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Dyes Adsorption from Wastewater Using Metal-Organic Frameworks: Operational

Parameters, Kinetics, and Isotherms
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Abstract

With the rapid development of industries and the increase in population, there are many wastewaters containing various organic
and inorganic chemical pollutants. Dyes are a large group of organic substances. Among the large amounts of dyes produced
annually, 70% belong to azo dyes. They are the largest group among various groups of dyes and the most widely used dyes in
the textile industry. Azo dyes are the largest group of dyes and the most widely used in the textile industry. It is clear that
textile dyeing effluents contain significant amounts of various substances. Human exposure to dyes can have serious health
consequences, including cancer, skin irritation, and respiratory problems. As a result, these wastewaters must be treated by
various methods such as adsorption, oxidation, etc. The complex aromatic structure of dyes makes them resistant to
conventional treatment methods and poses significant environmental challenges. Adsorption is a suitable and efficient method
for these compounds. Recently, metal-organic frameworks have been widely used as adsorbents for the removal of various
pollutants due to their unique properties such as tunable structure, high surface area and porous structure. In this paper, the
classification of dyes, their effects on the environment and the toxicity of dyes including mutagenicity are reviewed in detail.
Dye removal with various metal-organic frameworks as effective adsorbents has been extensively studied. Methods of
identifying the synthesized adsorbents by various analyses and the method of performing the dye adsorption process have been
investigated. Also, various dye removal parameters (investigating the effect of the initial amount of adsorbent, investigating
the effect of the initial dye concentration, and investigating the effect of the initial dye pH), adsorption kinetics, adsorption
isotherm, adsorption mechanisms, and reusability of adsorbents were investigated.

Keywords: Dye wastewater, dye adsorption, kinetics and isotherms, operating parameters, metal-organic framework
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Fugure 1: Different stages of wastewater treatment (1).
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Methylene blue (MB) Methylene orange (MO) Methyl red (MR)
13.94 x 5.85 x 2.00 A3 14.24 x 4.01 x 2.50 A3 7.37 x 3.60 x 2.00 A3
PPCPs

Norfloxacin (NFX) Tetracyclin (TC) Naproxen (NPX)
11.39 x 7.44 x 3.60 A3 12.97 x 6.46 x 7.44 A3 11.27 x 4.79 x 5.37 A3
herbicide pesticide Industrial compound
2,4-Dichlorophenol (2,4-DP) Glyphosate (GP) Bisphenol A (GP)
5.87 x 3.99 x 1.60 A3 7.14 x 2.68 x 3.02 A3 9.27 x7.38 x 7.78 A3 |

) ol o oggecilizes Gla oo VT ol jlslo ¥ o
Figure 2: Chemical structure of various pollutants found in water (1).
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Figure 3: Effects of dyes on human health and bioremoval of dyes (12).
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Figure 4: Chemical structure of some MOFs (18).
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Figure 5: Different classes of dyes and their structural color index (C.l.) numbers [66].
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Figure 6: Harmful effects of azo dyes on humans and environment (79).
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Figure 7: Dye removing methods and their advantages/disadvantages (82).

I8 Glesz sl (8% —0-F
wils JT lronimssing 5 o3l sloaiss/lao,5 hugs 4 aited gamans J5bie slgs 5l lazws (MOFS) JT-55 slacgz >
Wlad 318 ) 050 WAz (g yd Vg lsie 4y L MOFAS b;l:u] SHAY-AR) aimo oo JoSis 1) goanie sl g wigd oo
CAYAL) Wilazs 5 158 oolizial 550 6,0 5 506 S giloliz GF gjluomd aiile esite loo IS sl 05,5uF jsb
2155 om 538 slan S oo Jpas Sl ) 8 il e & e slapaslS K lsie < LT s MOF sl el Jlss
WS olml (gt g (e Slamio (e (00293 (g oz Slaanaia b 4 ez Sales gladdl> b SLS 5
i Silog | SelSomg i sl Jsge ol 5 Spgi oy ocDenS 5,8 ( JT sloosinoniny (30,5 (Sl Geen o (AY)
L ool lo MOF (>l sl SGiSS 0 oadiaid pdy Jlofgglgm gy (1) St (o0 s 1) 538 lagn b (Sales (ol o5
5 s99Sale SaS b lals; wsanay «Seisml sl plierdgille Glasis, wieal s wile iSilr G (Jl !
43,5 olse pole 5legaiie sbdais) jo oyl slos IS 4 e o MOF (6 538y 3aday (A1 -AY) Wloalds 438,57 )15 4y 55 o leandig xSUI

(AF-AA) sl 00 () pole 5 oloond Slgo b

90 plesl 5,k 5l % e sl MOFCa Lo 6l 055l 0,505, G (lgie 4 MOF-0n-MOF Clis ygawlsy yon )b SO J,.;>|
3 obiee se MOF 55, ol (sl MOF o, b Boas plésl cl (A JS5) col 435,515 o505 ag5 5,50 MOF Cilies g8 o>
gl b bl e (sla MOF S35 Ul <S5 (A0-1 1) 55 oo (im0, (S o 25 5l sy 05 5 iy
M) g Ll 95 aSly S e 1) (3 55T, b/ g Lauilld Mie) oS 5 wilgs oo Lois & MOF-0n-MOF b <yl by .oonl Dglase
O F) s oo Lial33l 5 1) o MOF(las Slas 5 oo olss cddlie



NH2-MIL-125(Ti) Jtslecanls (04 yud JLies S (595 54 (Jgane NH-UIO-66(Z) S 5 (6-C) TEM jy5las 5 (b @) SEM ygluas :A S
V8 % yiagil 18 oolicil 90 EDS g 5 g5 NHo-MIL-125(Ti) § NH,-UIO-66(Zr) Jyass 5 yiiee b o 5l (h-F) EDS (s s a2

(A9) Cewl yiegils
Figure 8: SEM (a, b) and TEM:(c-€) images of a typical NH,-UiO-66(Zr) on NH,-MIL-125(Ti) heterostructured hybrid crystal. EDS
mapping (f-h) of a typical interface .of NH2-UiO-66(Zr) and NH2-MIL-125(Ti). The resolution of the EDS probe used is 16 nm x16 nm
(99).
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Figure 12: Effect of pH on dye removal using ultrasound by NH,-MIL-125(Ti) ((a) Basic Blue 41, (b) Methylene Blue and (c) Basic Red
46) (135).
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Table 3. Isotherm constants for dye adsorption at different MOF dosages (NH2-MIL-125(Ti))

(135)
Dyes
Isotherm Parameter
Basic Blue 41~ Methylene Blue Basic Red 46
Langmuir Qo 1429 833 1250
C 1 C KL 1.290 1.090 1.431
_—e _ + £
A KQ Q R? 0.993 0.952 0.995
Ereundlich Kr 649 514 1127
1 1/n 0.361 0.156 0.199
log g, =log K¢ +—log C,
n R? 0.980 0.878 0.720
Kt 12 358 132986
Temkin
B1 264 90 98
g =B InK;+B/InC,
R? 0.958 0.801 0.841
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Fig. 16. Mechanisms of pollutant adsorption on MOFs (135)

MOF caliste (sl 9u0lS b calisee (slo 0ol T s calites (slpomnsilSae .Y Jgox
Table 1. Different mechanisms of adsorption of different pollutants with different MOF

composites
Adsorbent Metal of MOF Contaminant Mechanism Ref.
HKUST-1  modified  cellulose/ Cu Methylene blue Electrostatic attract!on and (179)
hydrogen bonding

Chitosan composite

CS/UiO-66 Zr Methyl orange Electrostatic interaction (180)
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Adsorbent Metal of MOF Contaminant Mechanism Ref.
- . Electrostatic attraction and
Copper-modified ZIF-8/Chitosan Zn Congo red hydrogen bonding (181)
TIF-Al/ Chitosan Al Pb(11) Chelation (182)
Chitosan -UiO-66 Zr As(in) Inner sphere complex (183)
Chitosan/ZIF-8 composite Zn Uranium Chelation (184)
monolithic beads
ZIF-67/polyacrylamide/chitosan 7n Tetracycline -1 accumulatloq (185)
aerogel and hydrogen bonding
Carbonized ZIF-8/chitosan biomass 7n henol Electrostatic interaction (186)
imprinted hybrid carbon aerogel P and pore adsorption
MIL-53/ Chitosan Fe Congo red Pore f'"mg a_nd lonic (187)
interaction
Citric acid  cross-linked  Zn- Electrostatic attraction and
MOF/Chitosan Zn Methyl orange cation-m interaction (188)
MOF-808/ Chitosan zr Cr(vi) Hydrogen bonding and (189)
electrostatic interaction
MIL-101(Fe)@ Chitosan Fe Acid red 94 Fiydrogen bonding and (190)
coordinate interactions
ZIF-8@ Chitosan sponge Zn Congo red Electrostatic attraction (191)
ZIF-8 @ Chitosan poly vinyl alcohol Zn Malachite green Electrostatic interaction (192)
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Fig. 17. Photos of the recycling process of HKUST-1@ABS framework during MB removal (1).
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Table 4. Dye removal ability of different MOF-based adsorbents

Adsorbent Dye Adsorption capacity (mg/g) Ref.
MOF decoration .of  PEI-
modified cellulose  (MIL- MO 936.5 (193)
53@PC)
MOF-5 incorporated waste-
. N ] MG 39.5 (194)
derived siliceous material
UiO-66 304.1
1% attapulgite/UiO-66 CR 585.0 (195)
5% attapulgite/UiO-66 394.6
CR 95.2
Sn(I1)-BDC MOF EBT 125 (296)
EY 208.3
In(111)-MOF (HBU-22) RhB 105.0 (197)
MB 98.5
Co-MOF@CNT (198)
MO 72.1
IC 33.8
Fumarate-Al-based MOF (199)
oll 22.9
MB 690.3
Ti-MOF Indigo 556.1 (200)

MO 190.3




Ni-Zn MOF 460.9
Ni MOF CR 276.7 (201)
Zn MOF 1322
Ni-MOF MB 21.04 (202)
Uio-67 MG 3573 (203)
MOF-199 8.6
Rh6G
PTA@MOF-199 41
(204)
MOF-199 114
MO
PTA@MOF-199 26

Malachite green(MG), Congo red (CR), Rhodamine B (RhB), Methylene Blue (MB), Methyl Orange (MO), Erichrome
black T (EBT), Eosin yellow (EY), Indigo Carmine (IC), Orange Il (Oll)
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