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S1. Adsorption Kinetics

Kinetic experiments were carried out at different initial concentrations (5 —15 mg/L). The kinetic data
obtained were analyzed using pseudo-first-order (PFO) [86], pseudo-second-order (PSO) [87] and
Elovich [88] models. The PFO, PSO and Elovich kinetic models are given in equations (S1), (S2) and

(53), respectively,
g, =q,(1-e™) (s1)
k,q*t
, — qu (82)
1+ k,q,t
1
q, = E In(1+ ogf3t) (S3)

where ki (min') represents the PFO kinetic constant, k2 (g.mg'.min) is the PSO kinetic constant, «
(mg.g'.min") is the initial adsorption rate and 8 (g.mg™") is the desorption constant related to the extent
of surface coverage and the activation energy. All kinetic parameters were determined using non-linear
regression technique.

The determined kinetic models’ parameters along with their corresponding R?, RMSE, and SSE are
summarized in Table S1. The results shown in Figure S1 reveal that the Elovich model provides the best
fit for the experimental data in the case of MO adsorption over Fe-BTC, while for ZIF-8, both PFO and
PSO provided a good fit for the experimental data, with the PSO being slightly superior. Also, in the
case of Fe-BTC, the calculated g. values (Table S1) from the PSO model show good agreement with the
experimental g while for ZIF-8, both PFO and PSO provided good agreement between geexp, and gecate.

Regarding the PSO rate constant (kz), the results showed that the rate constant decreases with increasing



initial MO concentration in the case of Fe-BTC. This can be ascribed to increasing competition for active

adsorption sites as initial concentration increases [89-91]. In contrast, for ZIF-8, the rate constant

increased with increasing initial MO concentration indicating the faster adsorption rate due to

enhanced interaction between MO and ZIF-8 (i.e., higher driving force for mass transfer) [92-94].

Further, the rate constant values for Fe-BTC were greater than those for ZIF-8, confirming the higher

removal efficiency results. Finally, the high R? values and the low RMSE and SSE values obtained for

the Elovich model indicate that the adsorption of MO on Fe-BTC might be heterogeneous (i.e., the

adsorbing surface is heterogeneous) [95,96].
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Figure S1. Kinetic models fitted to the experimental data (m = 100 mg, Co =15 mg/L) for (a) Fe-BTC, (b)

ZIF-8

Table S1. Summary of kinetic parameters for MO adsorption over Fe-BTC and ZIF-8.

Co (mg/L)
Kinetic Parameters
MOF 5 10 15
Model
qe,exp (mg.g'l) 2.029 4.262 6.550
k1 (min-?) 2.425 2.924 2.726
qe,calc (mg.g'l) 1.847 3.866 5.896
PFO R? 0.943 0.954 0.950
RMSE 0.160 0.299 0.476
SSE 0.179 0.626 1.585
Fe-BTC
k2 (g.mg'.min") 2.265 1.405 0.838
Gecalc (MG.g1) 1.922 4.007 6.118
PSO R? 0.979 0.981 0.979
RMSE 0.097 0.191 0.308
SSE 0.065 0.256 0.663




a (mg.gl.min) 1.438x10° 4.302x106 1.765x106
P (g.mg?) 9.194 5.089 3.108
Elovich R2 0.995 0.998 0.999
RMSE 0.046 0.059 0.069
SSE 0.015 0.025 0.033
Geexp (ME.E1) 2.040 3.691 4.500
k1 (min) 0.061 0.093 0.170
Gecalc (Mmg.g™) 2.004 3.423 4.208
PFO R2 0.996 0.984 0.984
RMSE 0.060 0.191 0.199
SSE 0.018 0.145 0.238
k2 (g.mg’.min?) 0.034 0.046 0.065
Ge,calc (Mmg.g™) 2.257 3.665 4.475
ZIF-8
PSO R? 0.989 0.996 0.998
RMSE 0.095 0.098 0.070
SSE 0.045 0.038 0.030
a (mg.gl.min?) 0.394 31.920 53.670
B (g.mg) 2.292 2.637 2.157
Elovich R2 0.953 0.999 0.984
RMSE 0.191 0.054 0.198
SSE 0.182 0.012 0.236

To further understand the diffusion mechanism involved in MO adsorption over Fe-BTC and ZIF-8,
the intraparticle diffusion kinetics were investigated using the Weber-Morris intraparticle diffusion
(IPD) model [97], which is expressed in equation (54),

q, =kt +C (S4)
where kr (mg.g'.min?0%) is the intraparticle diffusion rate constant and C (mg.g") is the intraparticle
diffusion constant related to the thickness of boundary layer [97]. Based on the IPD model, the plot of
g: versus 05 should yield a straight line passing through the origin if intraparticle diffusion was the
only rate-limiting step in the adsorption process [98]. Multi-linearity, on the other hand, is indicative of
multiple mechanisms that control the adsorption process [99]. As shown in Figure S2, the obtained data
for both Fe-BTC and ZIF-8 at different initial concentrations were not linear over the entire time range.

Instead, they exhibited a tri-linear behavior, suggesting the existence of three successive adsorption



stages. This multi-linear behavior has been reported in previous investigations [69,100]. Each linear
segment represents a controlling mechanism. In the first step, external surface adsorption related to
diffusion through the boundary layer. In the second step, IPD takes place. The third step is the

equilibrium stage, where adsorption slows as surface coverage approaches saturation.
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Figure 52. Intraparticle diffusion model plot of MO adsorption over (a) Fe-BTC and (b) ZIF-8 (m = 100
mg)

S2. Adsorption Isotherms
Equilibrium adsorption isotherms of MO were studied with initial concentration ranges of 10-250 mg/L
and MOF dosage of 50 mg. The obtained adsorption equilibrium data were fitted to Langmuir [101],
Freundlich [102], Dubinin-Radushkevich (D-R) [102], and Temkin[102] isotherm models. The Langmuir
isotherm model is given in equation (55).

_ 4.K,C,

“1+k,C

(S5)

where gn is the maximum monolayer adsorption capacity (mg/g) with the highest dye concentration
used in the experiment, Kz is the Langmuir constant (L/mg) associated with the adsorption rate. From
the Ki value calculated from the Langmuir model, the Langmuir dimensionless separation factor or
equilibrium parameter (R:) is calculated by Equation (56).
R, = — (S6)
(1+x.C,)
where R: indicate the shape of the isotherm to be either irreversible (Ri=0), favorable (0<R:<1), linear

(Ri=1), or unfavorable (Rr>1).

Equation (S7) describes the Freundlich isotherm model.

q.=K.C" (S7)



where n and Kr ((mg.g')(Lmg™)?") are Freundlich constants related to the favorability of the adsorption
process and the adsorption capacity of the adsorbate, respectively. If (1/n)<1, it indicates favorable
adsorption.
Also, the Temkin isotherm is given in Equation (58)
g =L n
b

T

K,C,) (S8)

where Kr (L.mg1) is the Temkin isotherm constant, and br (kJ.mol") is the constant related to the heat
of adsorption. R is the universal gas constant, and T (K) is the absolute temperature.
Finally, equations (S9) and (S10) present the D-R isotherm model.

-Kp, Rsz

4. =4qpr€ (89)

E= RTII’{] + LJ (510)
C.
where gor (mg.g!) is the D-R constant representing the theoretical adsorption capacity, ¢ is the Polanyi
potential, and Kor (mol2.k]?) is the constant of the adsorption energy which can be correlated to the
mean adsorption energy (E) by using equation (511).

1

E=—— (S11)
2K,

In general, the calculated value of E can give an insight into whether the adsorption is a physical or
chemical process. If the value of E is between 8 and 16 k].mol", then the adsorption is dominated by a
chemical mechanism, while if E is less than 8 k].mol", then the adsorption proceeds through a physical
mechanism [104-108].

Figure S3 represents the non-linear plots of the four isotherm models fitted to the experimental data of
ge versus Ce at 298 K for both Fe-BTC and ZIF-8. The calculated maximum adsorption capacities,
isotherm parameters and the respective values of R, RMSE, and SSE are summarized in Table S2.
Among the four models, Langmuir had the best fitting parameters (highest R? and lowest RMSE and
SSE) for both MOFs. It can be noticed that the calculated gn increases as temperature increases in the
case of MO adsorption over Fe-BTC, whereas the opposite is noticed in the case of ZIF-8. This suggests
that the adsorption is more effective at a higher temperature for Fe-BTC in contrast to the ZIF-8, where
adsorption is favored at a lower temperature. Also, the Langmuir separation factor (Rc) as a function of
initial concentration at 298, 303 and 313 K is shown in Figure S4. All the values were between 0 and 1
indicating that the adsorption process is favorable for both Fe-BTC and ZIF-8. However, in the case of
Fe-BTC, the values of Rt at higher temperatures were smaller than those at lower temperatures, while
the opposite was true for ZIF-8, hence, confirming the conclusions from the calculated g at different

temperatures. In addition, all of the n values in the Freundlich isotherm were greater than unity which



means (1/n)<1, hence, the adsorption of MO on Fe-BTC and ZIF-8 is favorable. Finally, the values of the

mean adsorption energy (E) calculated from the D-R isotherm (Table 52) in both cases suggest that the

adsorption of MO proceeds through physical adsorption.

(a) s (b) ¢
70 = 7] 8
60
6
50 - '
- —~ 54
=) o
o 40+ >
= £,
o 30+ o
20 4 B Experimental Data 3 B Experimental Data
Langmuir i s | angmuir
Freundlich 24 Freundlich
104 —— Dubinin-Radushkevich (D-R} = Dubinin-Radushkevich (D-R)
——Temkin Temkin
0 T T T 1 T T T T T T
0 25 50 75 100 125 150 0 15 30 45 60 75 90 105 120
C, (mgiL) C, (mgiL)

Figure S3. Equilibrium adsorption isotherms of MO adsorption on (a) Fe-BTC and (b) ZIF-8 at 298 K
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Figure S4. Plot of the Langmuir dimensionless separation factor (Rc) vs. Co at different temperatures
for (a) Fe-BTC and (b) ZIF-8

Table S2. Summary of adsorption isotherms for MO adsorption on Fe-BTC and ZIF-8.

Parameters T (K)
MOF Isotherm Model
298 303 313
gn (mg/g) 100.3 105.0 114.0
Ki (L/mg) 0.018 0.021 0.025
Langmuir R? 0.997 0.998 0.991
Fe-BTC
RMSE 1.508 1.967 4.020
SSE 11.370 11.610 48.470
Freundlich Kr (mg.g)(L.mg1)1n 5.375 6.103 7.423




n 1.864 1.948 1.917
R? 0.990 0.991 0.967
RMSE 2.867 4.088 7.808
SSE 41.090 50.140 | 182.900
Kr (L.mg") 0.350 0.449 0.502
br (kJ.mol) 0.143 0.135 0.128
Temkin R? 0.951 0.987 0.967
RMSE 6.264 4.960 7.729
SSE 196.2 73.8 179.2
Kbpr (mol2.k]?2) 54.99 13.62 11.78
qor (mg.g™) 64.30 77.56 78.07
Dubinin- E (kJ.mol") 0.095 0.192 0.206
Radushkevich (D-R) | R? 0.886 0.969 0.951
RMSE 9.534 7.554 9.499
SSE 454.5 171.2 270.7
gm (mg/g) 7.56 5.62 4.65
Kt (L/mg) 0.156 0.147 0.129
Langmuir R? 0.987 0.988 0.997
RMSE 0.249 0.133 0.067
SSE 0.248 0.053 0.009
Kr (mg.g")(L.mg?1)tn 2.385 1.946 1.570
n 4.080 4.302 4.470
Freundlich R? 0.939 0.934 0.956
RMSE 0.535 0.305 0.251
ZIF-8
SSE 1.143 0.280 0.126
Kr (L.mg?) 2.940 3.012 2.860
br (kJ.mol) 1.923 2.586 3.345
Temkin R? 0.980 0.960 0.983
RMSE 0.308 0.239 0.155
SSE 0.381 0.172 0.048
Kbor (mol2.k]?) 2.01 5.35 5.87
Dubinin-
qor (mg.g) 6.119 4.898 4.089
Radushkevich (D-R)
E (kJ.mol") 0.499 0.306 0.292




R? 0.700 0.898 0.909

RMSE 1.188 0.379 0.363

SSE 5.642 0.431 0.263

S3. Adsorption Thermodynamics

To understand the effect of temperature on the adsorption capacity and removal efficiency, the
adsorption of MO at various temperatures (298, 303, and 313 K) was investigated and the
thermodynamic parameters such as Gibbs free energy (AG°), change in enthalpy (AH°), and change in
entropy (AS°) were calculated. These parameters provide an insight into the mechanism related to the

adsorption process being investigated. AG’, AH’, and AS® are calculated using equations (512) and (513),

AG° = —RTZn(Keq) (S12)
ln(Keq) = AST — LfT (S13)

where Ky is the adsorption equilibrium constant. The Van’t Hoff plot of equation (S13) relates the
change in adsorption equilibrium constant, K, to the change in temperature, and is used to estimate
AH® and AS® of the adsorption process. In order to obtain meaningful values for the thermodynamic
parameters, the value of K has to be estimated properly. Since the Langmuir isotherm model was the
best among the four models used in fitting the experimental data, the Langmuir constant (Kr) was used
to estimate the equilibrium constant (Ke;) using the method suggested by Zhou and Zhou [106].

The results of the thermodynamic calculations are listed in Table S3, and the Van’t Hoff plot used to
estimate AH’, and AS° of MO adsorption on Fe-BTC and ZIF-8 is presented in Figure S5. The negative
AGP° values for both Fe-BTC and ZIF-8 reflects the spontaneous nature of the adsorption process under
the experimental conditions. For Fe-BTC, the positive AH®° value (16.86 kJ.mol'), confirms the
endothermic adsorption of MO over Fe-BTC. This behavior may be attributed to the enhanced mobility
of MO molecules from the bulk solution towards the Fe-BTC surface with increasing temperature. Also,
at a higher temperature, MO molecules may gain more energy to interact with the active sites at the
adsorbent’s surface [77]. The endothermic adsorption of MO and other dyes using MOFs have been
reported in the literature [109]-[111]. In contrast, the negative AH® (-9.94 k].mol) for ZIF-8 confirms
the exothermic MO adsorption. The calculated absolute values of AH® are less than 40 kJ.mol!, which
indicates that MO adsorption over Fe-BTC and ZIF-8 proceeds in a physical adsorption mechanism
[69], [73]. This was also confirmed by the results of the D-R isotherm model. In addition, the positive
values of AS° (162.4 and 90.2 J.mol'.K* for Fe-BTC and ZIF-8, respectively) reflects the increased

disorder of the system at the solid-solution interface. This is due to the increased mobility of water



molecules when the solvated MO molecules move from the bulk solution to the surface of the
adsorbent. Also, in the case of Fe-BTC, the number of pre-adsorbed water molecules released from the
surface of the adsorbent is more than the number of MO molecules adsorbed (i.e., the adsorption of a
single MO molecule desorbs several water molecules due to larger MO molecule size compared to
water), hence, AS° for Fe-BTC is larger than ZIF-8. This reveals that entropy change is a major driving

force of MO adsorption on Fe-BTC.
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Figure S5: Van't Hoff plot to obtain AH® and AS° of MO adsorption on Fe-BTC and ZIF-8

Table S3: Thermodynamic parameters of MO adsorption over Fe-BTC and ZIF-8.

MOF T (K) AG® (k].mol") | AH® (kJ.mol?) | AS° (J.mol*.K") R’
298 -31.50

Fe-BTC 303 -32.37 16.86 162.4 0.9931
313 -33.94
298 -36.81

ZIF-8 303 -37.28 -9.94 90.2 0.9984
313 -38.16

S4. Desorption and Regeneration Study
From a commercial standpoint, regeneration and reusability of an adsorbent are crucial aspects to be
considered. In this work, a simple method of washing with ethanol was utilized to regenerate MO-

loaded MOFs. After MO adsorption (Co is 15 mg/L and m is 200 mg), Fe-BTC was separated from the



solution by centrifugation (6000 rpm for 30 min), while ZIF-8 was separated using vacuum filtration.
Then, the MO-loaded MOFs were washed by mixing with ethanol on a magnetic stirrer at room
temperature for at least 1 hour. The washing and solid/liquid separation steps were repeated several
times. Finally, the recovered MOFs were dried under a vacuum at 100 °C and then reused for a second
adsorption experiment. The results showed that both Fe-BTC and ZIF-8 could be regenerated easily
using ethanol. For Fe-BTC the decrease in the removal efficiency was 12% (99% to 87%) compared to

16% (61% to 51%) for ZIF-8. However, in the case of Cu-BTC, regeneration attempts were unfruitful.
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