

73.9 % removal. It is reasonable toassume that the surface of 

MIP/Ag3PO4-Ag2CO3hasmuch imprinted cavities, the 

template phenol was easyto enter into the cavities and bind 

with the recognitionsites. When the recognition sites were 

filled up,the rate of adsorption dropped significantly 

andadsorption process achieved equilibrium gradually. 

Phenol oxidation process is accompanied with evolution of 

several aromatic intermediates,data obtained from high 

performance liquid chromatography Fig (6) show 

benzoquinone, hydroquinone, catechol and phenol. 
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Figure 6:  HPLC chromatogram of phenol (a) before and (b) after degradation under sunlight. 

 

Implementation of ANOVA 

In order to conduct an analysis of the relative importance of 

each factor more systematically, an ANOVA was applied to 

the data. The main objective of ANOVA is to extract from the 

results how much variations each factor causes relative to the 

total variation observed in the result [32]. The results of 

ANOVA are listed in Table (3), degree of freedom for the 

error is 3. According to the results, the F-ratio (0.11) for pH 

is smaller than the F-Ratio for dose (0.49), concentration 

(0.51 and time (0.61). This means that the variance in pH is 

insignificant compared with the variance in dose and 

concentration that has a significant effect on the responses. 

Quantitative evaluation can be achieved using percentage 

contribution (P%) [33]. Percent contributions of all factors 

are presented in Table (3). The order of importance of factors 

is as follows: Time>Concentration > dose > pH. 

 

Table3: ANNOVA Table 

Source Degree of 

freedome 

Sum of 

squares 

Mean of 

squares 

F-value P-value Percentage contribution  

=ss/ss(tota)*100 

pH 3 2.276 0.7586 0.11 0.949 3.8 

Dose 3 10.154 3.3847 0.49 0.715 18 

Concentration 3 10.569 3.5229 0.51 0.704 18.7 

Time 3 12.680 4.2267 0.61 0.653 22.48 

Error 3 20.812 6.9372    

Total 15 56.390     

 

CONCLUSIONS 

In this research, application of photocoupling of Ag3PO4-

Ag2CO3 with molecularly imprinted polymer (MIP/Ag3PO4-

Ag2CO3) for enhanced removal of phenol under solar light 

was investigated. The results indicate that the phenol 

concentration, pH, dose and solar light radiation time are 

respectively the most effective factors in these experiments. 

Considering the efficiency of the degradation process was 

significantly high even by using small quantities of this 

photocatalyst. With regard to the above-mentioned facts this 

method can be assumed as an applicable way to remove 

phenol from wastewaters. 
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