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ABSTRACT

Water resource contamination by effluents from the carpet dyeing industry,
containing persistent dyes and heavy metals, poses a serious environmental
challenge. This study evaluated the efficiency of two indigenous biosorbents from
Fars Province, date pit (Phoenix dactylifera) and olive pomace (Olea europaea), for
simultaneous removal of industrial dyes (cationic, reactive, and direct) and heavy
metals (Cr(I11), Cu(ll), and AI(I1I)) from real carpet dyeing wastewater. The
adsorbents were characterized using BET, FTIR, SEM-EDX, and XRD after
standard processing (100 °C, 100-200 um particle size). Results demonstrated that
olive pomace, with a specific surface area of 623 m#/g, pore diameter of 2.8 nm,
and a higher density of oxygenated functional groups, exhibited superior
performance compared to date pit (457 m2/g, pore diameter 2.5 nm). Both
adsorbents were classified as mesoporous (2-50 nm) according to IUPAC
classification. Optimization studies using a one-factor-at-a-time approach
determined optimal conditions of pH=5.5, adsorbent dosage 4 g/L, contact time 90
minutes, and temperature 25°C. Under these conditions, removal efficiencies by
olive pomace for cationic, reactive, and direct dyes were 95.2, 88.4, and 83.4%,
respectively, and for chromium, copper, and aluminum were 89, 88, and 80%,
respectively. Kinetic analysis showed that data followed the pseudo-second-order
model (R2>0.99), indicating that the adsorption mechanism is primarily chemical.
Isotherm studies demonstrated excellent fit with the Langmuir model (R2>0.98),
indicating monolayer formation on a homogeneous surface. Maximum adsorption
capacities of 92.5 mg/g for cationic dye and 56.2 mg/g for Cu(ll) were obtained.
Thermodynamic analyses confirmed the process's spontaneity and endothermic
nature. XRD analysis confirmed the structural stability of the adsorbents after five
usage cycles and showed regeneration capacities of 87% and 85% for olive pomace
and date pits, respectively. This circular economy-based approach, with cost
reductions of 65 and 58% compared to commercial activated carbon, demonstrates
high potential for laboratory-scale application and simultaneously addresses two
regional environmental challenges (agricultural waste management and industrial
wastewater treatment).
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Figure 1: Adsorbents used in the present study: a) Date kernel and its

powder, and b) Olive kernel and its powder.
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Parameter

Chemical
structure

Molecular
formula

IUPAC
chemical
name

Molar mass
g/mol
Maximum

absorption
(A_max / nm)

Target fiber
type

Light fastness
(1so
105-B02)
Wash
fastness (1SO
105-C06)
Perspiration
fastness (1SO
105-E04)
Functional
groups
Water
solubility
g/L, 25°C

Product code
Merck

Parameter

IUPAC
Molecular formula
Number of water
molecules

Product code
Merck
Molar mass (g/mol)
Metal valence
Appearance (color)
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Table 1: Technical and chemical specifications of the dyes used in the research.

CZ4HZ9N3 04

2-{4-[bis(2-hydroxyethyl)amino ]phenyl}-6-
(diethylamino)-1H-benzo[de]isoquinoline-

1, 3(2H)-dione

350.8 (Merck label)

420 (UV-Vis)

Acrylic

7 (medium)

5 (acceptable)

5 (alkaline)

—N*(CHs)s (cationic)

50

Merck, Germany
>95%

861286

SO;Na
="

=/ N N HQ
NaOsS N O N NHy
0y -
N

20,5
O3Na

0 NH,

o N : _S0O,CH,CH,080;Na

C22H16CINsNa201:Ss

disodium

3-({4-chloro-6-[(3-sulfonatophenyl)amino]-
1,3,5-triazin-2-yl} amino)-4-hydroxynaphtha

lene-2,7-disulfonate

626.6 (Merck label)

592 (UV-Vis)

Wool

6 (medium)

4 (poor)

4 (acidic)

—S0s™ +—Cl (reactive)

100

Merck, Germany

>98%

oolawl 3,90 Ls)'.lé 6[.&4_3‘_\50 LF‘B Slasin Y Jg-\?
Table 2: Technical specifications of the metal mordants used.

Aluminum Mordant (Aluminum potassium

bis(sulfate) dodecahydrate)

aluminum potassium bis(sulfate)

dodecahydrate
KAI(SOs)2 12H:0

>99.0%
12H20
101047
474.3
AP+
white crystals

120

Chromium Mordant (Potassium
dichromate (V1))

potassium dichromate(\V1)

K2Cr207
>99.5%

Anhydrous
104864

294.2
Cret / Cr**
orange crystals

130

C34H23N6NasO16S4

tetrasodium
7-({4-[(7-amino-1-hydroxy-3-sulfonato-
2-naphthyl)diazenyl]phenyl}diazenyl)-8-
hydroxynaphthalene-1,3,6-trisulfonate

1029.8 (Merck label)

580 (UV-Vis)

Cotton

5 (poor)

3 (poor)

3 (acidic)

—SOs™ (anionic)

80

Merck, Germany

>92%

Copper Mordant (Copper (1)
sulfate pentahydrate)

copper(ll) sulfate pentahydrate
CuSO4-5H-0
>99.0%
5H20
102790
249.7
Cu**
blue crystals

320
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Table 2: Continued.

complex formation with —OH
groups

skin and eye irritant (GHS07)

Mechanism of action

Safety hazards

Environmental limit

ppm UEERR)

oxidation/reduction + complex

complex formation with nitrogen

formation ligands
carcinogen category 1 (GHS08) acute toxicity (GHS05)
0.05 (EPA) 0.02 (EPA)

Boiling
temperature, 90
minutes

i Cooling
10 minutes and
rinsing
40°C
Chemical dye,
Distilled auxiliaries
water, T
Target
fibers

g 50 SLIl plend (65,55, S Y S
Figure 2: Chemical dyeing curve of the fibers under study.

Bi> 50 gy 9 by s gl Sl LB (v 2 e
b G55, b ey SUL 82 65,5, slaclay oS 2
Sl 5 romiliy Slog S50 poriposl] a5 (5308 wlais a5 ol
48B3 A Do ay (oo sles 9 10+ Jolowe y A Curd 5 (e
Chle 5 yglaer Jol> glacley siad 555, 6l o oKk
5ol (il i olRis b (e 5 poizesl] eps,S) (S 318
oolaiwl )50 L3> o Sloe b5l sl aly sloosls laie 4 b o
» b Gbodlr GUls 385 Giom GGl (g cnl xS 18
355, lulyd 35 wal B 1) geio Glaclay jl S Sl S
ool ovalie JBY Jour o ¥ K2 )0 (gl 9590 S| (orbs

Boiling
temperature, 90
minutes
2°C/min
. Cooling
10 minutes and
rinsing
40°C 7
Madder, metal
Distilled mordant, acid
water,
Target
fibers
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Figure 3: Traditional dyeing conditions in the present study with
different metal mordants.

2 NIST: National institute of standards and technology
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Table 3: Traditional dyeing conditions in the present study with
different metal mordants.

Madder dye 30% o.w.f.  30% o.w.f. 30% o.w.f.

Alum mordant
(Aluminium
sulfate)
Potassium

dichromate -
mordant
Copper sulfate
mordant

5% o.w.f. - -

5% o.w.f. -

- 5% o.w.f.

Oxalic acid 3% o.w.f. 3% o.w.f. 3% o.w.f.

Wool fibers 29 29 29
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Figure 4: The surface micromorphology of date kernel powder based
on SEM-EDX (magnification 50,000X).
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Figure 5: The surface micromorphology of olive kernel powder based
on SEM-EDX (magnification 50,000X).
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Figure 6: Comparison of surface and chemical properties of date and
olive kernel adsorbents.
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Overlay FTIR Spectra: Date Pit vs Olive Pomace
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Figure 8: FTIR spectra of olive pomace and date kernel powder
(showing bands indicative of surface functional groups).

CM™ 4l )3 e g 698 Hlows Al prals by Al
3 JeeS pals ald (JeS gy g (8 OH) YY- o —YF- -
g VPee em™ glaald oYL ool ol en 4y (C=0) VY- cm™?
YL ST o0 s o( il il C-O 5 Siilog,] C=C) - ¥
Lol 53k g (i SelenS'5 S slog S

C-0 5 C=0 (slaals Lol OH il zils 525 b o5 ats jo5:
G 5 SekenS 55 sloog S 5l (58 il 5 ced Faad o] o
IREXPPL

2 e Jld bl (o515 slins 4y (00,8ae (b & eglis (]
S8 Glali, Qi vsdioe cge 5 03 g AW e
R P L O e
5 CU ale) (S D3l o @i (izen 5 oSy 2SI
28 Dyge i se oy (i 5 COOH (slaog S alwsgas (Cr

@ S SIS, sl Loy ates iz cod)b S5 pe
@ bl ol pleida lizes LSl 25 5 OH 093 ale cle
<o) 53 lagyg iz sl (b g Jeige)S A (oo hnd s
OFNY) &S (0,155 gy Q3 4 )

G FTIR o g )lsle g oS 5 glis (nl Gighy @S Gilhe
b a Cand el Cde cid b g0 Ve B ol
ooz oVl lojed Bl ;0 g 0l i 1555, g 318 Bis

el o gine MalS oles Sy

BET (yg031 gl (2bj)l -Y-)-¥

Ol (A S 9 ¥ Jouz) (gl cnl o BET elge (ooS (o) 2
4 7YY mZ/g °:).'.’.5 c.‘a_m colww la Uﬁ’“") Jlas UOL> as MOLSA
FOV o9 s L Lo ym divn j0gy 4y S (glada>de LB 5l
a3 o slid 055 5l (g 3Vl o Slee Mg

a0 Date Pit EDX Spectrum

69.5%

Weight Percent (%)

1.5% 1.4%
T T

o K ca
Element

Olive Pomace EDX Spectrum
80 72.1%

70

60

50

40

Weight Percent (%)

0.7% 0.7% 0.7%

T
K P Others

Element

EDX (5051 Lolasl 1 losdls o yolie Gjs doyo jloges (¥ i
Figure 7: Weight percentage diagram of the surface elements of the
adsorbents based on EDX analysis.
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Table 4: BET analysis data of two adsorbents (olive pomace and date kernel powder).

Specific surface area (m?/g) | Total pore volume (cm3/g) | Average pore diameter (nm) | Pore diameter deviation (nm)

Olive pomace 623 ~0.42

Date pit powder 457 ~0.37
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Figure 10: Nitrogen gas adsorption and desorption isotherm curves
for the adsorbents studied in the BET analysis.
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Figure 9: Comparison of BET analysis of two adsorbents (olive
pomace and date kernel powder.
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XRD Analysis of Date Pit Adsorbent Before vs. After Dye Adsorption Cycles
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Figure 11: Comparison of XRD patterns of natural adsorbents of date
kernel and olive pomace before and after five cycles of pollutant

adsorption and desorption.
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Figure 12:.1sotherm study of date kernel and olive pomace adsorbents in the researched study with Langmuir and Freundlich isotherms.
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Table 5: Langmuir isotherm parameters for adsorption of various

dyes.
Date pit Cationic 85.30 0.15 0.987
Date pit Direct 68.90 0.952
Olive pit Reactive 85.30 0.987
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Figure 13: R? values for the kinetic fitting of adsorption for date kernel and olive pomace.
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Table 6: Adsorption Kinetic parameters.

g. (mg/g) 421

Pseudo-first-order k1 (1/min) 0.045 0.038
R? 0.94 0.92

e (mg/g) 44.8 38.3

Pseudo-second-order  k, (g/mg.min)  0.0012 0.0010

R? 0.99 0.98
Kig 3.25 2.87
Intra-particle diffusion c 8.45 7.32
R? 0.89 0.86
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Table 8: Pseudo-second-order kinetic parameters for different dyes.

Date pit Cationic 0.0025 0.991
Date pit Reactive 71.8 0.0021 0.986
Date pit Direct 68.5 0.0019 0.979
Olive pit Cationic 91.7 0.0028 0.939
Olive pit Reactive 84.9 0.0024 0.989
Olive pit Direct 79.2 0.0021 0.983
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Table 8: Comparison of Maximum Adsorption Capacity (qm) for All Studied Pollutants.

Pollutant Date Pit Performance Increase (%) Best Model

Cationic Dye (mg/g)

Langmuir

Direct Dye (mg/g)

Langmuir

Cu(ll) (mg/g)

Langmuir
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Table 9: Parameters of intraparticle diffusion (weber—morris) and
boyd models for adsorption onto date pit and olive pit adsorbents at a

concentration of 4 g/L for all the chemical dyes and heavy metals
investigated.

2.87
Kig 3.25 mg/g-min mg/g-min
R? 0.89 0.86
0.042 min™! 0.038 mint
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Table 10: Dye removal efficiency at optimal concentration (4 g/L).
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Figure 14: Comparison of experimental and theoretical equilibrium
adsorption capacity for kinetic model validation.
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(b) Linearized Langmuir isotherm
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Figure 15: Performance of natural olive and date kernel adsorbents in removing reactive, direct, and cationic dyes.
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Table 11: Adsorption performance of date kernels for heavy metals.

Initial concentration (ppm) | Final concentration (ppm) | Removal efficiency (%) | Adsorption capacity (mg/g)

Chromium 100
Aluminum 75 23
Copper 150 23

70 20.8

84 50.8
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Table 12: Olive kernel adsorption performance for heavy metals.

Initial concentration (ppm) | Final concentration (ppm) | Removal efficiency (%) | Adsorption capacity (mg/g)

Chromium
Aluminum 75 15
Copper 150 18

89% 35.6
80% 24.0
88% 52.8
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Table 13: Kinetic parameters of the adsorption performance of olive and date kernels for heavy metals.

Date pit Chromium
Date pit Aluminum
Date pit Copper
Olive pit Chromium
Olive pit  Aluminum
Olive pit Copper

31.2
19.5
49.3
34.8
23.1

51.6

0.0018 0.992
0.0012 0.985
0.0021 0.994
0.0020 0.995
0.0015 0.988
0.0024 0.997
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Figure 16: Percentage of metal removal at different adsorbent concentrations.
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Table 14: Langmuir isotherm parameters of metal adsorption by date
and olive kernels.

Date pit Chromium 35.1 0.12 0.981

Date pit Copper 0.15 0.986

Olive pit  Aluminum 0.10 0.978
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Figure 17: Comparison of maximum adsorption capacity of heavy
metals by the studied adsorbents.
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Table 15: Comparison of the results of the present study with similar studies.

Target
dye/metal

Maximum
adsorption

capacity

study) 457 Cationic dye 142.3
Olive pomace .
(present study) 623 Cationic dye 156.7
Olive pomace
(present study) 623 Cu(In) 56.2
Modified date pit 385 Methylene Blue 125.4
AENTEED 007 542 Crystal Violet 134.7
pomace
Orange peel 298 Congo Red 87.6
Banana peel 245 Cr(VI) 42.8
Tea waste 412 W TS 98.4
Green
Almond shell 367 Pb(Il) 78.9
Rice waste 189 Cd(ln) 38.2
Raw olive pit 423 Reactive Bl 89.3
Wheat straw 267 Cu(ll) 45.6
Corn waste 198 Zn(I1) 34.7
Pomegranate peel 445 Direct Red 80 112.8
Grape pomace 356 Ni(ll) 52.1
Pistachio shell 312 Basic Red 46 94.7
Palm waste 278 Mn(ll) 29.8
CirTEeEl 1050 Methylene Blue 185.2

activated carbon

RENIYEL

efficiency Optimal conditions Ii?#]g'(br;:l;r;

(%)

92.1 pH =55, 4 g/L, 25°C 9 ;:é;
94.6 pH =55, 4 gL, 25°C 90 SI:&?/
87.4 pH =55, 4 g/L, 25°C 90 smi/
89.2 pH=7.0,2 gL, 30°C 120 @3)
91.8 pH = 6.0, 3 g/L, 25°C 180 (44)
85.3 pH = 4.0, 5 /L, 40°C 150 45
83.7 pH =2.0,6 g/L, 35°C 240 (46)
88.1 pH=8.0, 3 g/L, 25°C 200 @7)
92.5 pH =50, 4 g/L, 30°C 120 48)
79.4 pH=6.0,8 g/L, 25°C 300 (49)
86.7 pH =3.0, 5 g/L, 45°C 180 (50)
812 pH =55, 6 g/L, 25°C 180 (51)
76.8 pH = 6.0, 7 g/L, 30°C 240 (52)
90.4 pH = 2.0, 3 g/L, 35°C 150 3)
84.9 pH =50, 4 g/L, 25°C 180 (54)
87.6 pH=7.0,5g/L, 30°C 210 (55)
735 pH = 6.5, 8 g/L, 25°C 300 (56)
96.8 pH=7.0, 1g/L, 25°C 60 7)
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Figure 18: Schematic of the adsorption mechanisms of heavy metal ions and dyes by natural adsorbents: (a) physical adsorption; (b) chemical
adsorption; (c) ion exchange; (d) electrostatic interactions; (e) specific chemical reduction of Cr(V1) to Cr(lll).
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Figure 19: Effect of operational parameters on adsorption removal efficiency for dye and heavy metal pollutants using date pit and olive pit
adsorbents: (a) influence of initial solution pH, (b) effect of contact time, (c) effect of temperature, and (d) influence of initial pollutant concentration.
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Table 16: Thermodynamic parameters of the adsorption process.

Pollutant AG® AH° AS° Process
(kJ/mol) [ (kJ/mol) | (I/mol-K) nature

Cationic Spontaneous,

B 180 243 1442 endothermic
Spontaneous,

i 02 el 218 endothermic
Cr(111) _14.8 +19.4 +115.3 Spontaneous,

endothermic
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Table 17: Evaluation of the performance of adsorbents in successive reuse cycles.

Cat'?(?.m. dye r%moval Cu(l1) removal efficiency (%) | Desorption efficiency (%) | Cumulative weight loss (%)
Cycle efficiency (%)

92.1+1.2 94.6+£0.8 853+1.5 874+1.1

86.4+

1.6 89.7+1.2 79.2+2.1 81.5+1.6 85.1+2.4 87.8+1.9

78.5+£2.2 82.7+1.6 71.4+2.6 74.2+2.1 79.8+3.1 82.9+2.5

100

Removal Efficiency (%)

10.0%
+o.296

E Mixed Wastewater

895.2%
18.5%

[ Single Component I

Cationic Dye

Copper Chromium
Contaminant Type
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Figure 20: Effect of Competitive Adsorption on Contaminant Removal Efficiency in Real Wastewater.

Performance of adsorbents in sequential reuse cycles

a
Reuse Performance of Date Pit and Olive Pomace Adsorbents in Dye, Cu(ll) Removal and Desorption Efficiency
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Figure 21: Comparison and evaluation of the performance of adsorbents in successive reuse cycles.
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Figure 22: Comparison of adsorbent performance in successive reuse cycles, (a) Changes in cationic dye removal efficiency, (b) Changes in Cu(ll)
removal efficiency, (c) Trends in desorption efficiency in different cycles, (d) SEM images before and after 5 cycles.
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Table 18: Comparison of environmental-economic performance
indicators.

Re o T Relative
Adsorbent I c EEPI advantage
) (Rials/kg)

Olive pomace 87.3 1.0 12,000 7.28

Date pit 81.7 1.0 15,000 5.45 -25.1

! Pyrolysis
2 Bioremediation
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