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Abstract

The application of coagulation processes for the treatment of stone quarrying wastewater has increased considerably in
recent years. However, limited information is available regarding the appropriate coagulant type, optimum dosage, and
pollutant removal efficiency. This study aimed to evaluate the performance of several organic and inorganic coagulants,
including polyaluminum chloride (PAC), aluminum sulfate (alum), ferric chloride, zeolite, anionic polyacrylamide
(APAM), and cationic polyacrylamide (CPAM), for the treatment of wastewater generated from different stone-
processing industries (granite, marble, and travertine) located in Mahmoudabad Industrial Town, Isfahan, Iran. In this
experimental study, the effects of coagulant dosage and mixing conditions on the treatment of four types of raw
wastewater were investigated using the Response Surface Methodology (RSM). The results indicated that the optimum
dosages of zeolite, ferric chloride, and PAC were 200 mg/L, while the optimum dosage of aluminum sulfate was 100
mg/L. For both anionic and cationic polyacrylamide, the optimum dosage was 0.5 mg/L. APAM, CPAM, and PAC
exhibited the highest treatment performance among the tested coagulants, respectively. Zeolite showed the lowest removal
efficiency (16.5%) for white travertine wastewater, whereas APAM achieved the highest removal efficiency (98.1%) for
marble wastewater. Furthermore, analysis of the operational parameters demonstrated that mixing speed and coagulant
dosage had the greatest influence on turbidity removal, whereas mixing time showed a comparatively lower effect.
Overall, polymer-based coagulants, particularly APAM and CPAM, proved to be highly effective for the treatment of
stone-processing wastewater
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Table 1. Factors and levels considered for the coagulant experiment

Group Factor Unit Level 1 Level 2 Level 3 Level 4
A:Mixing Time (min) 1 5 10
Group 1 B:Mixing Speed (rpm) 50 150 200
C:Coagulant Dose (mg/L) 0.5 10 20
A:Mixing Time (min) 1 5 10
Group 2 B:Mixing Speed (rpm) 50 150 200
C:Coagulant Dose (mg/L) 20 100 200

el g Ba) 4 p3 5 dol slaey S gl ki b s bl Y Jpur

Table 2. Designed experiments for the first and second groups using the response surface methodology

Experiment No. Time Speed  Coagulant Dose  Experiment No. Time Speed  Coagulant Dose
Group 1 (min) (rpm) (mg/L) Group 2 (min) (rpm) (mg/L)
1 5 50 10 1 1 150 100
2 5 150 0.5 2 1 50 200
3 5 200 10 3 10 150 100
4 10 100 20 4 50 200 100
5 1 100 10 5 5 100 200
6 10 50 10 6 10 50 200
7 1 50 20 7 1 200 200
8 1 100 10 8 5 200 100
9 1 100 10 9 10 100 50
10 10 150 1 10 5 200 100
11 5 100 20 11 10 50 20
12 10 200 10 12 100 20
13 5 200 10 13 100 200
14 5 50 0.5 14 150 20
15 1 200 0.5 15 10 200 200
16 2 100 1 16 1 50 100
17 10 200 20 17 10 150 100
18 10 150 1 18 10 200 20
19 1 200 20 19 5 100 20
20 5 100 20 20 2 200 50
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Table 3. Qualitative parameters of the studied stone-cutting wastewater

Parameter Granite Wastewater Yellow Travertine Wastewater White Travertine Wastewater Marble Wastewater

pH 93+0.1 8.8+02
EC (uS/cm) 7790 + 0.4 1333+ 0.6
Turbidity (NTU) 1172402 1049 + 0.1

84+0.3 8.63£0.1
7490 +£ 0.8 7624 £ 0.5
1402 + 0.5 1461 £0.3
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Table 4. Maximum and minimum turbidity removal percentages for each coagulant (Results from RSM-designed
experiments)

Maximum and Minimum Turbidity Removal Percentage

Coagulant Type Mixing Mixing Speed Coagulant
v YP€ " Time (min) (rpm) Dose (mg/L)  \farple White Yellow Granite
Travertine Travertine
Anionic 10 150 1 97.8
Polyacrylamide
5 150 0.5 98 97.6 98.1
Cationic 5 150 0.5 95.8 95 94.6 95.6
Polyacrylamide
Aluminum 5 200 200 88.5 88.3 86.1 87.4
Sulfate
10 50 200 89.9
Ferric Chloride 5 100 200 89.6
10 200 200 90.1 90.4
Poly Aluminum ! 200 200 95 94.5 87.5 92.4
Chloride
Zeolite 5 100 200 81.4 90.5 525 79.9
o 1 50 20 80.5 81.9
Anionic
Polyacrylamide
5 100 20 81.8 83.7
Cationic 1 50 20 83.4 79.9 77 81.8
Polyacrylamide
Aluminum 5 100 20 79 79.6 78.4 79
Sulfate
Ferric Chloride 5 15000 20 79.7 78.7 77.5 77.8
Poly Aluminum
Chlonido 10 20 78.1 76.2 67.5 74.5
Zeolite 10 50 20 524 75.9 16.5 62.5
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Table 5. Results of the ANOVA statistical analysis

O\Ken 5 obisle Sl 5 5

Coagulant Wastewater Index Model Mixing time Mixing speed ng%:;nt
Granite F 216.37 22.14 79.55 1621.44
p <0.0001 0.0008 <0.0001 <0.0001
Yellow F 174.50 20.03 92.91 1251.92
Polyacrylamide travertine p <0.0001 0.0012 <0.0001 <0.0001
Anionic White F 44.46 0.32 8.28 236.07
travertine P <0.0001 0.5795 0.129 <0.0001
Marble F 107.51 11.74 44.09 790.48
p <0.0001 0.0065 <0.0001 <0.0001
Granite F 121.25 0.24 9.19 354.82
P <0.0001 0.9562 0.0079 <0.0001
Yellow F 105.88 0.32 14.46 575.91
Polyacrylamide travertine p <0.0001 0.5796 0.0022 <0.0001
Cationic White F 86.29 0.78 40.14 611.19
travertine P <0.0001 0.3977 <0.0001 <0.0001
Marble F 84.86 5.07 24.26 660.76
P <0.0001 0.9825 0.0006 <0.0001
Granite F 58.83 2.79 17.03 165.98
p <0.0001 0.1257 0.0021 <0.0001
Yellow F 4757 4.11 13.50 127.36
Aluminum travertine p <0.0001 0.0700 0.0043 <0.0001
Sulfate White F 54.83 1.09 11.23 240.11
travertine P 0.0001 0.3205 0.0074 <0.0001
Marble F 42.13 1.21 11.46 119.88
P <0.0001 0.2965 0.0069 <0.0001
Granite F 20.69 221 0.096 61.34
P <0.0001 0.1561 0.7607 <0.0001
Yellow F 215.27 7.21 43.33 1694.49
Iron Chloride travertine p <0.0001 0.0229 <0.0001 <0.0001
White F 206.82 2.69 25.90 809.37
travertine P <0.0001 0.1320 0.0005 <0.0001
Marble F 206.82 2.69 41.08 1655.61
p <0.0001 0.1320 <0.0001 <0.0001
Granite F 196.15 3.36 7.66 1419.55
P <0.0001 0.0968 0.0199 <0.0001
Yellow F 20.02 0.12 1.25 155.34
Polyaluminum travertine p <0.0001 0.7358 0.9724 <0.0001
Chloride White F 33.71 0.46 3.74 26.234
travertine P <0.0001 0.5134 0.0881 <0.0001
Marble F 81.78 1.04 3.44 624.11
p <0.0001 0.3311 0.0932 <0.0001
Granite F 14.37 0.029 10.19 92.21
P <0.0001 0.8688 0.0096 0.0001
Yellow F 174.50 20.03 91.92 1215.92
. travertine P <0.0001 0.0012 <0.0001 <0.0001
Zeolite White F 44.46 0.32 8.8 236.07
travertine P <0.0001 0.5795 0.0129 <0.0001
F 107.51 11.74 44.09 48.79
Marble P <0.0001 0.0065 <0.0001 <0.0001
00
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Figure 1. Interaction effects of mixing time - coagulant dosage, mixing speed - coagulant dosage, and mixing time - mixing
speed on turbidity removal from 4 types of stone-cutting wastewater using zeolite
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Figure 2. Interaction effects of mixing time — coagulant dosage, mixing speed — coagulant dosage, and mixing time — mixing
speed on turbidity removal from 4 types of stone-cutting wastewater using polyaluminum chloride
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Figure 3. Interaction effects of mixing time — coagulant dosage, mixing speed — coagulant dosage, and mixing time — mixing
speed on turbidity removal from 4 types of stone-cutting wastewater using ferric chloride
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Figure 4. Interaction effects of mixing time — coagulant dosage, mixing speed — coagulant dosage, and mixing time — mixing
speed on turbidity removal from 4 types of stone-cutting wastewater using aluminum sulfate
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Figure 5. Interaction effects of mixing time—coagulant dosage, mixing speed—coagulant dosage, and mixing time—mixing speed
on turbidity removal from 4 types of stone-cutting wastewater using cationic polyacrylamide
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Figure 6. Interaction effects of mixing time—coagulant dosage, mixing speed—coagulant dosage, and mixing time—mixing speed
on turbidity removal from 4 types of stone-cutting wastewater using anionic polyacrylamide
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Table 6. Electrical conductivity (EC) and pH values

Coagulant Wastewater Initial pH Final pH Initial EC Final EC
Granite 9.2+0.1 8.6+0.1 8270 7333
Zeolite Yellf)w traver‘Fine 9.1+0.2 8.7+0.06 1252 1108
White travertine 8.9+0.1 8.1+0.1 7690 6810
Marble 8.8+0.1 8.3+0.05 7740 6180
Granite 9.1+0.5 7.5+£0.2 7340 6146
Polyaluminum Yellow travertine 8.6+0.05 7.9+0.1 1088 2340
Chloride White travertine 8.2+0.05 7.7+0.1 6760 7852
Marble 8.3+0.1 7.8+0.2 7720 8242
Granite 8.8+0.1 7.4+0.4 7921 3961
Iron Chloride Yellf)w traver‘Fine 8.6+0.05 7.5+0.3 1358 872
White travertine 9.1+0.2 7.8+£0.4 7966 4333
Marble 9.3+0.1 7.7+£0.2 7542 4184
Granite 9.8+0.02 7.3+0.05 8310 5526
Aluminum Sulfate Yellf)w travert.ine 8.84+0.05 7.6+0.05 1535 984
White travertine 8.2+0.1 7.9+0.1 8420 5376
Marble 8.7+0.05 7.8+0.05 8340 5845
Granite 8.9+0.2 7.5+0.3 7620 2720
Polyacrylamide Yellow travertine 8.540.1 7.3+0.4 1124 682
Cationic White travertine 8.1+0.2 7.8+0.3 7070 4443
Marble 8.3+0.5 7.840.3 7380 4268
Granite 8.1+0.3 6.84+0.05 7410 1946
Polyacrylamide Yellow travertine 8.840.2 6.9+0.1 1618 534
Anionic White travertine 8.7+0.1 7.2+0.1 7511 2114
Marble 8.9+0.2 7.1£0.2 7100 1887
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Table 7. Evaluation of suspended and dissolved solids removal efficiency in wastewater using the three best coagulants

Coagulant Wastewater Initial TDS Final TDS  TDS removal Initial TSS  Final TSS  TSS removal
(mg/L) (mg/L) percentage (mg/L) (mg/L) percentage

Granite 1962 203 89.7 1232 105 91.5
Polyaluminum  Yellow travertine 1444 125 91.3 2370 162.2 93.2
Chloride White travertine 3218 442 86.3 2734 298 89.1
Marble 1224 139 88.6 1676 156 90.7
Granite 1962 102 94.8 1232 61 95
Polyacrylamide  Yellow travertine 1444 61 95.8 2370 74 96.9
Cationic White travertine 3218 318 90.1 2734 213 92.2
Marble 1224 105 914 1676 94 94.4
Granite 1962 57 97.1 1232 19 98.5
Polyacrylamide  Yellow travertine 1444 20 98.6 2370 45 98.1
Anionic White travertine 3218 159 95.1 2734 88 96.8
Marble 1224 31 97.5 1676 40 97.6
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