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Abstract

Phosphate removal from polluted waters is one of the most important environmental problems. This study
aimed to remove phosphate from municipal wastewater by a ternary composite of shrimp shell-
chitosan/activated carbon/iron nanoparticles synthesized via the sonochemical method. Chitosan was
synthesized from shrimp shell via sonochemical method and then modified using orange peel-activated
carbon via synthesis of a ternary composite of chitosan/activated carbon/iron nanoparticles (CACIC).
Identification of the composite functional groups, the morphology of its surface and pores, and porosity
properties were investigated by FTIR, SEM, and BET techniques. The effect of solution pH (1-6), adsorbent
amount (0.05-0.15 g), and pollutant concentration (20-100 mg/L) on the adsorption operation was
investigated and the optimal operating conditions were determined using the Central Composite Design
(CCD). Pseudo-first-degree, pseudo-second-degree, intra-particle diffusion, and Boyd kinetic patterns were
utilized to portray the Kkinetic data, as well as the Langmuir, Freundlich, and Dubinin-Radushkevitch
isotherms to describe the adsorption equilibrium data. The results offered that the adsorption confirmed the
pseudo-second-degree kinetics (R?=1). Also, among the studied isotherms, the Langmuir pattern described
well the phosphate adsorption upon the composite (R?=0.9996) and the maximum adsorption valence was
312.5 mg of phosphate /g composite. The optimum pH of phosphate uptake was 5.92. The amount of
phosphate adsorbed by CACIC under optimal conditions was 97.05 mg/g. In general, it can be said that the
composite of chitosan/orange peel-activated carbon/iron nanoparticles performs well in the process of
phosphate ion adsorption in discontinuous adsorption.
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3 Scanning Electron Microscope (SEM)
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Table 1. Levels of parameters under investigation

Parameters Levels
-0l -1 0 +1 +a
pH 1 1 35 6 6
m (g) 0.05 0.05 0.10 0.15 0.15
Initial concentration (mg/L) 20 20 60 100 100
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Table 2. The experimental design results for the batch phosphate adsorption

Experiment Parameter 1 | Parameter 2 | Parameter 3 Response ;
m
A: pH B: m(g) C: C(mg/L) | g (mg/g) (exp.) Cal?:.((eg.g()ﬂ))
1 3.50 0.15 60.00 18.83 18.7964525
2 3.50 0.10 60.00 28.542 28.50381
3 3.50 0.05 60.00 57.153 56.8661675
4 6.00 0.15 20.00 5.66 5.71848
5 3.50 0.10 60.00 28.542 28.50381
6 1.00 0.15 100.00 32.074 32.033675
7 3.50 0.10 60.00 28.542 28.50381
8 1.00 0.15 20.00 5.44 5.438155
9 1.00 0.05 20.00 16.715 16.831145
10 3.50 0.10 60.00 28.451 28.50381
11 6.00 0.15 100.00 32.411 32.3596
12 3.50 0.10 60.00 27.978 28.50381
13 6.00 0.10 60.00 28.588 28.38036
14 1.00 0.05 100.00 96.586 96.586665
15 3.50 0.10 60.00 28.389 28.50381
16 1.00 0.10 60.00 28.089 27.98051
17 3.50 0.10 100.00 55.507 55.51737
18 6.00 0.05 100.00 97.045 97.10604
19 3.50 0.10 20.00 2.645 2.31905
20 6.00 0.05 20.00 17.1999 17.30492

¢ Pseudo-first-order model

7 Pseudo-second-order model

8 Intra-particle diffusion model
° Boyd's kinetic model
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Fig. 1. SEM images of (a): Chitosan, (b): Activated carbon, (c,d): CACIC composite, (e): Mapping analysis of
CACIC composite
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Table 3. The dissolved % of chitosan and composite (modified chitosan) at pH=1

Time (h) Dissolved % for Chitosan Dissolved % for Composite
5 58 0
10 91 0
15 100 0
20 100 0.94
30 100 2.58
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Fig .4. Zeta potential of the composite at various pH
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Table 4. Evaluation of the accuracy of models

Models Std. | P-value | P-value for R? Adjusted | Predicted | PRESS Adeq C.V.
Dev. Lack of fit R? R? Precision | %
Linear 10.77 | <0.0001 <0.0001 0.6741 0.8522 0.8245 4089.32
2FI 5.83 0.0002 <0.0001 0.7896 0.9486 0.9486 2640.25
Quadratic 0.24 <0.0001 0.3632 0.9998 1 0.9999 2.18 558.453 0.722
Cubic 0.28 0.8028 0.0890 0.979 1 0.9999 263.0

l)).:‘]: JAA F-Value )L).AA el 00 43|)‘ (W) J5J> L CACIC w)wls L) Slaws u.).> M])S 6‘)) (wb)‘g JAlZJ) ANOVA de..>
oloin Joe Jgu8 b cBs oasms ylas (solgris Jow (/YPYY) sl pac 5 (< 0/0001) Jow i, p-value jolie Y- F/VY

VTSN ).ula S ol gl land adgl clale g O3l Jlade sla el )b Jg60,ls (Slawd Caz i) 0l b mul p sl

I35 o 53l Fwly QI ke g adsl cdale gla el )l iiSen  cpioren

oolizil b clind e ol 1 |y land adgl clale el as 51 5 il ke el sgages il e Jsam ol 4 o il,) glaosls

,[va]mos‘, Olid 0 Jinw Ca jaualS

= L () 00y Gd Dland Jlode o i )y 1, Design Expert 10.0.4 1581 ¢ 5 Lawgs oo slgiian pgo 4,0 Joo (VY) alal,

00 &5, (V) Jgaz 5 bl cpal b o drlins sids i lid )50 a2 so Lt i adgl clale 5 3l laie PH clojzal b

q=24.022 + 0.474A — 726.843B + 1.298C — 0.386A4B +
0.000114AC — 6.645BC — 0.0517A4% + 3731.85B% + 0.000259(?

Table 5. Analysis of Variance (ANOVA) for batch adsorption of Phosphate

Al oo SO0l (2,25 sools 4y a5 il

Q)

Source SS (Sum of Squares) df MS (Mean Square) F-Value P-value Prob > F
Model 12549.01 9 1394.334 24204.23 <0.0001
A-pH 0.39996 1 0.39996 6.9429 0.0249
B-Mass 3620.796 1 3620.796 62853.35 <0.0001
C-Conc. 7073.637 1 7073.637 122791.2 <0.0001
AB 0.018711 1 0.018711 0.324812 0.5813
AC 0.001037 1 0.001037 0.018008 0.8959
BC 1413.288 1 1413.288 24533.24 < 0.0001
A2 0.287559 1 0.287559 4.991736 0.0495
B"2 239.3656 1 239.3656 4155.144 <0.0001
Cn2 0.471639 1 0.471639 8.187178 0.0169
Residual 0.576071 10 0.057607
Lack of Fit 0.335095 5 0.067019 1.390579 0.3632
Pure Error 0.240975 5 0.048195
Cor Total 12549.58 19
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Fig. 6. The 3D plots for the simultaneous effect of (a): pH and mass of adsorbent, (b): pH and initial concentration
of phosphate, (c): mass of adsorbent and initial concentration of phosphate
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Fig. 7. The effect of time on the amount of adsorbed phosphate using CACIC
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Table 6. Constants and regression coefficients of the studied kinetic models for phosphate ion adsorption

Pseudo-first-order Pseudo-second-order Intraparticle diffiusion model Boyd model
k(mint) 0.0483 Ka(g/mg.min) 0.0321 Kig (min1) 0.6204 ksg (mint) 0.0484
ge(mg/g) 5.3616 ge(mg/g) 97.087 Width of origin ~ 90.987 Width of origin  2.3981
R? 0.8788 R? 1 R? 0.5842 R? 0.8788
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Table 7. Results of matching phosphate equilibrium data with different isotherms

Langmuir isotherm Freundlich isotherm D-R isotherm
KL (L/mg)  Qmax (Mg/g) R? Ke(L/g) n R? 0sx102 (mol/g) E (Kj/mol) R?
0.0227 3125 0.9996 7.024 11002 0.9181 | 0.0566 14.4720 0.8702
Phosphate
160
®  Freundlich adsorption isotherm
140 4 Langmuir adsorption isotherm ]
Dubinin-Radushkevich isotherm -
120 =
- — -EXP. o =
100 -
B ol
é 80 e ‘!
& 60 -
40 .
20 5 |
0 _of
0 5 10 15 20 25 30
Ce(mg/l)

i sleegnl b Jolas ploj yo ead i Slind jladie (o Sy A SO
Fig. 8. Prediction of the amount of phosphate equilibrium adsorption by different isotherms
s gl 00 oolitl (sleedle (S e bl oA sz
Table 8. Adsorption capacities of some adsorbents for phosphate

Adsorbent gmax (MQ/Q) Ref.

Magnetic biochar prepared from crab shells 149.27 [26]

Calcium aluminate decahydrate (CAH10) 89.58 [28]

Hybrid zirconia hydrogels 209.64 [29]

ZnO/PUF composites 460.25 [30]

Ce/Al oxides (Ce(3)Al(10)) 210 [31]

Magnesium (Mg)-loaded biochar 109.35 [32]
CACIC composite 312.5 This work
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Table 9. Thermodynamic parameters of phosphate adsorption

Temperature(K) | K (mol/L) | AG° (kd/mol) | AH°kJ/mol) AS? (kJ/mol.K) R?
298.15 0.01748 -10.031
308.15 0.01629 -10.548 -35.34613 -0.055916 0.9935
318.15 0.00777 -12.848

Van 't Hoff Equation for Phosphate
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Fig. 9. Drawing van’t Hoff equation (eq. (11)) for phosphate ion adsorption
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Fig. 10. Amount of adsorbed phosphate in consecutive cycles
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